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Abstract

Acute respiratory distress syndrome (ARDS) is a highly morbid pulmonary disease characterized by hypoxic respiratory failure. Its
pathogenesis is characterized by unrestrained oxidative stress and inflammation, with long-term sequelae of pulmonary fibrosis and
diminished lung function. Unfortunately, prior therapeutic ARDS trials have failed and therapy is limited to supportive measures. Free
radical scavenging cerium oxide nanoparticles (CNP) conjugated to the anti-inflammatory microRNA-146a (miR146a), termed CNP-
miR146a, have been shown to prevent acute lung injury in a pre-clinical model. In this study, we evaluated the potential of delayed treatment
with CNP-miR146a at three or seven days after injury to rescue the lung from acute injury. We found that intratracheal CNP-miR146a
administered three days after injury lowers pulmonary leukocyte infiltration, reduce inflammation and oxidative stress, lower pro-fibrotic
gene expression and collagen deposition in the lung, and ultimately improve pulmonary function.
© 2021 Elsevier Inc. All rights reserved.
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The ongoing novel coronavirus (SARS-CoV-2) pandemic has
highlighted the need for therapeutic innovation in the treatment
of acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS), a severe pulmonary disease characterized
by hypoxic respiratory failure affecting nearly 200,000 individ-
uals annually in the United States alone.1 Worldwide, ARDS
accounts for over 10% of all intensive care unit (ICU) admissions
with the incidence increasing in the past year secondary to the
global pandemic.1–4 Mortality with moderate to severe ARDS is
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nearly 40%, and patients who survive their initial hospitalization
are at increased risk of long-term pulmonary disease secondary
to fibrotic changes in the lung.5,6 Unfortunately, therapies are
largely limited to supportive strategies such as mechanical
ventilation and prone positioning.3,7

ARDS can be triggered by a range of etiologies, such as
pneumonia or trauma, but all share the common pathways of an
unrestrained inflammatory response and profound oxidative
stress. These inflammatory pathways have been shown to be key
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mediators in the pathogenesis of ALI and ARDS.8–10 Studies
have shown that higher levels of interleukin (IL)-6 and tissue
necrosis factor (TNF) α in patients with ARDS are associated
with increased morbidity and mortality.11,12 The inflammatory
response results in pulmonary edema and worsening hypoxia,
and promotes downstream fibrotic changes in the lung.13

Therefore, therapeutics that inhibit the inflammatory cascade
could offer a promising avenue for the treatment of ALI/ARDS.

One class of small molecules being studied for the treatment of
acute lung injury is the microRNAs (miRNA, miR).14 One such
miRNA, miR146a, is an anti-inflammatory miRNA that inhibits the
nuclear factor kappa B (NFκB) pathway through upstream
inhibition of tumor necrosis factor receptor associate factor
(TRAF) 6 and IL-1 receptor associated kinase (IRAK) 1.15,16

NFκB activation normally upregulates pro-inflammatory IL-6, IL-8,
and TNFα, so inhibition of theNFκBpathwaywithmiR146a is able
to lower pro-inflammatory signaling in lung disease.17,18 Because
miRNAs are quickly degraded, nanoparticle technology is often
used to improve miRNA stability and improve therapeutic delivery
to the target organ. miR146a delivery with liposomal nanoparticles
has been shown to decrease ventilator-induced lung injury.19

Cerium oxide nanoparticles (CNP) are a divalent metal oxide that
can conjugate to and stabilizemiRNAs for therapeutic use.20 Unlike
some other nanoparticle delivery systems, the divalent nature of
CNP offers the synergistic therapeutic benefit of lowering reactive
oxygen species levels by acting as a free radical scavenger.8,21–26

CNP have had recent implications as a potential treatment for
coronavirus-associated ARDS.27 Furthermore, CNP have been
shown to inhibit transforming growth factor (TGF)-β, which is an
important mediator of ARDS-associated pulmonary fibrosis.28,29

