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Sepsis and acute lung injury (ALI) are linked to mitochondrial dysfunction; however, the
underlying mechanism remains elusive. We previously reported that c-Jun N-terminal
protein kinase 2 (JNK2) promotes stress-induced mitophagy by targeting small
mitochondrial alternative reading frame (smARF) for ubiquitin-mediated proteasomal
degradation, thereby preventing mitochondrial dysfunction and restraining
inflammasome activation. Here we report that loss of JNK2 exacerbates lung
inflammation and injury during sepsis and ALl in mice. JNK2 is downregulated in mice
with endotoxic shock or ALI, concomitantly correlated inversely with disease severity.
Small RNA sequencing revealed that miR-221-5p, which contains seed sequence
matching to JNK2 mRNA 3’ untranslated region (3'UTR), is upregulated in response to
lipopolysaccharide, with dynamically inverse correlation with JNK2 mRNA levels. miR-
221-5p targets the 3'UTR of JNK2 mRNA leading to its downregulation. Accordingly,
miR-221-5p exacerbates lung inflammation and injury during sepsis in mice by targeting
JNK2. Importantly, in patients with pneumonia in medical intensive care unit, JNK2 mRNA
levels in alveolar macrophages flow sorted from non-bronchoscopic broncholaveolar
lavage (BAL) fluid were inversely correlated strongly and significantly with the percentage
of neutrophils, neutrophil and white blood cell counts in BAL fluid. Our data suggest that
miR-221-5p targets JNK2 and thereby aggravates lung inflammation and injury
during sepsis.

Keywords: JNK2, sepsis, lung inflammation and injury, micro RNA (miRNA), smARF, ubiquitination and degradation,
mitochondrial dysfunction
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miR-221-5p and JNK2 in Sepsis

INTRODUCTION

Severe sepsis, a constellation of clinical signs of systemic
inflammation combined with multiple organ dysfunction, is an
important cause of death in the United States and the most
common cause of death in medical ICUs (1-4). While improved
primary source controls, which are primarily driven by early
pathogen identification, appropriate antibiotic and organ
supportive therapy, have reduced the incidence of multiple
organ dysfunction and mortality from sepsis, the underlying
pathobiology of sepsis remains poorly understood, and specific
therapies to treat patients with sepsis are not available.

Acute lung injury (ALI) or acute respiratory distress syndrome
(ARDS) secondary to sepsis is one of the leading causes of death in
sepsis. ARDS, the most severe form of ALL is a clinical syndrome
defined by the acute onset of arterial hypoxemia refractory to low
flow oxygen therapy and bilateral infiltrates on radiography (5-10).
It is estimated that the incidence of ARDS is about 78.9/100,000 in
the United States with a mortality rate of 40% (5-10). Even in those
who survive ARDS, there is evidence that their long-term quality of
life is unfavorably affected (5-10). Despite improvements in
processes of care, including mechanical ventilation, fluid
management, and other supportive care measures, the mortality
from ARDS remains high (5-10), and specific and effective
therapies are not available (5-10).

Sepsis and ARDS are linked to mitochondrial dysfunction,
and mitochondrial defects have been extensively described in
human subjects with sepsis- or severe pneumonia-associated
ARDS as well as in animal models of ARDS (11-15). An
established body of literature supports an association between
mitochondrial damage and dysfunction and sepsis severity in
murine models and in patients with sepsis (11, 12, 16-19).
However, how sepsis and ARDS are linked to mitochondrial
impair is not understood on the molecular level. Mitochondrial
autophagy (mitophagy) is a selective form of autophagy that
removes damaged mitochondria, thereby serving as an
important mechanism of mitochondrial quality control (20,
21). Defective mitophagy results in accumulation of damaged
mitochondria, which produce excessive mitochondrial reactive
oxygen species (ROS) and release mitochondrial damage-
associated molecular patterns (DAMPs) including damaged
mitochondrial DNA (mtDNA) fragments into the cytoplasm
(intracellular) and circulation (extracellular) that activate toll-
like receptor 9 (TLRY) and the NLR family pyrin domain
containing 3 (NLRP3) (previously known as NACHT, LRR
and PYD domains-containing protein 3 [NALP3] and
cryopyrin) inflammasome leading to excessive reactive species
generation and exaggerated immune response (20-26).
Accumulating evidence demonstrate dysregulated mitophagy
in epithelial type II cells (AT2) and alveolar macrophages
(AMs) in sepsis and severe acute lung injury (ALI)/ARDS in
human subjects and animal models (27-30). Pharmacological
and genetic manipulation of proteins involved in mitophagy has
been reported to influence the outcomes in animal models of
sepsis and ARDS (27-29, 31). However, the mechanisms
underlying the deregulation of mitophagy and their functional
significance in sepsis-induced ARDS remain largely unknown.

The c-Jun N-terminal protein kinase (JNK) is activated by
environmental stresses to coordinate a host of fundamental
cellular responses (32-35). JNK has two ubiquitously expressed
isoforms, JNK1 and JNK2, which are highly homologous to each
other (32-35). We and others have reported that JNK1 is the
main JNK isoform activated by canonical JNK agonists while
JNK?2 activity is negligible and therefore most of the studies have
been focused on JNKI1 while the biological functions of JNK2
have been largely overlooked (35). We recently reported that
JNK2 promotes stress-induced mitophagy independently of its
kinase activity by targeting small mitochondrial ARF (smARF)
for ubiquitin-mediated proteasomal degradation, thereby
preventing mitochondrial dysfunction and restraining
inflammasome activation (36). smARF is a short isoform of
the tumor suppressor ARF that is translated from an internal
initiation site Met45 and localizes exclusively to mitochondria
(37-40). We reported that the loss of JNK2 led to accumulation
of smARF, which in turn induced mitochondrial depolarization
and excessive mitophagic and autophagic activity, resulting in
lysosomal degradation of the mitophagy adaptor proteins,
including p62 in the steady state. The depletion of p62 and
other key components in the mitophagy machinery prevented
the cells from mounting appropriate mitophagy in response to
subsequent stress, leading to inflammasome hyperactivation and
increased mortality during endotoxin shock (36). Here we report
that the microRNA (miRNA) miR-221-5p targets JNK2 and
thereby aggravates lung inflammation and injury during sepsis.
Together with our previous report that JNK2 prevents
mitochondrial dysfunction, our study might provide a
potential mechanism for the well-documented association
between mitochondrial dysfunction and sepsis.

RESULTS

Loss of JNK2, but Not JNK1, Aggravates
Lung Inflammation and Injury in Mouse
Model of LPS-Induced Acute Lung Injury
Sepsis is often associated with multiple organ dysfunction caused by
dysregulation of host response to infection (1-4). The lung is among
the most vulnerable and critical organs during sepsis, with acute
lung injury (ALI) or ARDS being a common sepsis-induced
inflammatory disorder (5-10). LPS, a component of Gram-
negative bacterial endotoxin, is the main cause of ALL We
previously reported that loss of JNK2 rendered mice more
susceptible to endotoxin-induced septic shock (36). We sought to
determine the effect of J]NK1 or JNK2 deficiency on lung
inflammation and injury in mouse model of LPS-induced ALL
Wild-type, JNK1 KO or JNK2 KO mice were treated intratracheally
with LPS, and we observed that the protein content was higher in
the bronchoalveolar lavage (BAL) fluid of LPS-treated JNK2 KO
mice compared to that in LPS-treated wild-type mice (Figure 1A),
while it was not different between LPS-treated wild-type and JNK1
KO mice (Supplementary Figure 1A). The production of the
potent inflammatory cytokine, MCP-1 (monocyte
chemoattractant protein 1), was drastically augmented in the BAL
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FIGURE 1 | Loss of JNK2 aggravates lung inflammation and injury in mouse model of LPS-induced acute lung injury. Wild-type and JNK2 KO mice were
subjected to i.t. LPS-induced ALI. Two days later, mice were harvested. (A, B) Protein content (A) and production of MCP-1 (B) in the BAL fluid. PBS: N=3-6.
LPS: N=5-6. (C) mRNA expressions of inflammatory cytokines in whole lung homogenates as indicated. N=4. (D) Sectional lung histology from PBS- or LPS-
treated wild-type and JNK2 KO mice. Data are presented as means + sem. “p < 0.05; *p < 0.01; “**p < 0.001.

