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Abstract

Acute respiratory distress syndrome (ARDS) remains a
significant problem in need of new pharmaceutical approaches to
improve its resolution. Studies comparing gene expression
signatures in rodents and humans with lung injury reveal
conserved pathways, including MAPK (mitogen-activated protein
kinase)/ERK (extracellular signal-related protein kinase)
activation. In preclinical acute lung injury (ALI) models,
inhibition of MAP2K1 (MAPK kinase 1)/MAP2K2 (MAPK
kinase 2) improves measures of ALI. Myeloid cell deletion of
MAP2KI results in sustained MAP2K2 activation and
nonresolving ALI, suggesting that MAP2K2 deactivation may be
a key driver of ALI resolution. We used human genomic data
from the iSPAAR (Identification of SNPs Predisposing to Altered
Acute Lung Injury Risk) Consortium to assess genetic variants in
MAP2K1 and MAP2K?2 for association with mortality from
ARDS. To determine the role of MAP2K?2 in ALI recovery, we
studied mice deficient in Map2k2 (Mek2~'~) and wild-type
control mice in ALI models. We identified a MAP2K?2 variant

that was associated with death in ARDS and MAP2K2 expression.

In Pseudomonas aeruginosa ALI, Mek2™'~ mice had similar early

alveolar neutrophilic recruitment but faster resolution of alveolar
neutrophilia and vascular leak. Gene expression analysis revealed
a role for MAP2K?2 in promoting and sustaining select
proinflammatory pathway activation in ALL Bone marrow
chimera studies indicate that leukocyte MAP2K2 is the key
regulator of ALI duration. These studies implicate a role for
MAP2K?2 in ALI duration via transcriptional regulation of
inflammatory programming with potential relevance to ARDS.
Targeting leukocyte MAP2K2 may be an effective strategy to
promote ALI resolution.
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Clinical Relevance

These studies implicate a role for MAP2K2 in acute lung
injury duration via transcriptional regulation of inflammatory
programming with potential relevance to acute respiratory
distress syndrome. Targeting MAP2K2 may be an effective
strategy to promote acute lung injury resolution.
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Acute respiratory distress syndrome (ARDS)
is a clinical disease marked by respiratory
failure caused by disruption of the epithelial
and endothelial barrier, flooding of the
alveolar compartment with protein-rich
fluid, and recruitment of neutrophils into the
alveolar space (1, 2). It affects approximately
200,000 patients annually in the United
States and results in approximately 75,000
deaths. In the setting of the current pandemic
of severe acute respiratory syndrome
coronavirus 2 infection, the incidence of
ARDS has been increasing (3), and there is
an urgent need to further understand its
pathobiology to develop novel
therapeutics (4-6). Studies comparing
rodent and human lung injury gene
expression signatures reveal conserved
pathways (7, 8), including MAPK
(mitogen-activated protein kinase) and
ERK (extracellular signal-related kinase)
activation during injury. In preclinical
models of acute lung injury (ALI),
inhibition of MAP2K1 (MAPK kinase
1)/MAP2K2 (MAPK kinase 2) improves
measures of ALI (9-11).

MAP2K1 (MEK1) and MAP2K2
(MEK2), which have conserved functions
across eukaryotes, participate in intracellular
signaling networks and exert control on the
downstream effector molecules ERK1 and
ERK2 (ERK1/2) via MAP2K1 and MAP2K2
(MEK1/2)-dependent serine and tyrosine
phosphorylation (12). The MAP2K-ERK1/2
pathway can be stimulated by extracellular
stimuli, such as growth factors and cytokines,
and signal downstream of Ras and Raf (12).
Abnormal regulation of these pathways has
been reported across diseases, including
cancer, cardiovascular disease, and
pulmonary diseases such as asthma,
emphysema, and ARDS (13-17). More
recently, immune-related targets of MAP2K
pathways have been described. For example,
the MAP2K pathway promotes
proinflammatory macrophage polarization
(18, 19), and MAP2K inhibitors reduce
inflammation and multiorgan dysfunction in
a murine model of sepsis (20). In our studies,
we found that MAP2K pathways inhibit M2
(IL-4) polarization, and deactivation of the
MAP2K pathway promotes a switch from
inflammatory to reparative macrophage
function (9, 10).

