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Abstract

Late-onset (more than 48 h after ICU admission) acute
respiratory distress syndrome (ARDS) is associated with shorter
survival time and higher mortality; however, the underlying
molecular targets remain unclear. As the WNT gene family is
known to drive inflammation, immunity, and tissue fibrosis, all
of which are closely related to the pathogenesis and prognosis of
ARDS, we aim to investigate the associations of the WNT family
with late-onset ARDS and 28-day survival. Genetic (n= 380),
epigenetic (n= 185), transcriptional (n= 160), and protein
(n= 300) data of patients with ARDS were extracted from the
MEARDS (Molecular Epidemiology of ARDS) cohort. We used
sure independence screening to identify late onset-related genetic
biomarkers and constructed a genetic score on the basis of eight
SNPs, which was associated with risk for late-onset ARDS (odds
ratio [OR], 2.72; P= 3.813 10214) and survival (hazard ratio
[HR], 1.28; P= 0.008). The associations were further externally
validated in the iSPAAR (Identification of SNPs Predisposing to

Altered Acute Lung Injury Risk) (ORlate onset, 2.49 [P= 0.006];
HRsurvival, 1.87 [P= 0.045]) and MESSI (Molecular Epidemiology
of Severe Sepsis in the ICU) (ORlate onset, 4.12 [P= 0.026];
HRsurvival, 1.45 [P= 0.036]) cohorts. Furthermore, we functionally
interrogated the six mapped genes of eight SNPs in the
multiomics data and noted associations of WNT9A (WNT family
member 9A) in epigenetic (ORlate onset, 2.95 [P= 9.913 1024];
HRsurvival, 1.53 [P= 0.011]) and protein (ORlate onset, 1.42
[P= 0.035]; HRsurvival, 1.38 [P= 0.011]) data. The mediation
analysis indicated that the effects of WNT9A on ARDS survival
were mediated by late onset (HRindirect, 1.12 [P= 0.014] for
genetic data; HRindirect, 1.05 [P= 0.030] for protein data).
The essential roles of WNT9A in immunity and fibrosis may
explain the different trajectories of recovery and dysfunction
between early- and late-onset ARDS, providing clues for ARDS
treatment.
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Acute respiratory distress syndrome (ARDS)
is a life-threatening lung injury characterized
by acute inflammatory pulmonary disorders
and pulmonary fibrosis (1), with an in-hospital
mortality rate exceeding 40% (2). Survivors
may experience chronic physical, psychosocial,
and cognitive sequelae (3). These potentially
life-changing conditions have been
exacerbated during the coronavirus disease
(COVID-19) pandemic, causing severe
global concern (4).

Wide heterogeneity in survival has been
observed among patients with ARDS, which
hampers its management and treatment (5).
One factor that has been discussed for
decades is the onset time (6–8). In a previous
study, we demonstrated that late-onset
ARDS (defined as ARDS onset after 48 h of
ICU admission but within the first week) is
associated with a higher mortality rate and
a shorter survival time than early-onset
ARDS (9). However, the underlying
molecular targets controlling the timing of
ARDS development are largely unclear.
Moreover, prognosis differs between patients
with COVID-19 with early- or late-onset
ARDS (10). Therefore, understanding the
molecular underpinnings may benefit the
treatment of patients with COVID-19.

With interests in the roles of
inflammation, immunity, and tissue fibrosis
in late-onset ARDS, we focus on the master
regulator, theWNT gene family (11–14).
WNT signaling can interact with several
immune cells, thereby regulating the
immune response (15). Moreover,WNT-
targeted treatments can interact with the
HIF-1a (hypoxia-inducible factor 1 subunit
alpha) hypoxia pathway to alleviate severe

respiratory diseases (16). Furthermore,WNT
family members are crucial regulators for the
inflammatory response and are involved in
the development of asthma (17). Emerging
evidence has unraveled the important role
ofWNT/b-catenin pathway in tissue
development (18). b-Catenin, a central
component of the endothelial adherent
junctions, engages in microvascular
permeability regulation (19), alveolar repair
(20), and epithelium regeneration (21), all of
which are tied to ARDS recovery. However,
it is unknown whether and how theWNT
family members andWNT signaling affect
the development and progression of ARDS,
because of a lack of solid population-level
evidence. Moreover, analysis of multiomics
data may shed light on the biological
dynamics underlying the pathophysiology
and identify novel drug targets for the
prevention and treatment of many human
diseases, such as asthma (22) and COVID-19
(23). To our knowledge, no multiomics study
has ever been conducted to screen the
underlying molecular targets of ARDS.