Previous research has shown that a single intratracheal (IT) dose
of CNP-miR146a is able to prevent ALI in a murine bleomycin
injury model.20 The IT drug delivery route allows for localized
therapeutic delivery to the lung while minimizing systemic
absorption and avoiding first-pass drug degradation common
with intravenous and gastrointestinal administration.20,30 Treat-
ment at the time of injury provides a mechanistic understanding of
ALI pathophysiology and the role of CNP-miR146a in decreasing
the injury cascade. Preventative treatment could be applied to
patients who have an observed aspiration event or are placed on the
ventilator for surgery; however, the majority of patients with ALI
will present hours to days after onset of injury, after which the
inflammatory cascade has already been initiated and lung function
has deteriorated. Therefore, it is critical to examine the efficacy of
delayed treatment with novel therapeutics like CNP-miR146a after
the onset of oxidative stress and inflammatory signaling. We
hypothesized that delayed treatment with CNP-miR146a three or
seven days following acute injury with bleomycin would rescue
pulmonary function by decreasing oxidative stress, inflammation,
and fibrosis in the lung.
Methods

Development of cerium oxide nanoparticles and miR146a
conjugation

The synthesis of CNP, also named nanoceria, has previously
been described in detail.31,32 Briefly, Ce(NO)3, 6H2O was
mixed and dissolved in deionized water. Excess hydrogen
peroxide was then added to oxidize the cerium (III) ions to
cerium (IV) oxide at a pH below 3.5. The acidic pH maintains
nanoparticle suspension. Oxidized nanoparticles precipitate into
crystalline structures, which are then isolated with centrifugation.
Nanoceria is resuspended in RNase-free water to a final
concentration of 10 μM. To conjugate miR146a to CNP, 1,1-
carbonyldiimidazole (CDI) is activated and chemically couples
the miR146a amino group to the CNP hydroxyl group.

Bleomycin injury animal model

C57BL/6 male mice, aged 8 to 10 weeks (strain No. 000642,
Jackson Laboratory), were used for this study. All mice were
maintained one week in standard housing to allow for acclimation
to Denver ambient atmosphere (1600 m altitude) prior to use in the
experiment. Animal study was approved by the Institutional
Animal Care and Use Committee (IACUC, protocol #427) at the
University of Colorado Denver–Anschutz Medial Campus
(License #84-R-0059). Animal care was performed by trained
veterinarians and technologists according to the NID Guide for the
Care and Use of Laboratory Animals. Mice were injured with a
single IT dose of 5 U/kg (2.94 mg/kg) bleomycin (Bleo) diluted to
a concentration of 1.3 U/mL. Remaining mice were given an
equivalent volume of phosphate buffered saline (PBS) for the
uninjured control group (Control). Treatment of injured mice with
CNP-miR146awas performed at three or seven days (Bleo + CNP-
miR146a D3; Bleo + CNP-miR146a D7), as described below.

Intratracheal treatment with CNP-miR146a

CNP-miR146a toxicity studies have been previously described
including a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) toxicity assay, comparative pathology, and
systemic distribution analyses.20 For this study, conjugated 100
ng of CNP-miR146a was diluted in 50 μL phosphate buffered
solution (PBS) for intratracheal dosing. A subset of mice injured
with bleomycin was treated with 100 ng/50 μL CNP-miR146a
three days after injury or seven days after injury to evaluate for
delayed treatment effect on reactive oxygen species (ROS)
production, inflammation, fibrosis, and lung function. Previous
study identified that the conjugate treatment performed better than
individual component dosing (using CNP or miR146a mimetic
alone), and therefore rescue treatment was only tested with CNP-
miR146a to optimize animal use.20 We utilized the control data
initially published in our original prevention manuscript20 in our
comparison analysis with the delayed day three and seven
treatment groups in an effort to ethically reduce animal numbers
given the same endpoint in experiments. All measurements
described below were taken from distinct samples.

ROS measurement with electron paramagnetic resonance (EPR)
spectrometry

Whole lung tissue was harvested 14 days following injury (n = 5,
10, 12, 5 for Control, Bleo, Bleo + CNP-miR146a D3, and Bleo +
CNP-miR146a D7, respectively) following pulmonary flushing
with 5 mL of chilled PBS via right cardiac puncture. Tissue was
homogenized using sucrose buffer (0.25 M sucrose, 10 mM Tris–
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HCl, 1 mM EDTA, pH 7.4). Lung homogenate was mixed with
Krebs-HEPES buffer (KHB), 100 μMDTPA (metal chelator), and
0.2 mM 1-hydroxy-3-methoxycarbonyl-2, 2, 5, 5-
tetramethylpyrrolidine (CMH). CMH is a superoxide selective
spin probe that reacts with superoxide to form themore stable CM•
radical. CM• can then be detected by EPR and its concentration
reflects ROS production. Samples were incubated for 60 min at 37
°C prior to loading 150 μL into rubber-top sealed PTFE tubing.33