MAP2K1 and MAP2K?2 share 80%
amino acid identity, suggesting that they may
be functionally redundant. In certain cases,
deletion of both isoforms is required for
phenotypes to emerge (21). However,
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MAP2K2-deficient (Mek2 ™' ™) mice are
phenotypically normal, whereas MAP2K1
deletion is embryonic lethal, suggesting that
MAPK cascade signaling is dependent on
select isoforms in specific settings (22).
Despite their homology, only MAP2K1
contains an inhibitory domain that can be
phosphorylated by ERK1/2 in a negative
feedback loop (23). We and others have
demonstrated sustained activation of
MAP2K2 in MAP2K1-deleted cells,
suggesting that MAP2K1 is required to
deactivate MAP2K2 (24-26). Myeloid
deletion of MAP2K1 leads to prolonged
activation of the MAP2K2-ERK1/2 axis, with
sustained inflammatory responses and
nonresolving lung injury (25). On the basis
of these findings, we hypothesized that
MAP2K?2 activation would be detrimental to
ALI recovery. In this study, we initially
examined MAP2K1 and MAP2K2 single
nucleotide polymorphisms (SNPs) SNPs for
their associations with ARDS mortality.
Next, we investigated the role of MAP2K2 in
murine models of ALI using Mek2™'~ mice.

Methods

Genetic Association

We obtained genomic data from the iSPAAR
(Identification of SNPs Predisposing to
Altered Acute Lung Injury Risk) Consortium
(27). Additional details on this cohort and
genotyping are provided in the data
supplement. We selected SNPs in MAP2K2
and MAP2K] considering directly genotyped
polymorphisms within =2 kb of these genes.
SNPs were removed for a call rate <90%, a
minor allele frequency <5%, and a Hardy-
Weinburg equilibrium P value of less than
0.001. This resulted in seven SNPs in
MAP2K2 and nine SNPs in MAP2K1 that
were carried forward for analyses. Among
subjects with ARDS, these individual SNPs
were tested for association with 28-day
mortality using multiple logistic regression
assuming additive genetic effects. We
adjusted for age, sex, presence of sepsis,
Acute Physiology and Chronic Health
Evaluation III scores, and the first three
principal components calculated using
genome-wide data. We corrected for
multiple hypothesis testing using the
Bonferroni method.

Mice
Mek2™ "~ and wild-type (WT) mice
(129/SvEv), a gift of Dr. Jean Charron, were

generated as previously described (28).
Mek2™'~ and WT control mice between

8 and 12 weeks of age of both sexes were
used for all experiments. Mice were bred and
maintained in a specific pathogen—free
facility at the University of Washington. The
Institutional Animal Care and Use
Committee at the University of Washington
reviewed and approved all animal
procedures described in these studies. Mouse
genotyping was performed as reported in the
data supplement.

Lung Injury Models

For the LPS-ALI model, mice were
anesthetized using isoflurane, and PBS
containing 1.5 mg/kg Escherichia coli LPS
(50 pl) was instilled into the lung by
oropharyngeal aspiration. For the
infectious ALI model, 1.25-2.5 X 10° cfu
of Pseudomonas aeruginosa (PA) strain K
50 pl was delivered via oropharyngeal
aspiration. Mice were monitored and
weighed daily. On Days 2-4 after
infection, mice were euthanized by
intraperitoneal delivery of Beuthanasia-D
and harvested for BAL and lung tissue.

Chimera Generation

See the data supplement for details regarding
methods for generating bone marrow
chimera mice.