To fill this critical gap, we proposed a
three-step strategy to evaluate comprehensively
the roles of theWNT gene family in late-onset
ARDS and its survival, by leveraging
multiomics data from theMEARDS
(Molecular Epidemiology of ARDS), iSPAAR
(Identification of SNPs Predisposing to
Altered Acute Lung Injury Risk), andMESSI
(Molecular Epidemiology of Sepsis in the
ICU) cohorts (9, 24). Our findings revealed
the novel molecular targets underlying
late-onset ARDS and its prognosis, which
might provide therapeutic clues.

Methods

Study Populations
This study was approved by the institutional
review boards of the Harvard School of
Public Health, Massachusetts General
Hospital, and Beth Israel Deaconess Medical
Center. All participants gave written
informed consent.

The patients with ARDS included in
our analysis were recruited primarily from
theMEARDS cohort (ClinicalTrials.gov
identifier NCT 00006496) and enrolled in
the ICUs of Massachusetts General Hospital
and Beth Israel Deaconess Medical Center
between 1998 and 2014 (9, 24, 25). Briefly,
ARDS was defined in accordance with
Berlin criteria (26), and eligible patients were
defined as critically ill patients with at least

one predisposing condition for ARDS and
without any of the exclusion criteria (see the
data supplement). Also collected were
demographics, history, vital signs, hematology,
and chemistry; in addition, arterial blood gas
analysis was performed frequently, and chest
X-ray examinations were conducted within
24 hours of admission. After 24 hours,
patients were followed daily for the
development of ARDS.

Clinical Outcomes
The primary outcomes of this study are three
acute outcomes in patients with ARDS,
namely, late onset, 28-day overall survival,
and 28-day mortality. ARDS onset time was
defined as the interval from ICU admission
to the time all Berlin diagnostic criteria
(including arterial blood gas, chest X-ray
criteria, onset within 1week, etc.) were met.
Therefore, late onset was defined as ARDS
onset 48 hours to 1week after ICU admission
(9); 28-day overall survival time was a time-
to-event outcome indicating the time interval
from ARDS onset to death or loss to follow-
up within 28days after onset, whichever
occurred first; and 28-day mortality was
a binary outcome indicating vital status
(dead or alive) at Day 28 after ARDS onset,
an endpoint to complement 28-day overall
survival time. For simplicity, we refer to
28-day overall survival time as 28-day
survival hereafter.

Transomics Data and Quality Control
The transomics data to be analyzed include
genetic, epigenetic, transcriptional, and protein
data fromMEARDS subjects.We included all
19WNT family members that were identified
from the HUGO Gene Nomenclature
Committee database (see Table E1).

1. Genetic data: 380 patients with ARDS
(2000–2009) were collected from the
MEARDS genome-wide association
study, as part of the iSPAAR
Consortium. DNA samples were
extracted from peripheral white
blood cells and genotyped using the
Infinium HumanExome BeadChip
(Illumina, Inc.). Furthermore, 1,223
SNPs located within6500-kb windows
of 19WNT family genes were identified
using ANNOVAR (https://annovar.
openbioinformatics.org/en/latest/)
(27, 28) and included in the subsequent
analysis. All samples were of European
ancestry, and the first five principal

Clinical Relevance

Analyses of transomics data reveal
that biomarkers of WNT9A at
different molecular levels are
associated with late-onset acute
respiratory distress syndrome, which
may contribute to poor survival.
This novel susceptibility gene may
provide a therapeutic target for the
adjuvant treatment of patients with
acute respiratory distress syndrome,
especially during the coronavirus
disease (COVID-19) pandemic.
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components were adjusted to account
for the potential population structure.

2. Epigenetic data: peripheral blood
was collected from 185 participants
between 2000 and 2013 and stored
at280�C. DNA was extracted from
whole blood, and methylation
was assessed using the Infinium
HumanMethylation450 BeadChip
(Illumina, Inc.). Focusing onWNT,
2,477 CpG probes located within
6500-kb windows ofWNT family
members were identified using
ANNOVAR (27, 28) and remained
in further analysis.