EPR acquisition was performed using the Bruker EMX nano- X-
band spectrometer and CM• concentration was detected in the
Bruker liquid nitrogen Finger Dewar at 77 K. CMH in KHB
without the lung homogenate was used as a blank sample to
determine the background signal, which was subtracted from the
CM• signal. Double integration followed by Spin count using the
Bruker software was used to measure CM• nitroxide radical
concentration for each sample. The acquisition parameters used
were: microwave frequency = 9.65 GHz; center field = 3438 G;
modulation amplitude = 4.0 G; sweep width = 150 G; microwave
power = 0.316 mW; total number of scans = 10; sweep time = 60 s;
and time constant = 1.28 ms, as described previously.20

Inflammatory and fibrotic gene signaling measurement

Whole lung tissue was collected at 7 and 14 days following
injury for real-time quantitative polymerase chain reaction (RT-
qPCR) analysis of pro-inflammatory and pro-fibrotic gene
expression. Three groups were evaluated at the seven-day
timepoint (n = 6, 6, 7 for the Control, Bleo, and Bleo + CNP-
miR146a D3 groups, respectively), while all four groups were
evaluated at the fourteen-day timepoint (n = 6, 6, 6, 5 for Control,
Bleo, Bleo + CNP-miR146a D3, and Bleo + CNP-miR146a D7,
respectively). Collected lung tissue was flash frozen prior to
homogenizing in Qiazol (Qiagen) per manufacturer instructions.
RNA was isolated and converted to cDNA (Applied Biosystems
RT kit). Amplification of cDNA was performed by reverse
transcriptase amplification with the BioRad CFX-9600 thermal
cycler. RT-qPCR was done for IL-6, IL-8, and TNFα for pro-
inflammatory genes and collagen (Col) 1α2, Col3α1, and
transforming growth factor (TGF)-β1 for pro-fibrotic genes,
with glyyceraldehyde 3-phosphate dehydrogenase (GAPDH)
used as the housekeeper gene for normalization. Each sample
was analyzed in triplicate with the average of each triplicate used
for normalization.

Immunohistochemistry for inflammatory cell infiltration and
fibrosis

Histologic analysis of inflammatory cell infiltrate and
collagen deposition was performed on lung tissue collected
fourteen days after injury (n = 7, 7, 6, 7 for Control, Bleo, Bleo +
CNP-miR146a D3, and Bleo + CNP-miR146a D7, respectively).
Lungs were inflated with melted agarose solution and removed
into 4% paraformaldehyde (PFA). The lung was immersion fixed
in 4% PFA for 24 h at room temperature prior to dehydrating in
70% ethyl alcohol (EtOH). Dehydrated tissue was embedded
into paraffin blocks and sectioned at four μm. Sectioned slides
were stained with Mason's trichrome, which is a general collagen
stain turning collagen fibers blue under bright field microscopy.
Twenty high-powered fields (HPF) at 400× total magnification
were randomly imaged for each sample. An automated counting
algorithm on NIS Elements–Advanced Research imaging
software was used by a blinded researcher to quantify the area
of blue staining per HPF, which quantifies the area of collagen
per HPF. The 20 random fields were averaged for each sample
for comparison between groups.

Additional slides were deparaffinized for immunohistochem-
istry with CD45 staining. CD45 is a common leukocyte antigen
that stains all leukocytes brown under bright field microscopy.
The heat-induced epitope was acquired using the Biocare
Medical Decloaker prior to slide staining with Leica's Bond Rx
instrument. Slides were then treated with primary CD45
antibodies (1:50 solution, BD Biosciences) and developed with
Vectastain Elite ABC kit (Vector laboratories). As above, 20
random 400× magnification HPFs were imaged and the number
of CD45-positive cells per HPF was quantified. Average counts
per HPF for each sample were used for analysis.