fluid of LPS-treated JNK2 KO mice compared to LPS-treated wild-
type mice (Figure 1B), while it was not different between LPS-
treated wild-type and JNK1 KO (Supplementary Figure 1B). The
mRNA expressions of inflammatory cytokines in the lung,
including tumor necrosis factor (TNF), interleukin 6 (IL-6), IL-
1B, and monocyte chemoattractant protein-1 (MCP-1), were also
enhanced in LPS-treated JNK2 KO mice compared to LPS-treated
wild-type mice (Figure 1C). On the other hand, there were no
statistically significant differences in the production of TNF,
interferon gamma (IFN-7), IL-12p70, IL-6, or IL-10 in the BAL
fluid of LPS-treated wild-type and JNK1 KO mice (Supplementary
Figure 1B). Lung histology showed that the lungs from LPS-treated
JNK2 KO had increased lung inflammation and injury, including
increased inflammatory cell infiltration and thickening of the
alveolar septa, as compared to LPS-treated wild-type mice
(Figure 1D). Together, these data suggest that loss of JNK2, but
not JNK1, exacerbates LPS-induced lung inflammation and injury
in mice.

Loss of JNK2 Worsens Lung

Inflammation and Injury During
Pseudomonas Pneumonia

To further validate our conclusion that JNK2 deficiency
exacerbates LPS-induced lung inflammation and injury, wild-
type or JNK2 KO mice were intranasally infected with
Pseudomonas aeruginosa (P. aeruginosa; strain PA103), a
Gram-negative bacterium that produces the major virulence
factor LPS. JNK2 KO mice had higher mortality compared to
wild-type mice in response to PA103 infection (mice that did not
die within 72 h recovered and survived; Figure 2A). The cell
count and protein content were higher in the BAL fluid of
PA103-treated JNK2 KO mice compared to that in PA103-
treated wild-type mice (Figure 2B). Neutrophils are
the major subset of infiltrating inflammatory cells in the lung
in murine Pseudomonas aeruginosa pneumonia. We observed
that neutrophil count in the BAL fluid was higher in PA103-
treated JNK2 KO mice compared to PA103-treated wild-type
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FIGURE 2 | Loss of JNK2 worsens lung inflammation and injury during pseudomonas pneumonia. Wild-type and JNK2 KO mice were subjected to i.n.
pseudomonas aeruginosa (strain PA103)-induced pneumonia. (A) Mortality of PA103-treated wild-type and JNK2 KO mice. N=9-10. (B-E) Cell count
and protein content (B) and neutrophil count (C) in BAL fluid, and mRNA expressions of inflammatory cytokines from whole lung homogenates (D), or
sectional lung histology (E) from PBS- or PA103-treated mice. In (B), PBS: N=3-8; PA103: N=13-14. In (C), N=3-4. In (D), PBS: N=3; PA103: N=4-5.
Data are presented as means + sem. *p < 0.05; **p < 0.01.

mice (Figure 2C). mRNA levels of inflammatory cytokines,
including IL-6 and MCP-1, were higher in PA103-treated
JNK2 KO mice compared to PA103-treated wild-type mice
(Figure 2D). Accordingly, histological examination revealed
increased lung inflammation and injury, including increased
inflammatory cell infiltration and thickening of the alveolar
septa, in PA103-treated JNK2 KO mice compared to PA103-
treated wild-type mice (Figure 2E). These data further support
our conclusion that loss of JNK2 worsens lung inflammation
and injury.

JNK2 Deficiency Aggravates Lung
Inflammation and Injury in Cecal Ligation
and Puncture-Induced Sepsis

Cecal ligation and puncture (CLP) is a widely used animal model
of sepsis. We investigated whether JNK2 deficiency affects CLP-
associated lung inflammation and injury. Indeed, lung histology
showed increased lung inflammation and injury in CLP-treated

JNK2 KO mice compared to CLP-treated wild-type mice,
including increased inflammatory cell infiltration and
thickening of the alveolar septa (Figure 3A). CLP-treated
JNK2 KO mice also had increased expression of inflammatory
cytokines, including MCP-1 and keratinocytes-derived
chemokine (KC) in the lung compared to CLP-treated wild-
type mice (Figure 3B). These data suggest that JNK2 deletion
worsens CLP-associated lung inflammation and injury.

JNK2 mRNA Levels Are Negatively
Correlated With Disease Severity

During Sepsis

We were wondering whether JNK2 expression is subjected to
regulation during endotoxin-induced septic shock. We observed
that in mild endotoxic shock induced by intraperitoneal (i.p.)
LPS (lower dose 12 mg/kg, which is non-lethal dose), JNK2
mRNA and protein levels in the lung were first decreased at
8-12 h after LPS treatment, and then increased and returned to
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FIGURE 3 | JNK2 deficiency augments lung inflammation and injury in CLP-
induced sepsis. (A) Sectional lung histology of sham- or CLP-treated wild-type
and JNK2 KO mice. (B) mRNA expressions of MCP-1 and KC from whole lung
homogenates of sham-treated wild type mice or CLP-treated wild-type and
JNK2 KO mice. N=3. Data are presented as means + sem. **p < 0.001;

**p < 0.0001.

baseline levels after 24 h (Figures 4A, B). Similar results were
obtained in the other organs including liver, heart, and colon
(Figure 4A). However, in severe septic shock (higher dose LPS
35mg/kg, which is lethal dose), JNK2 remained at lower levels
and did not increase back at 24 h after the treatment
(Figures 4C, D). We did not observe statistically significant
decrease in JNK1 expression in the lung, colon, or liver under the
same conditions (Supplementary Figures 2A-C). In contrast,
JNK1 mRNA levels in the colon were modesty increased after
LPS treatment (Supplementary Figure 2B). These data indicate
the specific downregulation of JNK2 during septic shock.

JNK2 mRNA Levels Are Negatively
Correlated With Lung Injury Severity
During Pseudomonas Pneumonia

We observed that in response to intranasal P. aeruginosa, JNK2
mRNA levels in the wild-type mouse lungs were decreased at 4 h
(Figure 5A), correlated with a robust induction of pro-
inflammatory cytokines, including IL-6, TNF, and MCP-1
(Figure 5B), as well as lung inflammation and injury

(Figure 5C). IJNK2 mRNA levels were then increased at 16 h,
returned to basal levels at 72 h, and were higher than baseline
levels at day 7 (Figure 5A), correlated with a gradual decrease in
pro-inflammatory cytokine expression (Figure 5B) and recovery
from lung injury (Figure 5C). These data suggest that JNK2
mRNA levels are negatively correlated with lung injury severity
during pseudomonas pneumonia.

JNK2 mRNA Levels Are Also Negatively
Correlated With Lung Injury Severity in
LPS-Induced ALI Model

Similar to P. aeruginosa-induced ALI model, INK2 mRNA levels
in the wild-type mouse lungs were also decreased at 4 h after
intratracheal LPS treatment (Figure 6A), correlated with a
robust induction of pro-inflammatory cytokines, including
MCP-1, IL-6, TNF, and IL-1P (Figure 6A). ]NK2 mRNA levels
were then increased at 8 h, and returned to basal levels after 16 h
(Figure 6A), correlated with a gradual decrease in pro-
inflammatory cytokine expression (Figure 6A). To identify the
lung cell types in which JNK2 is downregulated by LPS, we
isolated primary alveolar type 2 (AT2) cells and alveolar
macrophages (AMs) by flow sorting as we previously reported
(41) from PBS- and intratracheal LPS-treated mice (Figure 6B;
left panel). We observed that JNK2 is downregulated in both
AT?2 cells and AMs by LPS (Figure 6B; middle and right panels).