BAL and Lung Processing
See the data supplement for details regarding
methods for BAL and lung processing.

ALI Scoring

Histological assessment of lung
inflammation and injury was completed
using formalin-fixed, paraffin-embedded
lung tissue stained with hematoxylin and
eosin. Semiquantitative histopathology
scoring was performed by a comparative
pathologist (C.W.F.). Additional detail on the
scoring method is provided in the data
supplement.

Western Blots

Processing of lung digest or BAL cells for
protein and Western blots are as described in
the data supplement. Antibodies used for
Western blotting are listed in Table E2 in the
data supplement.

RNA Sequencing

See the data supplement for details regarding
processing and analysis. All RNA sequencing
data meeting Minimum Information About
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Table 1. Clinical Characteristics of Patients with Acute Respiratory Distress

Syndrome

Characteristic

Age, yr, mean = SD

Male sex, n (%)

Sepsis, n (%)

APACHE Il score, mean + SD

Alive (n=2820) Dead (n=241)
53.7+17.0 65.4+15.6
464 (57) 135 (56)
556 (68) 198 (82)
79.9+25.7 101.3+26.3

Definition of abbreviation: APACHE = Acute Physiology and Chronic Health Evaluation.

a Next-Generation Sequencing Experiment
guidelines have been deposited at the Gene
Expression Omnibus repository
(GSE175580).

Statistics

Statistical analyses were performed using
GraphPad Prism 8 software. Samples were
analyzed using Student’s ¢ test or ANOVA
for multiple comparisons, as noted in
individual figure legends. For data not
normally distributed, Mann-Whitney or
Kruskal-Wallis tests were used. Significance
was considered as P < 0.05.

Results

MAP2K2 SNP Associates with Death
in Patients with ARDS

Studies comparing gene expression
signatures in rodents and humans with lung
injury reveal MAPK/ERK activation (7, 8). In
our studies, we found activation of the
MAPK/ERK pathway in alveolar
macrophages from patients with ARDS (25).
Given these findings, we evaluated SNPs in
MAP2K1 and MAP2K2 for association with
ARDS susceptibility and ARDS mortality
using the iSPAAR cohort. In the 1,061
subjects with ARDS, 28-day mortality was

23% (Table 1). Subjects who died were older
on average, had a higher proportion of sepsis,
and had higher Acute Physiology and
Chronic Health Evaluation III scores. The
overall cohort had a slight male
predominance.

We found an SNP in MAP2K2 that was
associated with mortality. Each copy of the
minor allele of rs350912A was associated
with increased odds of 28-day mortality
(odds ratio, 1.53; 95% confidence interval,
1.19-1.97; Bonferroni-corrected P =0.006;
Table 2). This intronic SNP is a cis-
expression quantitative trait locus for
MAP2K2 gene expression in multiple tissues
and is associated with increased expression
(29). No other polymorphism in MAP2K1 or
MAP2K2 was associated with ARDS
mortality (Tables 2 and 3). These results
show that genetic variation within the
MAP2K2 gene is associated with an
increased risk of death in ARDS.

Mek2~/~ Mice Have Accelerated
Resolution of Lung Injury Associated
with Reduced Phosphorylated

ERK Activation

To test the contribution of MAP2K2 in AL,
we obtained mice deficient in Map2k2
(Mek2™'7) and studied the inflammatory
and injury responses to an infectious model

of lung injury. Mek2™'~ and WT mice were
challenged with PA via oropharyngeal
aspiration, and we measured daily weight as
a surrogate marker of illness severity.
PA-infected Mek2™'~ and WT mice lost
similar amounts of weight between Days 0
and 2. Weight loss among PA-infected
Mek2™'™ mice stabilized by Day 3 and
showed improvement by Day 4, compared
with sustained weight loss in WT mice
(Figure 1A). Mice were killed at Days 2 and 4
to assess the inflammatory and injury
responses during induction of lung injury
and the start of its resolution.