Lung mechanical function analysis following acute lung injury
and rescue treatment

Mice underwent mechanical ventilation testing 14 days after
injury to assess pulmonary function (n = 11, 8, 9, 9 for Control,
Bleo, Bleo + CNP-miR146a D3, and Bleo + CNP-miR146a D7).
For the ventilatory procedure, mice were anesthetized with
acepromazine (2.5 mg/kg), ketamine (100 mg/kg), and xylazine
(8 mg/kg) via intraperitoneal (IP) injection. A tracheostomy was
performed using an 18-gauge cannula through which mice were
ventilated using a computer-controlled small animal ventilator
(SCIREQ flexiVent). Once on the ventilator, mice were given 0.8
mg/kg IP pancuronium bromide to suppress respiratory efforts that
would invalidate the measurements of lung mechanics. All
subjects underwent a 10-min stabilization period of baseline
ventilation of 10 mL/kg tidal volume at 200 breaths per minute
with positive end expiratory pressure (PEEP) = 3 cmH20. Every
two minutes the mice received a recruitment maneuver (RM)
consisting of a 3-s ramp to 30 cmH20 with a 3-s breath hold.

The lung mechanics assessment included an RM followed by a
16-s step-wise pressure-volume loop with a maximal pressure of
30 cmH20, which was then used to calculate quasi-static
compliance at 5 cmH20 during expiration and the delivered
volume, which we refer to as the inspiratory capacity. To measure
pulmonary system impedance, an RM was performed and the
baseline ventilation was applied at PEEP = 0 cmH2O. Four 3-s
multi-frequency forced oscillations (delivered volume 3 mL/kg,
PEEP = 0 cmH2O, 13 mutually prime frequencies from 1 to 20.5
Hz) were then applied at 10 s intervals. These impedance data were
then used to determine pulmonary system elastance, tissue
resistance, and airway resistance by fitting to the constant phase
model.34

Statistical analyses

Quantitative variables were compared between groups using
One-Way ANOVA for a significance value of α = 0.05.
Statistical analysis was performed with GraphPad Prism 9 (San
Diego, CA).



Figure 1. Decreased leukocyte infiltrate with CNP-miR146a within the lung.(A-D) 100× magnification slides stained for CD45 of lung tissue collected 14 days
after injury. (A) Control, (B) Bleomycin, (C) Bleomycin + CNP-miR146a Day 3, (D) Bleomycin + CNP-miR146a day 7. (E) Quantitative analysis of CD45+
cells per high-powered field (HPF). CNP-miR146a given three days after bleomycin injury significantly lowered the number of CD45+ cells per HPF. Bars
indicate statistical significance with P < 0.05. Mean and standard deviation values are shown; n = 7, 7, 6, 7 samples for Control, Bleo, Bleo + CNP-miR146a D3,
and Bleo + CNP-miR146a D7, respectively.
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Results

CNP-miR146a reduce inflammatory cell infiltrate

Immunohistochemical analysis of leukocyte infiltrate into
pulmonary tissue was performed on samples collected 14 days
after injury. Representative images at 100×magnification of CD45
+ stained slides are shown in Figure 1, A-D. Qualitatively, control
lungs had less alveolar collapse and debris than bleomycin-injured
lungs. There were significantly more CD45+ cells per HPF in
bleomycin-injured lungs than controls (P = 0.0004, 95% CI:
[−131.5, −35.49]). The alveolar structure subjectively appeared
more preserved in the bleomycin lungs treated with CNP-miR146a
3 days after injury (Figure 1, C). Quantitative analysis of CD45+
cells per HPF showed that treatment with CNP-miR146a on day 3
significantly lowered leukocyte infiltrate compared to untreated
lungs (P = 0.0003, 95% CI: [38.94, 138.9]); however, treatment
with CNP-miR146a seven days after injury did not significantly
lower CD45+ cell counts (P = 0.1499).

Reduction in pro-inflammatory gene signaling with CNP-
miR146a three and seven days after injury

Whole lung tissue was collected at 7 and 14 days following
injury and processed for RT-qPCR to evaluate for relative gene
expression of pro-inflammatory genes IL-6, IL-8, and TNFα. As
depicted in Figure 2, A-C, bleomycin injury increased IL-6, IL-8,
and TNFα gene expression 7 days after injury (P < 0.0001, 95%

Image of Figure 1


Figure 2. CNP-miR146a treatment three days after injury lowers pro-inflammatory gene signaling.Relative gene expression compared to GAPDH of IL-6 (A, D),
IL-8 (B, E), and TNFα (C, F) both 7 (A-C) and 14 (D-F) days after injury. Bleomycin injury resulted in significantly higher IL-6, IL-8, and TNFα gene
expression seven days after injury (A-C), but gene expression was no different at two weeks (D-F). CNP-miR146a, when given three days after injury,
significantly lowered IL-6, IL-8, and TNFα gene expression compared to untreated, bleomycin-injured lungs. Bars indicate statistical significance with P < 0.05.
Mean and standard deviation values are shown for n = 6, 6, 7 samples at day seven for the Control, Bleo, and Bleo + CNP-miR146a D3 groups, respectively, and
for n = 6, 6, 6, 5 samples at day fourteen for Control, Bleo, Bleo + CNP-miR146a D3, and Bleo + CNP-miR146a D7, respectively.