Small RNA Sequencing Revealed That
miR-221-5p Is Upregulated in Response

to LPS In Vitro, Resulting in

JNK2 Downregulation

To investigate the mechanism by which JNK2 is downregulated
by LPS, murine macrophage RAW 264.7 cells were treated with
LPS (10 ng/ml) or P. aeruginosa (PA103, 20 multiplicity of
infection). We observed that the mRNA levels of JNK2, but
not JNK1, were decreased at 2-6 h after LPS treatment, then
started to increase at 8 h and returned to baseline levels at 12 h in
RAW 264.7 cells (Figure 7A and Supplementary Figure 3A).
JNK2 mRNA levels were also reduced at 2-6 h after PA103
treatment in RAW 264.7 cells (Figure 7B). In human
macrophages differentiated from human monocytic cell line
THP-1 stimulated with phorbol-12-myristate-13-acetate (42),
the mRNA levels of JNK2, but not JNK1, were also decreased
at 4-6 h after LPS treatment, and then increased at 8 h, which
were negatively associated with the induction of IL-6
dynamically (Figure 7C and Supplementary Figures 3B, C).
To determine whether LPS-induced downregulation of JNK2
was due to reduced mRNA stability, RAW 264.7 cells were
treated with LPS in the presence of RNA synthesis inhibitor
actinomycin D (2 uM). LPS resulted in accelerated mRNA
degradation rate of JNK2, but not JNKI, in the presence of
actinomycin D (Supplementary Figure 3D). MicroRNAs
(miRNAs) are small noncoding RNAs that interact with 3’-
untranslated region (3’UTR) of target mRNAs leading to mRNA
degradation and/or translational repression. Small RNA
sequencing of LPS-treated RAW 264.7 cells revealed
differentially expressed miRNAs by LPS (Figure 7D and
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Supplementary Tables 1, 2). Among them, miR-221-5p  levels in LPS-treated RAW 264.7 cells (comparing Figure 7F and
contains seed sequence matching to JNK2 but not JNK1  Figure 7A). Furthermore, miR-221-5p mimics, which are
mRNA 3’UTR (Figure 7E), and importantly, it is induced by ~ chemically modified double-stranded RNA molecules designed
LPS with dynamically inverse correlation with JNK2 mRNA  to mimic endogenous miRNAs, resulted in downregulation of
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JNK2 mRNA (Figure 7G, left panel). In contrast, miR-221-5p
inhibitors, which are chemically-enhanced RNA
oligonucleotides designed to bind and to sequester the
complimentary, mature microRNA strand, resulted in
upregulation of JNK2 mRNA (Figure 7G, right panel). To
investigate the in vivo relevance of miR-221-5p-mediated
downregulation of JNK2, miR-221-5p inhibitor or inhibitor
control was delivered intratracheally into the mouse lung. As
expected, JINK2 mRNA levels were markedly increased by miR-
221-5p inhibitor as compared to inhibitor negative control
(Figure 7H). These data suggest that miR-221-5p
downregulates JNK2. To further evaluate whether miR-221-5p
is functional in targeting JNK2 3’UTR, we performed JNK2 3’
UTR Luciferase Reporter Assay. Transfection of miR-221-5p
mimics inhibited while transfection of miR-221-5p inhibitors
enhanced the luciferase reporter gene expression, which is
controlled by JNK2 3'UTR in the promoter region (Figure 7I).
miRNA-mediated silencing requires the interaction of the target
mRNA with the miRNA and Argonaute (Ago) proteins, forming
a miRNA-associated ribonucleoprotein complexes (RNPs),
which is the core of the RNA-induced silencing complex
(RISC) (43). Ago2 RNA immunoprecipitation (RIP) revealed

the association of JNK2 mRNA with Ago2 in the presence of
miR-221-5p mimics (Figure 7]J). These data collectively suggest
that miR-221-5p targets JNK2 mRNA.

miR-221-5p Exacerbates Sepsis-Induced
Lung Inflammation and Injury by

Targeting JNK2 mRNA

To determine the role of miR-221-5p in sepsis-induced lung
inflammation and injury, we intratracheally delivered miR-221-5p
inhibitor or inhibitor control, or miR-221-5p mimic or mimic
control into the mouse lung, followed by CLP treatment. miR-
221-5p inhibitor decreased the expression of CLP-induced
inflammatory cytokines MCP-1 and KC (Figure 8A), and
attenuated lung inflammation and injury (Figure 8B). In contrast,
miR-221-5p mimic augmented the expression of CLP-induced
MCP-1 and KC, and exacerbated lung inflammation and injury
(Figures 8C, D and Supplementary Figure 4A), which was rescued
by overexpression of exogenous JNK2 (Figures 8C, D and
Supplementary Figure 4B). Additionally, overexpression of
exogenous JNK2 by adenoviral delivery in the mouse lung
resulted in attenuation of CLP-induced lung inflammation and
injury as compared to empty adenovirus (Ad/null)-treated mice
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FIGURE 7 | Small RNA sequencing revealed that miR-221-5p is upregulated in response to LPS in vitro, resulting in JNK2 downregulation. mRNA expressions of JNK2
in LPS- (A) or PA103-treated (B) RAW 264.7 cells, or LPS-treated THP-1 cells (PMA-differentiated) (C) as indicated. (D) Heatmap of differential expressed miRNAs in
RAW 264.7 cells treated with LPS for 0, 4, and 8h. (E) Seed sequence of miR-221-5p matching to JNK2 mRNA 3'UTR. (F) Levels of miR-221-5p in RAW 264.7 cells

treated with LPS for different times. (G) JNK2 mRNA levels in mouse lung epithelial cells (MLE-12) treated with mimic control or miR-221-5p mimic (left panel), or inhibitor
control or miR-221-5p inhibitor (right panel). (H) JNK2 mRNA levels in whole lung homogenates of mice intratracheally treated without or with miRNA inhibitor control or

miR-221-5p inhibitor. (I) JNK2 3’UTR Iuciferase activity in the presence of miR-221-5p mimic (left panel; normalized to control mimic) or miR-221-5p inhibitor (right panel;
normalized to control inhibitor). (J) JNK2 mRNA in the RNA-protein complex using Ago2 or control IgG for IP in the presence of miR-221-5p mimic (normalized to input).

Data are presented as means + sem. *p < 0.05; *p < 0.01; **p < 0.001; **p < 0.0001; ns, not significant.

(Figures 8C, D). We previously reported that JNK2 promotes
stress-induced mitophagy thereby preventing mitochondrial
dysfunction and restraining the NLRP3 inflammasome activation
(36). Activation of the NLRP3 inflammation results in the cleavage
of pro-caspase 1 into active caspase 1, which in turn triggers the
activation and release of interleukinl (IL1) family proteins. We
observed that miR-221-5p mimic increased the production of active,
cleaved caspase 1 in LPS-primed, ATP-stimulated RAW 264.7 cells,
as demonstrated by elevated levels of cleaved caspase 1 p10 and
decreased levels of pro-caspase 1 proteins (Figure 8E). Again,
overexpression of exogenous JNK2 rescued the effect of miR-221-

5p mimic (Figure 8E and Supplementary Figure 4C). These data
together suggest that miR-221-5p exacerbates sepsis-induced lung
inflammation and injury by targeting JNK2 mRNA.

JNK2 Levels in Alveolar Macrophages
From Patients With Pneumonia Are
Inversely Correlated With The Percentage
Of Neutrophils, Neutrophil Count, and
White Blood Cell Count in the BAL Fluid

We have developed protocols to reliably identify and isolate AMs by
flow cytometry from non-bronchoscopic bronchoalveolar lavage
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(NBBAL) samples collected from mechanically ventilated patients
with pneumonia (Supplementary Figure 5A) (44). This fluid was
obtained as part of an Institutional Review Board-approved
protocol to obtain an aliquot of lavage fluid from every NBBAL
that is performed in the MICU. Flow-sorted AMs from 20 samples
were obtained and high-quality RNA was extracted
(Supplementary Figure 5B). RNA sequencing (RNA-Seq) was
performed on these samples and high-quality transcriptomic data
was obtained as measured by multiple variables (Supplementary
Figure 5C). RNA-seq revealed that JNK2 mRNA levels in these
AMs were inversely correlated strongly with the percentage of
neutrophils, neutrophil count, and white blood cell (WBC) count
in the BAL fluid of the patients with pneumonia (Figures 9A-C).
Note, patient demographics and clinical characteristics were shown
in Supplementary Figure 5D.