On Day 2, BAL cell counts increased
similarly in both genotypes (Figure 1B), with
most of these cells representing neutrophils
(Figure 1C). By Day 4, the BAL cell counts
were lower in PA-treated Mek2™'~ mice
compared with WT mice (Figure 1B), and
this reduction was owing to fewer BAL
neutrophils (polymorphonuclear leukocytes)
(Figure 1C). Vascular leak, as measured by
BAL total protein and IgM, was also similarly
increased at Day 2 compared with Day 0 in
both infected genotypes (Figures 1E and 1F).
However, by Day 4, vascular injury markers
were significantly reduced in Mek2 ™'~
compared with WT mice, indicating faster
resolution of ALI (Figures 1E and 1F).
Consistent with the cell count and vascular
leak data, lung histopathology demonstrated
reduced tissue inflammation and lung injury
scores at Day 4 in Mek2 ™'~ mice compared
with WT mice (Figure 1G). Day 2 bacterial
counts from the lung as measured by cfu/g
were similar between WT and Mek2 ™'~
mice (Figure 1H). By Day 4, clearance of
bacteria was slightly faster in Mek2™'~ mice
(Figure 1H). To determine if the faster
resolution of ALI was dependent on
differences in bacterial clearance, we
examined the inflammatory response using

Table 2. SNPs in MAP2K2 Tested for Association with Mortality in Acute Respiratory Distress Syndrome

SNP Major Allele Minor Allele
rs350912 G A
rs350887 G A
rs350886 C T
rs350897 C T
rs350896 G A
rs4525614 G A
rs12459940 T C

MAF Feature P Value OR (95% CI) Bonferroni-corrected P Value
0.29 Intron 0.0009 1.53 (1.19-1.97) 0.006

0.21 Intron 0.05 1.32 (1.00-1.74) 0.36

0.34 3" UTR 0.1 1.21 (0.96-1.54) 0.77

0.44 Intron 0.40 0.91 (0.72-1.14) 1

0.48 Intron 0.93 1.01 (0.80-1.27) 1

0.05  Intron 0.37 1.27 (0.75-2.15) 1

0.28 Intron 0.25 0.86 (0.67-1.11) 1

Definition of abbreviations: Cl = confidence interval; MAF =minor allele frequency; MAP2K2 = mitogen-activated protein kinase kinase 2;

OR =odds ratio; UTR = untranslated region.

P values were adjusted for age, sex, sepsis, APACHE Il score, and the first three principal components with Bonferroni-adjusted P values for

seven hypothesis tests.
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Table 3. SNPs in MAP2K1 Tested for Association with Mortality in Acute Respiratory Distress Sundrome

Predictor Major Allele  Minor Allele Feature MAF P Value OR (95% CI) Bonferroni-corrected P Value
rs7166547 C T 5 UTR 0.17 0.13 1.25 (0.94-1.67) 1
rs1549854 A C 5 UTR 0.47 0.99 0.99 (0.80-1.26) 1
rs4489951 A G 5 UTR 0.09 0.64 0.91 (0.61-1.36) 1
rs1432443 A C 5 UTR 0.33 0.67 0.95 (0.74-1.21) 1
rs1432442 c T 5 UTR 0.09 0.25 1.26 (0.85-1.86) 1
rs1432441 G A Intron 0.33 0.67 0.95 (0.74-1.21) 1
rs12050732 A C Intron 0.17 0.12 1.26 (0.95-1.68) 1
rs4255740 C T Intron 0.33 0.66 0.95 (0.74-1.21) 1
rs12594835 T C Intergenic 0.33 0.66 0.95 (0.74-1.21) 1