Figure 3. Bleomycin increases ROS as measured by EPR, rescued by CNP-
miR146a.Fourteen days after injury, CM• concentration is significantly lower
in control, day 3-treated, and day 7-treated lungs compared to untreated,
bleomycin-injured lungs. Bars indicate statistical significance with P < 0.05.
Mean and standard deviation values are shown for n = 5, 10, 12, 5 samples
for Control, Bleo, Bleo + CNP-miR146a D3, and Bleo + CNP-miR146a D7,
respectively.
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CI: [−6.12, −3.31]; P < 0.0001, 95% CI: [−5.23, −2.87]; P <
0.0001, 95% CI: [−3.81, −1.59]). A single treatment with CNP-
miR146a at day 3 following injury lowered TNFα gene
expression to control levels at day 7 (Figure 2, C). IL-6, IL-8,
and TNFα relative gene expressions were all lower 7 days after
injury with CNP-miR146a treatment at day 3 when compared to
bleomycin-injured lungs (P = 0.0293, 95% CI: [1.87, 5.57]; P =
0.0012, 95% CI: [0.81, 3.09]; P = 0.0011, 95% CI: [0.80, 2.97]).

Fourteen days following injury, IL-6, IL-8, and TNFα relative
gene expression returned to control levels in untreated,
bleomycin-injured lungs (Figure 2, D-F). Treatment with CNP-
miR146a three and seven days after injury resulted in decreased
IL-6 gene expression compared to bleomycin-injured lungs at
day 14 (P = 0.0278, 95% CI: [0.06, 1.27]; P = 0.0199, 95% CI:
[0.10, 1.36]). IL-8 and TNFα gene expression was not
significantly different between any groups at day 14.
CNP-miR146a lowers ROS concentration in the lung

Lung tissue harvested 14 days following bleomycin injury was
measured with electron paramagnetic resonance (EPR) spectrom-
etry for CM• concentration, which reflects ROS concentration.
Lungs injured with bleomycin had significantly higher CM•
concentrations compared to controls (P = 0.0241, 95% CI:
[−81.68, −4.54]). Rescue treatment with CNP-miR146a at both 3
days and 7 days lowered ROS levels compared to bleomycin-
injured lungs (P = 0.0049, 95% CI: [10.65, 70.96]; P = 0.0414,
95% CI: [1.21, 78.35], returning CM• concentrations to control
levels as depicted in Figure 3.
Rescue from pro-fibrotic gene signaling with CNP-miR146a

Quantitative PCR analyzing the relative gene expression of
Col1α2, Col3α1, and TGFβ-1 was performed on days seven and
fourteen after initial injury. Pro-fibrotic gene expression in lungs
treated with CNP-miR146a three days after injury returned to
control levels, with significantly lower expression levels of
Col1α2, Col3α1, and TGFβ-1 compared to untreated,
bleomycin-injured lungs on day seven (Figure 4, A-C, P =
0.0161, 95% CI: [0.10, 0.94]; P = 0.0023, 95% CI: [0.30, 1.21];
P = 0.0254, 95% CI: [0.06, 0.90]). Bleomycin injured lungs had