DISCUSSION

We and others have reported that JNK1 is the main JNK isoform
activated by canonical JNK agonists while JNK2 activity is negligible

and therefore most of the studies have been focused on JNK1 while
the biological functions of JNK2 have been largely overlooked (35).
Although there is well-established relationship between JNK and
mitochondrial dysfunction and also the broad influence of JNK
under conditions of stress and inflammation, those studies have
been focused on JNKI while the role of JNK2 is largely unknown
(36). In contrast to JNKI, here we identified a protective role of
JNK2 in ARDS. As JNK has many vital functions, specific
targeting JNK2 without affecting the overall JNK activity
(attributable to JNK1) highlights therapeutic potential. We also
demonstrated that miR-221-5p targets JNK2 mRNA. As miRNAs
are generally only about 22 nucleotides in length and can be released
into different body fluids where they are remarkably stable, they
offer potentials as biomarkers and drug therapies.

We show that JNK2 but not JNK1 mRNA levels are inversely
correlated with lung injury severity in different mouse models of
ALI induced by LPS, Pseudomonas pneumonia, or septic shock.
Importantly, JNK2 mRNA levels in AMs from the BAL fluid of
patients with pneumonia were inversely correlated strongly and
significantly with the percentage of neutrophils, neutrophil and
white blood cell counts in the BAL fluid. These data indicate that
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JNK2 might serve as a marker of sepsis severity and prognosis in
the ICU.

An established body of literature supports an association
between mitochondrial dysfunction and sepsis and ARDS severity
in murine models and in patients with sepsis and ARDS. However,
the underlying mechanism remains elusive. Several mechanisms
have been proposed. For example, sepsis results in tissue hypoxia,
which in turn affects oxidative phosphorylation. Abundant reactive
species such as nitric oxide and superoxide are generated during
sepsis, which affect mitochondrial respiration. Sepsis-induced
hormonal changes also have impact on mitochondrial function.
Genes encoding mitochondrial proteins have been reported to be
downregulated during sepsis. Dysregulation of mitophagy and
mitochondrial biogenesis are also proposed to explain the
mitochondrial dysfunction in sepsis (29, 45-47). We previously
reported that loss of JNK2 results in defective mitophagy, leading to
mitochondrial dysfunction and robust inflammatory response. In
the present study, we demonstrate that JNK2 is downregulated in
ALT or septic shock, with dynamically inverse correlation with
disease severity. Furthermore, JNK2 mRNA levels are also
negatively correlated with neutrophil percentage in the BAL fluid
of patients with pneumonia. Therefore, our study might provide a
potential mechanism to explain the well-documented association
between mitochondria dysfunction and sepsis/ARDS.

“Cytokine storm” refers to a prevalent hypothesis to explain the
multiple organ dysfunction that develops with sepsis even after
effective primary source control is achieved. According to this
hypothesis, elevated levels of pro-inflammatory cytokines
nonspecifically activate circulating and tissue-resident immune
cells, which damage tissues and induce the release of more
cytokines, creating a positive feedback loop that culminates in
tissue damage and immune exhaustion (48, 49). While substantial
evidence for this hypothesis can be found in patients with sepsis and
animal models of sepsis, targeting this pathway with anti-cytokine
therapy has been largely unsuccessful (48, 50). The newly emergent
concept of “disease/tissue tolerance” refers to a complementary
hypothesis to explain multiple organ dysfunction in sepsis (51-55).
Tolerance is a host defense strategy that reduces the negative impact
of infection on host fitness. Tolerance decreases the host
susceptibility to tissue damage, or other fitness costs, caused by

the pathogens or by the immune response against them, without
directly affecting pathogen burden. According to this hypothesis,
cells in different tissues can activate cell autonomous processes to
maintain their function and survive even in an inflammatory milieu
without affecting the severity of inflammation or pathogen burden.
According to this model, the development of multiple organ
dysfunction in sepsis represents a failure of tissue tolerance. The
molecular basis for tissue tolerance is poorly understood, however,
autophagy pathways and mitochondrial homeostasis have been
implicated. For example, in mouse models of sepsis induced by
cecal ligation and puncture (CLP), Klebsiella pneumoniae, or
systemic LPS administration, a gain of tissue tolerance through
activation of autophagy was found to be critical for host protection
from sepsis (16, 55). The specific cellular basis for autophagy-
mediated protection is not clear, however, a role in the removal of
damaged mitochondria is suggested (17), and deregulated
mitophagy has been recently recognized as a feature of severe
sepsis and has been suggested to result in both enhanced
inflammatory cytokine release and reduced tissue tolerance (54,
55). However, the signaling mechanisms that deregulate mitophagy
to impair tissue tolerance during sepsis are unknown. Future studies
are needed to investigate whether JNK2 servers as the molecular
cue here.

MATERIALS AND METHODS

Mice

Jnk1™"~ and Juk2”~ mice on the C57BL/6 background were kindly
provided by Michael Karin (UCSD). The animal care and
experiments were performed in compliance with the institutional
and US National Institutes of Health guidelines and were approved
by the Northwestern University Animal Care and Use Committee
and the University of Illinois at Chicago Animal Care Committee.
For the mortality studies, when mice became moribund (hunched
posture, lack of curiosity, little or no response to stimuli and not
moving when touched), a clinically irreversible condition that leads
to inevitable death, according to the guidelines for the selection of
humane endpoints in rodent studies at Northwestern University
and University of Illinois at Chicago, they were sacrificed.
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Reagents

LPS (L2630), B-actin antibody (AC-15), and actinomycin D were
from Sigma-Aldrich. ATP was from ENZO Life Sciences. JNK2
antibody was from Cell Signaling Technology (Cat # 4672).
AGO2 antibody was from abcam (ab186733). Mouse
miRIDIAN miR-221-5p mimic, miRIDIAN miRNA mimic
negative control, miRIDIAN mouse miR-221-5p hairpin
inhibitor, and miRIDIAN miNA hairpin inhibitor negative
control were from Horizon Discovery. Ad/JNK2 was generated
by ViraQuest, Inc. by cloning pCDNA3 Flag Jnk2a2 (Addgene,
Item ID 13755) into the pVQAd CMV K-NpA vector. Ad/null
was from ViraQuest, Inc. miR-221-5p inhibitor and inhibitor
control, and miR-221-5p mimic and mimic control were from
Horizon Discovery.

LPS-Induced Lung Inflammation

and Injury Model

Mice (male, 6-8 weeks of age) were given intratracheal
instillation of LPS (6 mg per kg body weight) as we previously
reported (56). After 48 h, the BAL fluid was collected for cell
counts and protein quantification. Lungs were fixed, embedded
in paraffin, and analyzed by staining with hematoxylin and eosin.
In some experiments, lung tissues were collected for qRT-PCR of
genes at different times after LPS treatment as indicated.

Mouse Model of Acute Pneumonia

Mice (male, 6-8 weeks of age) were inoculated intranasally
with P. aeruginosa (strain PA103, 2 x 10> colony-forming
units per mouse) as described as we previously reported (56).
For survival experiments, mice were monitored every 8 h for up
to 7 d. At 16 h after infection, the BAL fluid was collected for cell
counts and protein quantification. Lungs were fixed, embedded
in paraffin, and analyzed by staining with hematoxylin and eosin.
In some experiments, lung tissues were collected for qRT-PCR of
genes at different times after the infection as indicated.

CLP-Induced Sepsis Model

CLP was performed as previously described (57). Briefly, mice
were anesthetized with isoflurane, and a 1-cm midline abdominal
incision was made. The cecum was then exposed, ligated and
punctured with a 21-gauge needle. A small amount of cecal
content was extruded from the perforation sites. The cecum was
returned to the peritoneal cavity and the peritoneum is closed.
Sham-operated mice were treated with cecal exposure without
ligation and puncture. Mice were harvested at 24 h.