P values were adjusted for age, sex, sepsis, APACHE Ill score, and the first three principal components with Bonferroni-adjusted P values for

nine hypothesis tests.
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Figure 1. MAP2K2 (mitogen-activated protein kinase kinase 2) deletion leads to faster Pseudomonas aeruginosa (PA) acute lung injury (ALI)
resolution. Mice received PA via oropharyngeal aspiration and were harvested at Day (D) 2 and D4. Naive mice (D0) were used as control
animals. (A) PA wild-type (WT) mice had continued weight loss between DO and D4, whereas PA mice deficient in Map2k2 (Mek2~/~) recovered
weight faster than WT mice at D3 and D4. (B) BAL cell counts and (C) BAL neutrophils (polymorphonuclear leukocytes [PMNs]) were similar at
DO and D2 between genotypes but reduced in Mek2™/~ mice compared with WT mice at D4. (D) Alveolar macrophages (AMs) increased in
PA-infected mice, with no difference by genotype. (E) BAL total protein and (F) IgM were similarly increased at D2 in both genotypes but
reduced in Mek2/~ mice by D4. Analysis was performed using one-way ANOVA, and data are presented as mean = SEM (n = 5-15/group).

(G) Representative lung sections stained with hematoxylin and eosin from D4 demonstrate increased inflammatory cells in WT mice (left)
compared with Mek2™'~ mice (right) with quantitative scoring of lung injury. Scale bar, 100 um. (H) Bacterial cfu/g of lung at D2 and D4.
Analysis was performed using Student’s ¢ test, and data are presented as mean += SEM (n=5-10/group). *P<0.05, **P<0.01, and ***P<0.001.
CFU = colony-forming unit.
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Figure 2. MAP2K2 deletion leads to faster recover from LPS ALI. Mice received Escherichia coli LPS via oropharyngeal aspiration and were
harvested at D4. Naive mice (DO) were used as control animals. (A) LPS Mek2™/~ mice had earlier recovery of total body weight compared with
LPS WT mice at D3 and D4. (B) BAL neutrophils (PMNs) were not present at DO and were reduced at D4 in Mek2~/~ mice compared with WT
mice. (C) AMs increased in LPS-treated mice, with no difference by genotype. Analysis was performed using ANOVA, and data are presented
as mean = SEM (n=5-7/group). *P<0.05, **P<0.001, and ***P<0.0001. ALV MACS = alveolar macrophages.

E. coli LPS as a sterile model of lung injury.
We found a similar protective effect in
Mek2™'~ mice, characterized by faster
recovery of total body weight and reduced
BAL neutrophilia at Day 4, compared with
similarly treated WT mice (Figure 2).
Because MAP2K2 activates
ERK1/2 via threonine and tyrosine
phosphorylation, we quantified
phosphorylated ERK1/2 (p-ERK) protein
concentrations in protein isolated from
lung digest (Figure 3A) and BAL cells
(Figure 3B). In both the lung and BAL
compartments, p-ERK1/2/ERK

A LUNG WT

concentrations were lower in Mek2™'~
compared with WT mice at Day 2 after
infection, indicating that MAP2K2 is
necessary for ERK activation in ALL. We
also observed reduced p-ERK1/2/ERK
concentrations in Mek2™ '~ compared
with WT mice at Day 4 (data not
shown), indicating that MAP2K2
regulates sustained p-ERK1/2 activation
in ALI. MAP2K2 protein was
undetectable in Mek2™'~ mice (not
shown), and MAP2K1 concentrations
were unaffected by deletion of MAP2K2
(Figures 3A and 3C).