Image of Figure 2
Image of Figure 3


Figure 4. Pro-fibrotic gene signaling is attenuated with CNP-miR146a.Relative gene expression compared to GAPDH of Col1α2 (A, D), Col3α1 (B, E), and
TGFβ-1 (C, F) both 7 (A-C) and 14 (D-F) days after injury. Bleomycin injury increased Col1α2 and Col3α1 gene expression seven and fourteen days after
injury. Treatment with CNP-miR146a 3 days after injury significantly lowered Col1α2 and Col3α1 gene expression at seven days, also lowering TGFβ-1 at this
timepoint. Treatment with CNP-miR146a seven days after injury lowered Col3α1 gene expression compared to untreated, bleomycin-injured lungs 14 days after
injury. Bars indicate statistical significance with P < 0.05. Mean and standard deviation values are shown for n = 6, 6, 7 samples at day seven for the Control,
Bleo, and Bleo + CNP-miR146a D3 groups, respectively, and for n = 6, 6, 6, 5 samples at day fourteen for Control, Bleo, Bleo + CNP-miR146a D3, and Bleo +
CNP-miR146a D7, respectively.
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higher Col1α2 and Col3α1 expression levels than controls at day
seven (P = 0048, 95% CI: [0.22, 1.10]; P = 0.0475, 95% CI:
[0.01, 0.96]).

Fourteen days after injury Col1α2 and Col3α1 expression
remained significantly higher in bleomycin-injured lungs com-
pared to uninjured lungs (Figure 4, D-E, P = 0.0145, 95% CI:
[0.15, 1.42]; P = 0.0091, 95% CI: [0.40, 2.97]). Expression levels
of Col1α2, Col3α1, and TGFβ-1 after rescue treatment with CNP-
miR146a three days after injury were not significantly different
from controls or bleomycin mice at day fourteen. Mice treated
seven days after injury had significantly lower Col3α1 gene
expression than untreated mice (P = 0.0400, 95%CI: [0.05, 2.62]).
Histologic improvement in collagen deposition with
CNP-miR146a three days after injury

Quantitative analysis of trichrome stained slides was
performed for samples collected 14 days after injury as an
assessment of collagen levels in the lung. Representative images
at 100× total magnification (10× objective lens) of trichrome
stained samples are shown in Figure 5, A-D. Bleomycin-injured
lungs had significantly greater area per HPF that was positively
stained for collagen (blue) compared to control lungs (P =
0.0179, 95% CI: [−131.5, −35.49]). Treatment with CNP-
miR146a 3-days following injury, but not 7 days after injury,
lowered the quantitative level of collagen per HPF compared to
untreated specimens (P = 0.0244, 95% CI: [38.94, 138.9], P =
0.1499, 95% CI: [−9.64, 86.41]).
CNP-miR146a rescues pulmonary function

Pulmonarymechanics weremeasured 14 days after injury during
invasive mechanical ventilation. Multi-frequency forced oscillation
measurements at PEEP = 0 cmH2O show that bleomycin-injured
mice had significantly higher pulmonary system elastance and tissue
resistance than control mice (Figure 6, A, D; P = 0.0002, 95% CI:
[−33.47, −9.43]; P < 0.0001, 95% CI: [−5.04, −1.05]). Treatment
with CNP-miR146a three days after injury rescued pulmonary
elastance to control levels, with significantly lower elastance than
untreated mice (P = 0.0195, 95% CI: [1.82, 26.42]). Treatment at
seven days did not improve elastance or tissue resistance compared
to untreated mice. In all cases, airway resistance was not different
between groups (data not shown). Similarly, bleomycin injury
resulted in lower quasi-static compliance and inspiratory capacity
compared to control mice (Figure 6, B, C; P < 0.0001, 95% CI:
[0.02, 0.04]; P < 0.0001, 95% CI: [0.14, 0.33]). CNP-miR146a
administration three days after bleomycin injury significantly
improved compliance and inspiratory capacity compared to
untreated mice (P = 0.0482, 95% CI: [−0.02, 0]; P = 0.0230, 95%
CI: [−0.21, −0.01]).

Discussion

In this study, we have demonstrated that a single dose of
CNP-miR146a three days after the onset of ALI due to
bleomycin is able to improve pulmonary mechanics. Previously
shown to prevent inflammation, oxidative stress, and fibrosis
with co-treatment at the time of injury, this study highlights that

Image of Figure 4


Figure 5. CNP-miR146a lowers histologic quantification of lung collagen.(A-D) 100× magnification slides stained for CD45 of lung tissue collected 14 days
after injury. (A) Control, (B) Bleomycin, (C) Bleomycin + CNP-miR146a Day 3, (D) Bleomycin + CNP-miR146a day 7. (E) Quantitative analysis of area of
trichrome staining per high-powered field (HPF). CNP-miR146a treatment three days after injury significantly lowered collagen area per HPF compared to the
Bleomycin injury group. Bars indicate statistical significance with P < 0.05. Mean and standard deviation values are shown for n = 7, 7, 6, 7 samples for Control,
Bleo, Bleo + CNP-miR146a D3, and Bleo + CNP-miR146a D7, respectively.
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IT delivery of CNP-miR146a in a delayed fashion after ALI
onset is able to still inhibit the inflammatory and fibrotic
processes, ultimately improving lung mechanics.