Small RNA Sequencing

RAW 264.7 cells treated with LPS for 0, 4, and 8 h were subjected
to small RNA-seq, which was performed by Novogene. Briefly,
RNA integrity was assessed using Agilent Bioanalyzer 2100
system (Agilent Technologies, CA, USA), and RNA
concentration was measured using Qubit® 2.0 Flurometer (Life
Technologies, CA, USA). Sequencing libraries were generated
using NEBNext®Multiplex Small RNA Library Prep Set for
Ilumina® (NEB, USA.) following the manufacturer’s
instructions and index codes were added to attribute sequences

to each sample. DNA fragments corresponding to 140~160bp
(the length of small noncoding RNA plus the 3’ and 5 adaptors)
were recovered and the library quality was assessed using the
Agilent Bioanalyzer 2100 system with DNA High Sensitivity
Chips. The clustering of the index-coded samples was performed
on a cBot Cluster Generation System using TruSeq SR Cluster
Kit v3-cBot-HS (Illumia) according to the manufacturer’s
instructions. After cluster generation, the library preparations
were sequenced on an Illumina Hiseq 2500/2000platform and
50bp single-end reads were generated. The small RNA tags were
mapped to reference sequence by Bowtie without mismatch to
analyze their expression and distribution on the reference.
miRNA expression levels were measured by TPM (transcript
per million) using the normalization formula: Normalized
expression = mapped read count/Total reads*1000000.
Differential expression analysis of two conditions was
performed using the DEGseq R package. P-value was adjusted
using qvalue. qvalue<0.01 and |log2(foldchange)|>1 was set as
the threshold for significantly differential expression by default.

Lung Histology by Hematoxylin

and Eosin Stain

Hematoxylin and Eosin (H&E) Staining was performed by the
Research Histology Core at University of Illinois at Chicago
(UIC). Briefly, 5-micron paraffin sections were deparaffinized
and rehydrated. The sections were then stained in Mayers
Hematoxylin for 1 minute, followed by wash with 4-5 changes
of Tap water, 1X PBS for 1 minute, and 3 changes of distilled
water. Slides were counterstained in Alcoholic-Eosin for
1 minute, and then dehydrated through 3 changes of 95%
EtOH and 2 changes of 100% EtOH 1 minute each, followed
by 3 changes of Xylene 1 minute each change and then mount
and coverslip. Nuclei were stained blue while cytoplasm was
stained pink.

Analysis of Cytokines and Chemokines

The concentration of cytokines and chemokines in the BAL fluid
were quantified by a cytometric bead array kit for mouse
proinflammatory cytokines and chemokines (CBA; BD Biosciences).

Adenovirus Infection

Mice were infected intratracheally with 1 x 10° plaque-forming
units of adenovirus per mouse. Cells were infected with
adenovirus at a multiplicity of infection of 50.

Intratracheal Delivery of miRNA

Mimic or Inhibitor

miRNA mimic or inhibitor (1.25 pL of 0.4 nmol/pL) were mixed
with 1.25 pL of invivofectamine-complexation buffer (cat#
IVF3001, ThermoFisher), followed by addition of 2.5 pL of
invivofectamine (pre-equilibrated to room temperature).
The mixture was then vortexed vigorously for 2 s, and
incubated at 50°C for 30 min, followed by addition of 45 pL of
1x PBS pH 7.4. The miRNA mimic or inhibitor solution was
maintained at room temperature during the procedure. At 2 h,
mice were harvested or underwent sham or CLP treatment.
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JNK2 3’UTR Luciferase Reporter Assay
JNK2 3’UTR reporter construct (LightSwitchTM 3’UTR
GoClone®, Product code 32012, Active Motif Inc.), which
expresses the luciferase reporter gene fused to the 3'UTR of
JNK2, was transfected into HEK293 cells (ATCC) together with
miR-221 mimic or mimic control (40 nM), or miR-221 inhibitor
or inhibitor control (40 nM). At 48 h, luciferase activity was
measured using LightSwitch'" Luciferase Assay Kit (Active
Motif Inc.) according to the manufacturer’s instructions.

Ago2 RNA Immunoprecipitation

Ago2 RIP was performed using Ago2 antibody for
immunoprecipitation (IP) as described in: https://www.abcam.
com/epigenetics/rna-immunoprecipitation-rip-protocol. JNK2
mRNA was detected by reverse transcriptase followed by qPCR
using the following primers: 5- AGTGATTGA
TCCAGACAAGCG-3" and 5-GCGGGGTCATACCA
AACAGTA-3’, and was normalized to input.

Quantitative PCR

Quantitative PCR (qPCR) was performed using iQTM SYBR®
Green Supermix (BIO-RAD) on a CFX Connect™ Real-Time
PCR Dection System (BIO-RAD). mRNA expression of a
particular gene was normalized to hypoxanthine-guanine
phosphoribosyltransferse (HPRT) for mouse genes. Primer
sequences were listed in Supplementary Table 3. For gqRT-
PCR, total RNA was extracted using TRIzol® (Thermo Fisher
Scientific), followed by cDNA synthesis using M-MuLV Reverse
Transcriptase according to the manufacturer’s instructions.

miRNA Quantification by RT-qPCR

MiR-221-5p was quantified using stem-loop quantitative reverse
transcription PCR (RT-qPCR). Briefly, RNA was extracted with
miRNeasy Micro Kit (QIAGEN; Cat # 217084), followed by
reverse transcription using stem-loop RT primers (Primer
sequences were listed in Supplementary Table 4). The RT
product was amplified by qPCR using miR-221-5p specific
forward primer and the universal reverse primer (Primer
sequences were listed in Supplementary Table 4).

RNA-Seq of Alveolar Macrophages
Isolated from BAL Fluid of Patients

With Pneumonia

RNA-seq was performed in flow-sorted AMs from BAL fluid of
patients as described as we reported (41).

Fluorescence-Activated Cell Sorting

The lungs were digested with dispase (Corning) and 0.1 mg/mL
DNase I. Red blood cells were removed using 1x BD Pharm Lyse
solution (BD Biosciences). Cells were washed in MACS buffer
(Miltenyi Biotech) and counted using a Countess automated cell
counter (Invitrogen). For isolation of AT2 cells and AMs, single
cell suspension was incubated in 0.5ug Fc Block (BD Biosciences)
for 10 minutes at 4°C, followed by staining with FITC conjugated
anti-mouse CD45 (eBioscience), APC conjugated anti-mouse
EpCAM (eBioscience), PE conjugated anti-mouse CD31

(eBioscience), PE-CF594 conjugated anti-mouse SiglecF
(BD Biosciences) and efluor450 conjugated anti-mouse CD11b
(eBioscience). The FACS experiments were performed using a
BD FACSAria SORP 5-Laser instrument (BD Immunocytometry
Systems) equipped with 355nm, 405nm, 488nm, 561nm and
640nm excitation lasers located at the Northwestern University
Flow Cytometry Core Facility. All data collection and sorting
were performed using BD FACS Diva software (BD Biosciences)
and data analyses were performed using FlowJo software (Tree
Star, Ashland, OR). Fluorescence minus one (FMO) controls
were used for gating analyses to distinguish positively from
negatively staining cell populations. Compensation was
performed using single color controls prepared from BD Comp
Beads (BD Biosciences). Compensation matrices were calculated
and applied using FlowJo software (Tree Star). Biexponential
transformation was adjusted manually when necessary. For
simultaneous isolation of AT2 and other myeloid cells, after
blocking, cells were incubated with Biotin conjugated anti-mouse
CD45 antibody for 10 minutes at room temperature. Cells then
were separated using MagniSort Streptavidin Positive selection
beads (eBioscience) according to the manufacturer’s instructions.
AT?2 cells will be isolated from the CD45 negative fraction by
flow sorting using FITC conjugated anti-mouse CD45
(eBioscience), APC conjugated anti-mouse EpCAM
(eBioscience) and PE conjugated anti-mouse CD31
(eBioscience). The myeloid cell populations will be isolated
from the CD45 positive fraction by flow sorting using FITC
conjugated anti-mouse CD45 (eBioscience), PerCPCy5.5
conjugated anti-mouse MHC II (BioLegend), eFluor450
conjugated anti-mouse Ly6C (eBioscience), APC conjugated
anti-mouse CD24 (eBioscience), Alexa700 conjugated anti-
mouse Ly6G (BD Biosciences), APCCy7 conjugated anti-
mouse CD11b (BioLegend), PE conjugated anti-mouse CD64
(BioLegend), PE-CF594 conjugated anti-mouse SiglecF (BD
Biosciences) and PECy7 conjugated anti-mouse CDI1lc
(eBioscience) (58).