Mek2~~

MAP2KT S e e st o s e S S

ERK1/2 e
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— —— e
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D

Mek2~/~

E
ERe eSS

ACTIN i v e e i N s ) Wl

p-ERK1/2/ERK P-ERK1/2/ERK  MAP2K1/Actin
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Figure 3. MAP2K2 sustains ERK1/2 (extracellular signal-related kinase 1 and 2) activation in
PA ALI. (A and B) Protein from lung digests (A) and BAL cells (B) was analyzed for expression
of MAP2K1 (mitogen-activated protein kinase kinase 1), ERK1/2, phosphorylated ERK1/2
(p-ERK1/2), and B-actin at D2 after infection in WT (solid circles) and Mek2~'~ (open circles)
mice. (C) MAP2K1 concentrations were unaffected by deletion of MAP2K2. (D and E) p-ERK1/
2 concentrations in the (D) lung and (E) BAL were significantly reduced in the absence of
MAP2K. Analysis was performed using Student’s f test, and data are presented as

mean * SEM (n=5-10/genotype). *P<0.05.
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MAP2K2 Regulates IFN,
Immunoinflammatory, and Repair
Pathways in ALI

To determine how MAP2K2 may be
driving altered inflammatory and repair
processes in ALI, we analyzed lung tissue
for gene expression using RNA
sequencing during naive state (Day 0)
and at Days 2 and 4 after infection.
Principal-component analysis of the
entire gene expression data (~16,800
genes) demonstrated separation between
genotypes across time points, indicating
distinct transcriptional profiles between
WT and Mek2™'~ mice during the
course of PA lung infection (Figure 4A).
As expected, compared with baseline
(Day 0), there was widespread alteration
in gene expression at Day 2 (WT, 5,240
genes; Mek2~'~, 4,131 genes) and Day 4
(WT, 4,322 genes; Mek2™'~, 1,226
genes). However, Mek2™'~ mice had
fewer differentially expressed genes
relative to baseline, particularly by Day 4.
To assess the role of Map2k2 in
regulating the transcriptional response to
PA infection, differential gene expression
was compared on the basis of genotype
at each time point. Few genes were
different between WT and Mek2 ™/~

at Day 0 (n =53, false discovery

rate < 0.01), with the most significant
gene being Map2k2 (false discovery

rate =2.43 X 10 °®). By Day 2 after
infection, 512 genes were differentially
expressed between WT and Mek2 ™/~
mice, and by Day 4, the number had
further increased to 1,798 genes (Figure
4B). This finding highlights a MAP2K2-
driven divergence in pulmonary gene
expression response to PA infection. To
better understand the processes
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Figure 4. MAP2K2 enhances inflammatory programming in ALI. (A) Principal-component analysis of the entire gene expression data
demonstrates genotype and time-dependent clustering. (B) Graphical representation of up- and downregulated genes between genotypes at D2
and D4. (C and D) Volcano plots representing enriched pathways in WT and Mek2 '~ lungs at D2 (C) and D4 (D). By D4, reparative processes

were highly enriched in lungs from Mek2 /'~

mice, whereas WT animals were characterized by continued enrichment of proinflammatory

pathways as well as cell cycle/division and apoptotic processes. FDR = false discovery rate; MAPK = mitogen-activated protein kinase;
NADH = nicotinamide adenine dinucleotide reduced; PC = principal component.

differentially regulated by MAP2K2,

we performed functional enrichment
analysis on the differentially expressed
genes between WT and Mek2™ '™ mice
at Day 2 and Day 4. As summarized

in Figure 4C, WT mice had higher
enrichment of immunoinflammatory,
interferon, and apoptotic programs at
Day 2 compared with Mek2™'~ mice. By
Day 4, reparative processes were highly
enriched in Mek2™'~ mice, whereas WT
animals were characterized by continued
enrichment of proinflammatory pathways
as well as cell cycle/division and
apoptotic processes (Figure 4D). Overall,
these findings indicate that MAP2K2 is
critical for activation and persistence of
injurious pathways in PA pneumonia.
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MAP2K2 in the Leukocyte
Compartment Regulates Duration