CNP-miR146a attenuated the increase seen in bleomycin-
induced pro-inflammatory gene expression when delivered as a
rescue therapy, as depicted in Figure 2. Human ARDS is
associated with increased circulating levels of TNFα, IL-6, and
IL-8, important mediators and markers of inflammation.35,36

Patients with novel coronavirus-associated ARDS have higher
IL-6 and TNFα levels and have increased risk of requiring
mechanical ventilation and mortality.11,12 MiR146a inhibits
IRAK1 and TRAF6, upstream promotors of NFκB, which in turn
inhibit IL-6, IL-8, and TNFα.15–18 CNP-miR146a increases
miR146a levels in the lung following IT delivery,20 and this
activation of intrinsic anti-inflammatory pathways may protect
the lung from ongoing tissue damage and therefore improve
function.

A possible pathway by which CNP-miR146a lowers
inflammation is through reduction in pro-inflammatory signal-
ing, as described above, but it may additionally contribute to a
decrease in leukocyte recruitment to the site of injury. Leukocyte
response to acute lung injury is complex, but involves rapid
recruitment of circulating neutrophils and activation of alveolar
macrophages.37,38 These cell lines increase signaling cytokines
and chemokines such as TNFα, TGFβ-1, and monocyte
chemoattractant protein-1 (MCP-1) to recruit additional

Image of Figure 5


Figure 6. Treatment with CNP-miR146a three days after injury rescues lung function.(A) Pulmonary elastance and (D) tissue resistance are increased, and (B)
quasi-static compliance and (C) inspiratory capacity are lowered, with bleomycin injury. CNP-miR146a treatment three days after injury significantly improves
elastance, quasi-static compliance, and inspiratory capacity to control levels. Bars indicate statistical significance with P < 0.05. Mean and standard deviation are
shown for n = 11, 8, 9, 9 samples for Control, Bleo, Bleo + CNP-miR146a D3, and Bleo + CNP-miR146a D7, respectively.
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monocytes to the area. CD45 is a common leukocyte marker, so
it reflects total leukocyte infiltration rather than specific cell
lines, and we saw significantly lower CD45 cells in the lung with
CNP-miR146a treatment 3 days after injury. Future investigation
of whether the reduction in pro-inflammatory gene signaling and
ROS could be secondary to a decrease in overall leukocyte
infiltration, a change in leukocyte plasticity, or a combination of
these conditions will help better elucidate the mechanisms of
ARDS pathophysiology and the potential cell-level implications
of CNP-miR146a as a therapy. Cellular level studies looking at
the specific cell lines recruited to the site of injury, as well as the
effect of CNP-miR146a on alveolar and interstitial macrophage
recruitment and polarization, will better identify the direct
mechanism by which CNP-miR146a decrease inflammatory
signaling.

CNP are divalent metal oxides with ROS scavenging
properties, offering a potential benefit in reducing oxidative
stress in ALI and ARDS, which is characterized by excess
ROS.23,24,39 CNP and CNP-miR146a have been more fully
characterized in our previous work with diabetic wounds.40

Briefly, CNP and CNP-miR146a have a size of 20 nm and 190
nm, respectively, and conjugation of CNP to miR-146a
significantly alters surface zeta charge while maintaining redox
potential. High doses of CNP, up to 2000 μg/mL, which is over
1000 times the dose tested in this experiment, have been shown
to have no toxicity to cell lines after 24 h of high-dose
exposure.41,42 We have previously shown similar data showing
no cellular toxicity with CNP or CNP-miR146a. Additionally, IT
CNP-miR146a do not increase plasma or lung CNP concentra-
tion 72 to 168 h after exposure, suggesting these lower doses
may be adequately cleared with lower potential for toxicity.20

The conjugation of CNP to miR146a could synergistically lower
ROS, as miR146a modulates ROS production through the
inhibition of cytokine signaling. We have previously shown that
both CNP and miR146a alone can prevent ROS elevations in a
bleomycin lung injury model.20,43 Increased production of ROS
promotes collagen formation and fibroblast proliferation, and
ROS activates TGFβ-1, further increasing the pro-fibrotic
response.44–46