Patients

Inclusion criteria: Mechanically ventilated adult patients aged 18
years or older in the ICU in whom a NBBAL was performed to
investigate suspected pneumonia. Exclusion: NBBALs with > 12%
bronchial epithelial cell, patients who were neutropenic, and who
had bronchiectasis or cystic fibrosis. A non-bronchoscopic BAL
(NBBAL) is a routine procedure performed in our medical
intensive care unit (MICU) to sample the distal airspace in
mechanically ventilated patients with suspected infection.
During this bedside procedure, respiratory therapists (RT)
advance a 16-French catheter via the patient’s endotracheal tube
into the distal airways, where non-bacteriostatic saline is instilled
and then withdrawn. The major difference between a traditional
bronchoscopic BAL and a NBBAL is that an NBBAL is not
performed under direct visualization. Rather, the NBBAL scope
is introduced into either the left or right lung and advanced until
resistance is encountered. NBBAL is routinely used in our MICU
as it is inexpensive and can be performed by RTs without direct
physician oversight facilitating timely alveolar sampling for
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patients admitted to the intensive care unit or who develop new
acute lung pathology at night. The study protocol was approved by
the Northwestern University Institutional Review Board (44).

Statistical Analysis

Data were analyzed by an unpaired Student’s t-test, with the
assumption of normal distribution of data and equal
sample variance.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Northwestern
University Animal Care and Use Committee and the University
of Illinois at Chicago Animal Care Committee.

REFERENCES

1. Mayr FB, Yende S, Angus DC. Epidemiology of Severe Sepsis. Virulence
(2014) 5(1):4-11. doi: 10.4161/viru.27372
2. Martin GS, Mannino DM, Eaton S, Moss M. The Epidemiology of Sepsis in
the United States From 1979 Through 2000. N Engl ] Med (2003) 348
(16):1546-54. doi: 10.1056/NEJMo0a022139
3. Ulloa L, Tracey KJ. The "Cytokine Profile": A Code for Sepsis. Trends Mol
Med (2005) 11(2):56-63. doi: 10.1016/j.molmed.2004.12.007
4. Rittirsch D, Flier]l MA, Ward PA. Harmful Molecular Mechanisms in Sepsis.
Nat Rev Immunol (2008) 8(10):776-87. doi: 10.1038/nri2402
5. Ware LB, Matthay MA. The Acute Respiratory Distress Syndrome. N Engl |
Med (2000) 342(18):1334-49. doi: 10.1056/NEJM200005043421806
6. Eisner MD, Thompson T, Hudson LD, Luce JM, Hayden D, Schoenfeld D,
et al. Efficacy of Low Tidal Volume Ventilation in Patients With Different
Clinical Risk Factors for Acute Lung Injury and the Acute Respiratory
Distress Syndrome. Am ] Respir Crit Care Med (2001) 164(2):231-6. doi:
10.1164/ajrccm.164.2.2011093
7. Rubenfeld GD, Caldwell E, Peabody E, Weaver J, Martin DP, Neff M, et al.
Incidence and Outcomes of Acute Lung Injury. N Engl | Med (2005) 353
(16):1685-93. doi: 10.1056/NEJMo0a050333
8. Herridge MS, Tansey CM, Matte A, Tomlinson G, Diaz-Granados N, Cooper A,
et al. Functional Disability 5 Years After Acute Respiratory Distress Syndrome.
N Engl ] Med (2011) 364(14):1293-304. doi: 10.1056/NEJMoal011802
9. Angus DC, Linde-Zwirble WT, Lidicker J, Clermont G, Carcillo J, Pinsky MR.
Epidemiology of Severe Sepsis in the United States: Analysis of Incidence,
Outcome, and Associated Costs of Care. Crit Care Med (2001) 29(7):1303-10.
doi: 10.1097/00003246-200107000-00002
10. Alberti C, Brun-Buisson C, Burchardi H, Martin C, Goodman S, Artigas A,
et al. Epidemiology of Sepsis and Infection in ICU Patients From an
International Multicentre Cohort Study. Intensive Care Med (2002) 28
(2):108-21. doi: 10.1007/s00134-001-1143-z
11. Brealey D, Brand M, Hargreaves I, Heales S, Land J, Smolenski R, et al. Association
Between Mitochondrial Dysfunction and Severity and Outcome of Septic Shock.
Lancet (2002) 360(9328):219-23. doi: 10.1016/S0140-6736(02)09459-X
12. Protti A, Singer M. Bench-To-Bedside Review: Potential Strategies to Protect
or Reverse Mitochondrial Dysfunction in Sepsis-Induced Organ Failure. Crit
Care (2006) 10(5):228.
13. Singer M. Mitochondrial Function in Sepsis: Acute Phase Versus Multiple
Organ Failure. Crit Care Med (2007) 35(9 Suppl):5441-8. doi: 10.1097/
01.CCM.0000278049.48333.78

AUTHOR CONTRIBUTIONS

JY, HD-U, QZ, HW, CH, HD, EP, and MS performed experiments.
KA and JW performed RNA-seq analysis of AMs flow-sorted from
BAL fluid of patients. SL, RW, and GB provided reagents and
suggestions. JL contributed to manuscript preparation, hypothesis
generation, and experimental design. All authors contributed to the
article and approved the submitted version.

FUNDING

JL is supported by the US National Institutes of Health
(HL141459 to JL).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
700933/full#supplementary-material

14. Harrois A, Huet O, Duranteau J. Alterations of Mitochondrial Function in
Sepsis and Critical Illness. Curr Opin Anaesthesiol (2009) 22(2):143-9. doi:
10.1097/ACO.0b013e328328d1cc

15. Dada LA, Sznajder JI. Mitochondrial Ca(2)+ and ROS Take Center Stage to
Orchestrate TNF-Alpha-Mediated Inflammatory Responses. J Clin Invest
(2011) 121(5):1683-5. doi: 10.1172/JCI57748

16. Russell JA, Walley KR. Update in Sepsis 2012. Am ] Respir Crit Care Med
(2013) 187(12):1303-7. doi: 10.1164/rccm.201303-0567UP

17. Morse D. Carbon Monoxide, a Modern "Pharmakon" for Sepsis. Am ] Respir
Crit Care Med (2012) 185(8):800-1. doi: 10.1164/rccm.201202-0224ED

18. Nakahira K, Kyung SY, Rogers AJ, Gazourian L, Youn S, Massaro AF, et al.
Circulating Mitochondrial DNA in Patients in the ICU as a Marker of
Mortality: Derivation and Validation. PloS Med (2013) 10(12):1001577;
discussion €1001577. doi: 10.1371/journal.pmed.1001577

19. MacGarvey NC, Suliman HB, Bartz RR, Fu P, Withers CM, Welty-Wolf KE, et al.
Activation of Mitochondrial Biogenesis by Heme Oxygenase-1-Mediated NF-E2-
Related Factor-2 Induction Rescues Mice From Lethal Staphylococcus Aureus Sepsis.
Am ] Respir Crit Care Med (2012) 185(8):851-61. doi: 10.1164/rccm.201106-11520C