of ALI

To determine the cellular source of MAP2K2
responsible for the observed phenotypes in
Mek2™'~ (knockout [KO]) mice, we
generated bone marrow chimeras (Figure 5).
After 12 weeks, mice were exposed to PA and
killed on Day 4 to assess BAL cell counts, cell
differential, and colony-forming units in the
lung tissue. By tracking daily weight, we
observed the expected earlier recovery of
total body weight in KO/KO compared with
WT/WT mice (Figure 5A). WT mice that
received KO bone marrow (WT/KO) also
recovered their total body weight faster,
similar to the result observed in KO/KO
chimeras (Figure 5A). However, the weight

change in KO/WT mice more closely
resembled that of WT/WT mice. The
changes in BAL neutrophils also reflected
these genotype-dependent differences, with
WT/KO and KO/KO mice having fewer BAL
neutrophils and reduced lung colony-
forming units compared with WT/WT and
KO/WT groups (Figures 5B and 5D).
Macrophage numbers trended higher in
mice with KO bone marrow, but they were
not statistically significant (Figure 5C). We
also observed mortality in mice with WT
marrow (n =3 of 19) and none in those with
KO marrow (n =0 of 20). Overall, these
findings demonstrate that leukocyte
expression of MAP2K2 prolongs the
duration of ALI and contributes to delayed
bacterial clearance.
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Figure 5. Leukocyte MAP2K2 delays recovery from PA ALI. Mice received PA via
oropharyngeal aspiration and were harvested at D4. WT (solid circles) and knockout (KO) mice
(open circles) received WT bone marrow (black) or KO bone marrow (red). (A) Mice with KO
bone marrow (KO/KO and WT/KO) had earlier recovery of total body weight compared with
those with WT bone marrow (WT/WT and KO/WT). (B) BAL neutrophils (PMNs) were lower in
mice with KO bone marrow. (C) AM numbers were unaffected by genotype. (D) Bacterial cfu/g
of lung were lower in mice with KO bone marrow. Analysis was performed using ANOVA, and
data are presented as mean * SEM (n=8-20/group). *P<0.05, **P<0.01, and ***P<0.001.

MAC = alveolar macrophage.

Discussion

ARDS remains a significant problem in need
of new pharmaceutical approaches to
improve its resolution. In the
pre—coronavirus disease (COVID-19) era,
antiinflammatory approaches failed to
improve outcomes (30-33), despite the
findings that increased BAL neutrophils
(34-37) and proinflammatory cytokines/
chemokines, such as CXCL1 (CXC ligand 1)/
IL-8 and CCL2/MCP-1 (monocyte
chemoattractant protein-1) (38), associate
with worse clinical outcomes. In those with
COVID-19 requiring supplemental oxygen
and/or mechanical ventilation,
immunosuppressants, such as
dexamethasone or IL-6 receptor antagonists,
modestly improve outcomes, demonstrating
that for specific causes of ARDS,
antiinflammatory approaches may be
therapeutic (39-41). With the surge of ARDS
cases associated with COVID-19, there is an
urgent need to understand novel pathways
involved in resolution of lung inflammation
and injury to provide the basis for new
therapeutic approaches.

Gong, Mikacenic, Long, et al..: MAP2K2 Contributes to Murine ALI and ARDS Outcome

Increased activation of MAPK/ERK
pathways has been reported in both murine
ALT and human ARDS, suggesting shared
mechanisms across species (7, 8). In
murine models of sterile and infectious
AL, inhibitors to MAP2K1/MAP2K2
are beneficial in modifying the acute
inflammatory response and promoting faster
resolution (9, 10, 42). These findings suggest
contributory roles for these kinases in
promoting and sustaining lung
inflammation. Although MAP2K1 and
MAP2K2 are homologs and activate ERK1/2,
they have distinct regulatory roles in ALL In
myeloid MAP2K1-deficient mice, we
observed increased inflammatory cytokine
expression, sustained inflammatory cell
influx into the lung, and increased activation
of the MAP2K2-ERK1/2 pathway (25). In
contrast, Mek2~ '~ mice had faster
resolution of lung inflammation and
reduced activation of the MAP2K2-ERK1/2
pathway. One potential explanation for
these disparate findings is that MAP2K1, but
not MAP2K2, has an inhibitory site that can
be phosphorylated by ERK1/2 in negative
feedback loop (23). Hence, MAP2K1 may be

required to deactivate MAP2K2 to promote
ALI resolution.