Delayed treatment with CNP-miR146a attenuated pro-
fibrotic gene expression and lowered collagen levels in the
lung, as seen in Figures 4 and 5. The long-term effects of ARDS
in survivors often manifest as fibrotic changes in the lung.5,6

Survivors of ARDS have an exercise capacity at 66% of
predicted and a mere 49% of patients return to work in the first
year following hospitalization.47 Extracellular matrix (ECM)
remodeling in ARDS is multifactorial; however, pathways
known to induce ARDS-associated fibrosis include TGFβ
signaling and alterations in collagen types I and III.13 The lung
parenchyma is largely composed of type I and type III collagen
fibers, and fibrotic remodeling is characterized by increased
Col1α2 gene expression and higher collagen I-to-III protein
ratios.48 Trichrome is a general collagen marker, and therefore,
we are unable to differentiate whether the histologic changes
seen two weeks following injury with bleomycin are due to
increases in collagen 1 or collagen 3 protein; however, CNP-
miR146a lowers Col1α2, Col3α1, and TGFβ-1 signaling,
potentially through alterations in ROS activation of ECM

Image of Figure 6
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pathways. By lowering pro-fibrotic gene signaling and overall
collagen levels, CNP-miR146a could have the potential to
improve long-term clinical effects while also improving lung
function.

Ultimately, the goal of treatment is preservation of pulmonary
function, and CNP-miR146a improved lung function at twoweeks
when given three days after injury, as depicted in Figure 6. Human
ARDS is characterized by significant reductions in pulmonary
system compliance due to inflammatory cell induction of alveolar
collapse and pulmonary edema, and lower available lung volume is
reflected in higher elastance.49,50 While delaying treatment to
seven days did not improve mechanical lung function following
ALI, there were improvements in ROS and pro-inflammatory
signaling. It is possible that our end-point of 14 days did not
provide enough time for any functional improvement to be
identified secondary to CNP-miR146a instillation seven days after
injury. Future study to evaluate later timepoints and if higher doses
of CNP-miR146a at later timepoints may improve lung function
will be important for determining the optimal treatment window for
ALI with CNP-miR146a. CNP-miR146a could therefore have
implications clinically in reducing the need for mechanical
ventilation or duration of mechanical ventilation through rescuing
of pulmonary mechanics even after inflammatory and oxidative
stress pathways have been activated.

ALI and ARDS pathophysiology in humans is multi-factorial
in etiology and pathogenesis, so a wide range of pre-clinical
models, such as lipopolysaccharide (LPS)-induced lung injury,
are used. We chose to use the bleomycin-induced lung injury as
it is a well-established lung injury model secondary to its long-
term fibrotic effects and well accepted mechanism of injury, and
it is a continuation of our previous work with CNP-miR146a co-
treatment at the time of injury.20 Future study utilizing different
models, such as LPS-induced lung injury and ventilator-induced
lung injury, will help to generalize the utility of CNP-miR146a
as a rescue treatment for ALI. The dose chosen for this study was
based on work performed in both diabetic wounds and
bleomycin-induced lung injury.20,51 In our work with diabetic
wounds, higher doses of CNP-miR146a delayed wound healing,
which we hypothesized was secondary to the need for some
inflammation to promote healing. We therefore wished to look at
this established dose in treating ALI in a delayed fashion, and
future evaluation of a dose–response will be undertaken
specifically looking at the effect on pulmonary function, toxicity,
and cellular uptake.

CNP and miR146a have been shown to have potential
applications in treating acute lung injury.14,18,19,27,52 We have
previously shown that IT delivery of CNP-miR146a has low
toxicity with local delivery and no systemic uptake, and that the
conjugate treatment of CNP-miR146a is able to prevent ALI
better than the individual component doses.20 While there have
been advancements in understanding the pathogenesis of ARDS,
mortality remains high and therapeutic innovation is of critical
importance. This study is the first to look at the potential of CNP-
miR146a in treating ALI/ARDS using a delayed treatment
strategy, which has greater clinical implications than a
preventative therapy. In this study, we have shown that treatment
with CNP-miR146a three days after injury improves pulmonary
function by lowering pro-inflammatory gene expression and
oxidative stress, reducing leukocyte infiltration, and decreasing
pro-fibrotic gene expression and collagen levels in the lung.
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