20. Youle RJ, Narendra DP. Mechanisms of Mitophagy. Nat Rev Mol Cell Biol
(2011) 12(1):9-14. doi: 10.1038/nrm3028

21. Ding WX, Yin XM. Mitophagy: Mechanisms, Pathophysiological Roles, and
Analysis. Biol Chem (2012) 393(7):547-64. doi: 10.1515/hsz-2012-0119

22. Wilson JG, Liu KD, Zhuo H, Caballero L, McMillan M, Fang X, et al.
Mesenchymal Stem (Stromal) Cells for Treatment of ARDS: A Phase 1
Clinical Trial. Lancet Respir Med (2015) 3(1):24-32. doi: 10.1016/S2213-
2600(14)70291-7

23. Lupfer C, Thomas PG, Anand PK, Vogel P, Milasta S, Martinez J, et al.
Receptor Interacting Protein Kinase 2-Mediated Mitophagy Regulates
Inflammasome Activation During Virus Infection. Nat Immunol (2013) 14
(5):480-8. doi: 10.1038/ni.2563

24. Zhou R, Yazdi AS, Menu P, Tschopp J. A Role for Mitochondria in NLRP3
Inflammasome Activation. Nature (2011) 469(7329):221-5. doi: 10.1038/
nature09663

25. Nakahira K, Haspel JA, Rathinam VA, Lee SJ, Dolinay T, Lam HC, et al.
Autophagy Proteins Regulate Innate Immune Responses by Inhibiting the
Release of Mitochondrial DNA Mediated by the NALP3 Inflammasome. Nat
Immunol (2011) 12(3):222-30. doi: 10.1038/ni.1980

26. Schumacker PT, Gillespie MN, Nakahira K, Choi AM, Crouser ED, Piantadosi
CA, et al. Mitochondria in Lung Biology and Pathology: More Than Just a
Powerhouse. Am ] Physiol Lung Cell Mol Physiol (2014) 306(11):1L962-74. doi:
10.1152/ajplung.00073.2014

Frontiers in Immunology | www.frontiersin.org

November 2021 | Volume 12 | Article 700933


https://www.frontiersin.org/articles/10.3389/fimmu.2021.700933/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.700933/full#supplementary-material
https://doi.org/10.4161/viru.27372
https://doi.org/10.1056/NEJMoa022139
https://doi.org/10.1016/j.molmed.2004.12.007
https://doi.org/10.1038/nri2402
https://doi.org/10.1056/NEJM200005043421806
https://doi.org/10.1164/ajrccm.164.2.2011093
https://doi.org/10.1056/NEJMoa050333
https://doi.org/10.1056/NEJMoa1011802
https://doi.org/10.1097/00003246-200107000-00002
https://doi.org/10.1007/s00134-001-1143-z
https://doi.org/10.1016/S0140-6736(02)09459-X
https://doi.org/10.1097/01.CCM.0000278049.48333.78
https://doi.org/10.1097/01.CCM.0000278049.48333.78
https://doi.org/10.1097/ACO.0b013e328328d1cc
https://doi.org/10.1172/JCI57748
https://doi.org/10.1164/rccm.201303-0567UP
https://doi.org/10.1164/rccm.201202-0224ED
https://doi.org/10.1371/journal.pmed.1001577
https://doi.org/10.1164/rccm.201106-1152OC
https://doi.org/10.1038/nrm3028
https://doi.org/10.1515/hsz-2012-0119
https://doi.org/10.1016/S2213-2600(14)70291-7
https://doi.org/10.1016/S2213-2600(14)70291-7
https://doi.org/10.1038/ni.2563
https://doi.org/10.1038/nature09663
https://doi.org/10.1038/nature09663
https://doi.org/10.1038/ni.1980
https://doi.org/10.1152/ajplung.00073.2014
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Yang et al.

miR-221-5p and JNK2 in Sepsis

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Aggarwal S, Mannam P, Zhang J. Differential Regulation of Autophagy and
Mitophagy in Pulmonary Diseases. Am ] Physiol Lung Cell Mol Physiol (2016)
311(2):L433-52. doi: 10.1152/ajplung.00128.2016

Ryter SW, Choi AM. Autophagy in Lung Disease Pathogenesis and
Therapeutics. Redox Biol (2015) 4:215-25. doi: 10.1016/j.redox.2014.12.010
Mannam P, Shinn AS, Srivastava A, Neamu RF, Walker WE, Bohanon M,
et al. MKK3 Regulates Mitochondrial Biogenesis and Mitophagy in Sepsis-
Induced Lung Injury. Am ] Physiol Lung Cell Mol Physiol (2014) 306(7):L604—
19. doi: 10.1152/ajplung.00272.2013

Suliman HB, Kraft B, Bartz R, Chen L, Welty-Wolf KE, Piantadosi CA.
Mitochondrial Quality Control in Alveolar Epithelial Cells Damaged by S. Aureus
Pneumonia in Mice. Am ] Physiol Lung Cell Mol Physiol (2017) 313(4):L699-709.
Zhang Y, Sauler M, Shinn AS, Gong H, Haslip M, Shan P, et al. Endothelial PINK1
Mediates the Protective Effects of NLRP3 Deficiency During Lethal Oxidant Injury.
J Immunol (2014) 192(11):5296-304. doi: 10.4049/jimmunol.1400653

Hibi M, Lin A, Smeal T, Minden A, Karin M. Identification of an Oncoprotein-
and UV-Responsive Protein Kinase That Binds and Potentiates the C-Jun
Activation Domain. Genes Dev (1993) 7(11):2135-48. doi: 10.1101/gad.7.11.2135
Chang L, Karin M. Mammalian MAP Kinase Signalling Cascades. Nature
(2001) 410(6824):37-40. doi: 10.1038/35065000

Davis RJ. Signal Transduction by the JNK Group of MAP Kinases. Cell (2000)
103(2):239-52. doi: 10.1016/50092-8674(00)00116-1

Liu J, Minemoto Y, Lin A. C-Jun N-Terminal Protein Kinase 1 (JNK1), But
Not JNK2, Is Essential for Tumor Necrosis Factor Alpha-Induced C-Jun
Kinase Activation and Apoptosis. Mol Cell Biol (2004) 24(24):10844-56. doi:
10.1128/MCB.24.24.10844-10856.2004

Zhang Q, Kuang H, Chen C, Yan J, Do-Umehara HC, Liu XY, et al. The
Kinase Jnk2 Promotes Stress-Induced Mitophagy by Targeting the Small
Mitochondrial Form of the Tumor Suppressor ARF for Degradation. Nat
Immunol (2015) 16(5):458-66. doi: 10.1038/ni.3130

Reef S, Zalckvar E, Shifman O, Bialik S, Sabanay H, Oren M, et al. A Short
Mitochondrial Form of P19arf Induces Autophagy and Caspase-Independent
Cell Death. Mol Cell (2006) 22(4):463-75. doi: 10.1016/j.molcel.2006.04.014
Grenier K, Kontogiannea M, Fon EA. Short Mitochondrial ARF Triggers
Parkin/PINK1-Dependent Mitophagy. J Biol Chem (2014) 289(43):29519-30.
doi: 10.1074/jbc.M114.607150

Reef S, Kimchi A. A smARF Way to Die: A Novel Short Isoform of P19arf Is Linked
to Autophagic Cell Death. Autophagy (2006) 2(4):328-30. doi: 10.4161/auto.3107
Reef S, Shifman O, Oren M, Kimchi A. The Autophagic Inducer smARF
Interacts With and Is Stabilized by the Mitochondrial P32 Protein. Oncogene
(2007) 26(46):6677-83. doi: 10.1038/sj.onc.1210485

Do-Umehara HC, Chen C, Zhang Q, Misharin AV, Abdala-Valencia H, Casalino-
Matsuda SM, et al. Epithelial Cell-Specific Loss of Function of Mizl Causes a
Spontaneous COPD-Like Phenotype and Up-Regulates Ace2 Expression in Mice.
Sci Adv (2020) 6(33):eabb7238. doi: 10.1126/sciadv.abb7238

Herbst RS, Heymach JV, Lippman SM. Lung Cancer. N Engl ] Med (2008) 359
(13):1367-80. doi: 10.1056/NEJMra0802714