3. Transcriptional data: 160 patients with
ARDS (2005–2014) were recruited for
RNA sequencing, and total RNA was
extracted from blood using the
PAXgene Blood RNA Kit (Qiagen) and
processed with high-throughput
sequencing using the MGISEQ-2000
(MGI Tech) platform.

4. Protein data: 300 patients with ARDS
were randomly selected from the
MEARDS cohort, which was recruited
from 2001 to 2010. Plasma samples
also were collected within 24 hours
of ICU admission, and plasma
protein was quantified using the Olink
Target 96 (BGI), including 1,161
proteins; only WNT9A protein was
included.

Standard quality control was performed
for both biomarkers and samples (see the
data supplement). Details on the participants
for multiomics data are displayed in Figures
E1–E4. After quality control, included for
further analyses were 1,025 patients with
ARDS (380 with genetic variants, 185 with
DNAmethylation, 160 with gene expression,
and 300 with protein data); demographic
and clinical characteristics are detailed in
Tables 1 and E2.

Validation Data Sets from the iSPAAR
Consortium and MESSI Cohort
We further obtained genetic data from the
iSPAAR Consortium (except those already in
the MEARDS cohort) and theMESSI cohort
(29, 30). The iSPAAR Consortium is a multi-
institutional cooperative study, including
studies from the ARDS Clinical Trials
Network andMEARDS. Independent
subjects from the ARDS Clinical Trials
Network were included for external
validation, and DNAwas genotyped using

the 660 Quad BeadChip (Illumina, Inc.) (29).
MESSI is a prospective cohort in the medical
ICU of the Hospital of the University of
Pennsylvania, an urban tertiary referral
center, between 2008 and 2015 (30), and
SNPs were genotyped using the Axiom
TxArray version 1 (Affymetrix). Standard
quality control was conducted for both
cohorts using the same process as for
MEARDS, and eligible participants were
defined using the same criteria. Finally, 219
ARDS cases from iSPAAR and 215 ARDS
cases fromMESSI were included in the
validation analysis.

Three-Step Study Design and
Statistical Analysis
The design of the study, as depicted in
Figure 1, features a three-step analytic
strategy for evaluating the roles of theWNT
gene family in late-onset ARDS and its
prognosis.

In the biomarker screening step, we
used sure independence screening (SIS) to
select late onset–related SNPs in the
MEARDS cohort using the R (R Foundation
for Statistical Computing) package SIS
(31, 32). SIS tests the joint effect of SNPs
on the basis of a multivariable regression
model, which is an efficient variable selection
method (for details, see the data supplement).
These SNPs were further confirmed using a
multivariable logistic regression model, and
only those with multivariable P values<0.05
were defined as significant biomarkers
related to late-onset ARDS. To understand
the cumulative risk effect of variants, we
constructed a genetic risk score that was
formed using a linear combination of those
confirmed SNPs weighted by the coefficients
from the multivariable logistic regression
model, with adjustment of principal-
component analysis and the imbalanced
characteristics between early- and late-onset
ARDS as covariates. The association between
this genetic score and 28-day survival was
evaluated using a Cox regression model
and illustrated using Kaplan-Meier curves.
The cutoff points were derived from the
threshold point of the receiver operating
characteristic curve with the maximum
Youden index. VanderWeele’s mediation
analysis was performed to explore the
pathway between the genetic score and
28-day survival via late-onset ARDS (33).

In the external validation step, we
further confirmed the associations of genetic
variants with late-onset ARDS and survival
in other existing ARDS genome-wide

association study data sets (e.g., independent
samples from the iSPAAR Consortium,
except those already in theMEARDS cohort,
and independent samples fromMESSI
cohort). Specifically, while focusing on the
association, but not prediction, we retested
the joint associations between eight screened
SNPs and late-onset ARDS in the iSPAAR
andMESSI cohorts. Furthermore, genetic
scores were constructed with the weights
derived from the iSPAAR andMESSI
cohorts. In addition, we tested the
associations between genetic scores and
28-day survival using the same analytic
strategy as in theMEARDS cohort and
illustrated using Kaplan-Meier survival
curves with cutoff points derived from the
threshold point of the receiver operating
characteristic curve with the maximum
Youden index.