Our studies in both myeloid
MAP2K1-deficient mice (25) and
MAP2K2 bone marrow chimeras suggest
that sustained activation of MAP2K2 in
myeloid cells is a key regulator of ALI
duration. It remains to be determined if
ALI duration is driven by MAP2K2
expressed by monocytes, macrophages, or
neutrophils. In addition to regulating
inflammatory and reparative
programming by macrophages (10),
MAPK/ERK pathways regulate cell
survival and cell death pathways,
including NETosis (24, 43, 44). Because
delayed neutrophil apoptosis or increased
NETosis may contribute to ALI severity
and duration (45), it will be important to
determine if MAP2K?2 has a role in
regulating these processes. Furthermore,
because leukocyte MAP2K?2 is the critical
source, it will be important to assess the
generalizability of a role of MAP2K2 in
other models of ALIL In our unpublished
studies, Mek2™'~ mice have reduced
neutrophilic lung inflammation in a short-
term cigarette-smoke-exposure model,
suggesting that these pathways may be
relevant in other forms of lung injury.

By dissecting out the specific
contribution of MAP2K2 in ALI, our
murine studies demonstrate that
MAP2K2 expression has no impact on
the early recruitment of neutrophils to
the alveolar compartment. However, in
both sterile and infectious models of
lung injury, the resolution was delayed
in MAP2K2-sufficient mice. These
MAP2K2-dependent pathways are
highlighted by the transcriptional
changes observed in the lung at Days 2
and 4 after ALL. On Day 2,
transcriptional activation of
inflammatory programming was present
in both genotypes. However, in the
small number of genes that were
differentially expressed between
genotypes at Day 2, inflammatory
pathways were enriched in WT mice.
These findings indicate that MAP2K2 is
a small modifier of the initial
inflammatory programming in PA ALL
By Day 4, Mek2™'~ mice had
enrichment of wound repair pathways,
whereas WT mice continued to have
greater enrichment of inflammatory
pathways. These findings are consistent
with the faster resolution of BAL
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neutrophilia and vascular leak observed
in Mek2™'~ mice. Overall, the
transcriptional and ALI measurements
indicate that MAP2K2 is a critical
regulator of ALI duration by sustaining
inflammatory programming. One
limitation of these transcriptional studies
is that differences in inflammatory gene
expression may reflect changes in the
leukocyte composition in the lung.
Future studies will require assessing
MAP2K2-dependent transcriptional
changes within sorted leukocyte
populations.

MAP2K inhibitors, which have been
developed as cancer therapeutics, target
both isoforms. However, our findings
indicate that MAP2K2 is the critical
isoform to target in ALL Our studies with
MAP2K inhibitors demonstrate a benefit in
murine models of ALI (9, 10), suggesting

that short-term inhibition of MAP2K1 in
lung injury is not deleterious if MAP2K2
activation is also blocked. However, the
development of more selective inhibitors
could allow for novel ALI therapeutics with
less potential toxicity.

Given the heterogeneity of ARDS, the
identification of biomarkers to identify
ARDS subtypes may help guide more
personalized therapeutics. Translating these
findings to ARDS, we evaluated SNPs in
MAP2K] and MAP2K?2 for association with
ARDS susceptibility and ARDS mortality
using the iSPAAR cohort. We identified an
SNP in MAP2K2 that associates with death
in patients with ARDS. Future studies are
needed to validate these findings in other
cohorts and assess the association with
MAP2K?2 concentrations and the activation
of its downstream pathways. Identifying
patients who may benefit from inhibition of

this pathway could prove a path forward in
ARDS therapeutics. l
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