Wang Y, Juranek S, Li H, Sheng G, Tuschl T, Patel DJ. Structure of an Argonaute
Silencing Complex With a Seed-Containing Guide DNA and Target RNA Duplex.
Nature (2008) 456(7224):921-6. doi: 10.1038/nature07666

Walter JM, Ren Z, Yacoub T, Reyfman PA, Shah RD, Abdala-Valencia H, et al.
Multidimensional Assessment of the Host Response in Mechanically
Ventilated Patients With Suspected Pneumonia. Am ] Respir Crit Care Med
(2019) 199(10):1225-37. doi: 10.1164/rccm.201804-06500C

45. Lelubre C, Vincent JL. Mechanisms and Treatment of Organ Failure in Sepsis.
Nat Rev Nephrol (2018) 14(7):417-27. doi: 10.1038/s41581-018-0005-7

Kim MyJ, Bae SH, Ryu JC, Kwon Y, Oh JH, Kwon J, et al. SESN2/sestrin2 Suppresses
Sepsis by Inducing Mitophagy and Inhibiting NLRP3 Activation in Macrophages.
Autophagy (2016) 12(8):1272-91. doi: 10.1080/15548627.2016.1183081

Cloonan SM, Choi AM. Mitochondria in Lung Disease. ] Clin Invest (2016)
126(3):809-20. doi: 10.1172/JCI81113

Hotchkiss RS, Karl IE. The Pathophysiology and Treatment of Sepsis. N Engl J
Med (2003) 348(2):138-50. doi: 10.1056/NEJMra021333

Angus DC, van der Poll T. Severe Sepsis and Septic Shock. N Engl ] Med
(2013) 369(9):840-51. doi: 10.1056/NEJMra1208623

Russell JA. Management of Sepsis. N Engl ] Med (2006) 355(16):1699-713.
doi: 10.1056/NEJMra043632

Medzhitov R, Schneider DS, Soares MP. Disease Tolerance as a Defense
Strategy. Science (2012) 335(6071):936-41. doi: 10.1126/science.1214935
Ayres JS, Schneider DS. Tolerance of Infections. Annu Rev Immunol (2012)
30:271-94. doi: 10.1146/annurev-immunol-020711-075030

Schneider DS, Ayres JS. Two Ways to Survive Infection: What Resistance and
Tolerance can Teach Us About Treating Infectious Diseases. Nat Rev
Immunol (2008) 8(11):889-95. doi: 10.1038/nri2432

Medzhitov R. Septic Shock: On the Importance of Being Tolerant. Immunity
(2013) 39(5):799-800. doi: 10.1016/j.immuni.2013.10.012

Figueiredo N, Chora A, Raquel H, Pejanovic N, Pereira P, Hartleben B, et al.
Anthracyclines Induce DNA Damage Response-Mediated Protection Against
Severe Sepsis. Immunity (2013) 39(5):874-84. doi: 10.1016/
j.immuni.2013.08.039

Do-Umehara HC, Chen C, Urich D, Zhou L, Qiu J, Jang S, et al. Suppression
of Inflammation and Acute Lung Injury by Mizl via Repression of C/EBP-d.
Nat Immunol (2013) 14(5):461-9. doi: 10.1038/ni.2566

Rittirsch D, Huber-Lang MS, Flier] MA, Ward PA. Immunodesign of
Experimental Sepsis by Cecal Ligation and Puncture. Nat Protoc (2009) 4
(1):31-6. doi: 10.1038/nprot.2008.214

Misharin AV, Morales-Nebreda L, Mutlu GM, Budinger GR, Perlman H. Flow
Cytometric Analysis of Macrophages and Dendritic Cell Subsets in the Mouse
Lung. Am ] Respir Cell Mol Biol (2013) 49(4):503-10. doi: 10.1165/rcmb.2013-
0086MA

46.

47.
48.
49.
50.
51.
52.

53.

54.

55.

56.

57.

58.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Yang, Do-Umehara, Zhang, Wang, Hou, Dong Perez, Sala,
Anekalla, Walter, Liu, Wunderink, Budinger and Liu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

November 2021 | Volume 12 | Article 700933


https://doi.org/10.1152/ajplung.00128.2016
https://doi.org/10.1016/j.redox.2014.12.010
https://doi.org/10.1152/ajplung.00272.2013
https://doi.org/10.4049/jimmunol.1400653
https://doi.org/10.1101/gad.7.11.2135
https://doi.org/10.1038/35065000
https://doi.org/10.1016/S0092-8674(00)00116-1
https://doi.org/10.1128/MCB.24.24.10844-10856.2004
https://doi.org/10.1038/ni.3130
https://doi.org/10.1016/j.molcel.2006.04.014
https://doi.org/10.1074/jbc.M114.607150
https://doi.org/10.4161/auto.3107
https://doi.org/10.1038/sj.onc.1210485
https://doi.org/10.1126/sciadv.abb7238
https://doi.org/10.1056/NEJMra0802714
https://doi.org/10.1038/nature07666
https://doi.org/10.1164/rccm.201804-0650OC
https://doi.org/10.1038/s41581-018-0005-7
https://doi.org/10.1080/15548627.2016.1183081
https://doi.org/10.1172/JCI81113
https://doi.org/10.1056/NEJMra021333
https://doi.org/10.1056/NEJMra1208623
https://doi.org/10.1056/NEJMra043632
https://doi.org/10.1126/science.1214935
https://doi.org/10.1146/annurev-immunol-020711-075030
https://doi.org/10.1038/nri2432
https://doi.org/10.1016/j.immuni.2013.10.012
https://doi.org/10.1016/j.immuni.2013.08.039
https://doi.org/10.1016/j.immuni.2013.08.039
https://doi.org/10.1038/ni.2566
https://doi.org/10.1038/nprot.2008.214
https://doi.org/10.1165/rcmb.2013-0086MA
https://doi.org/10.1165/rcmb.2013-0086MA
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	miR-221-5p-Mediated Downregulation of JNK2 Aggravates Acute Lung Injury
	Introduction
	Results
	Loss of JNK2, but Not JNK1, Aggravates Lung Inflammation and Injury in Mouse Model of LPS-Induced Acute Lung Injury
	Loss of JNK2 Worsens Lung Inflammation and Injury During Pseudomonas Pneumonia
	JNK2 Deficiency Aggravates Lung Inflammation and Injury in Cecal Ligation and Puncture-Induced Sepsis
	JNK2 mRNA Levels Are Negatively Correlated With Disease Severity During Sepsis
	JNK2 mRNA Levels Are Negatively Correlated With Lung Injury Severity During Pseudomonas Pneumonia
	JNK2 mRNA Levels Are Also Negatively Correlated With Lung Injury Severity in LPS-Induced ALI Model
	Small RNA Sequencing Revealed That miR-221-5p Is Upregulated in Response to LPS In Vitro, Resulting in JNK2 Downregulation
	miR-221-5p Exacerbates Sepsis-Induced Lung Inflammation and Injury by Targeting JNK2 mRNA
	JNK2 Levels in Alveolar Macrophages From Patients With Pneumonia Are Inversely Correlated With The Percentage Of Neutrophils, Neutrophil Count, and White Blood Cell Count in the BAL Fluid

	Discussion
	Materials and Methods
	Mice
	Reagents
	LPS-Induced Lung Inflammation and Injury Model
	Mouse Model of Acute Pneumonia
	CLP-Induced Sepsis Model
	Small RNA Sequencing
	Lung Histology by Hematoxylin and Eosin Stain
	Analysis of Cytokines and Chemokines
	Adenovirus Infection
	Intratracheal Delivery of miRNA Mimic or Inhibitor
	JNK2 3&prime;UTR Luciferase Reporter Assay
	Ago2 RNA Immunoprecipitation
	Quantitative PCR
	miRNA Quantification by RT-qPCR
	RNA-Seq of Alveolar Macrophages Isolated from BAL Fluid of Patients With Pneumonia
	Fluorescence-Activated Cell Sorting
	Patients
	Statistical Analysis

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