In the functional interrogation step, we
performed gene annotation for those selected
SNPs and tested the associations of the
correspondingly mapped genes at the
epigenetic, transcriptional, and protein levels.
During the epigenetic data analysis, in which
each gene may host numerous CpG probes,
we applied SIS to select the top important
CpG biomarkers and evaluated their
associations with 28-day survival using Cox
models. For the transcriptional and protein
data analysis, we assessed the associations of
mapped genes (mRNA) or proteins with
late-onset ARDS and 28-day survival using
logistic and Cox regression, respectively.

Continuous variables are summarized
as mean6 SD and categorized variables as
frequency (n) and proportion (percentage).
To understand the overall associations across
transomics, the overall associations ofWNT
genes frommultiomics data were assessed
by combining P values on the basis of the
aggregated Cauchy association test (ACAT)
method (34). The covariates adjusted were
the imbalanced characteristics between early-
and late-onset ARDS that derived from our
large clinical cohort study (9). Specifically, in
the logistic regression model for late onset,
the adjusted covariates were those collected
within 24hours of ICU admission (i.e., Acute
Physiology and Chronic Health Evaluation
III score, septic shock, pneumonia, multiple
fractures, transfusion within 7 d before
admission, vasopressors before admission,
intubation, ventilation, and highest
potassium concentration); in the Cox model
for 28-day survival, the adjusted covariates
included those just mentioned plus those
collected at ARDS onset (i.e., arterial oxygen

ORIGINAL RESEARCH

222 American Journal of Respiratory Cell and Molecular Biology Volume 69 Number 2 | August 2023



pressure [PaO2
]/fraction of inspired oxygen

[FIO2
], platelet count, and creatinine

concentration), as well as ICU 28-day
ventilation-free days. Statistical analyses were
performed using R version 3.6.3. Significance
was defined by a two-sided P value<0.05,
unless otherwise specified.

Results

Eight SNPs Associated with Risk for
Late-Onset ARDS in the Biomarker
Screening and External Validation Step
SIS identified eight SNPs that have the most
predominant contributions to the risk
of late-onset ARDS: rs2744728WNT4,
rs7971903WNT5B, rs468141WNT7A,
rs1356234WNT7A, rs1550160WNT7A,
rs2031134WNT9A, rs4944092WNT11, and
rs2402574WNT16 (see Table E3). A weighted
genetic score of these eight SNPs significantly
discriminated patients with early-onset
ARDS and those with late-onset ARDS (odds
ratio [OR], 2.72 [95% confidence interval
(CI), 2.12–3.56]; P=3.813 10214) (Figure 2A).
Furthermore, the associations remained
significant in the independent samples from
iSPAAR (except for those already in the
MEARDS cohort) andMESSI (ORiSPAAR,
2.49 [95% CI, 1.45–6.05; PiSPAAR=0.006];
ORMESSI, 4.12 [95% CI, 1.21–15.12;
PMESSI = 0.026) cohorts (Figure 2B). We also
conducted a series of subgroup analyses, with
subgroups defined by age, gender, smoking
status, and ARDS risk factors. The genetic
score remained discriminative in all these
subpopulations, with the estimated odd
ratios ranging from 2.24 (95% CI, 1.52–3.51;
P=1.413 1024) to 5.65 (95% CI, 2.41–17.99;
P=5.573 1024) (Figures 2C and E5).

Genetic Score Affects ARDS 28-Day
Survival via Late Onset
A higher genetic score was associated with
shorter survival time (hazard ratio [HR], 1.28
[95% CI, 1.07–1.54]; P=0.008) and a higher
28-day mortality rate among patients with
ARDS (OR, 1.26 [95% CI, 1.02–1.56];
P=0.036). Compared with patients with
lower genetic scores (i.e., lower than the
cutoff 0.045), those with higher scores (i.e.,
higher than 0.045) tended to have shorter
survival time (HRhigh vs. low, 2.07 [95% CI,
1.44–2.97]; P=8.973 1025) (Figure 2D).
Moreover, mediation analysis suggested that
45.6% of the effect of the genetic score on
ARDS survival was mediated through late
onset in theMEARDS cohort (HRindirect,T
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1.12 [95% CI, 1.02–1.23]; P=0.014)
(Figure 2E). Furthermore, we confirmed
relationships between genetic score and
ARDS survival in the iSPAAR Consortium
andMESSI cohort and observed that the
significant associations remained (HRiSPAAR,
1.87 [95% CI, 1.01–3.47; P=0.045]; HRMESSI,
1.45 [95% CI, 1.03–2.05; P=0.036])
(Figures 2F and 2G).

WNT9A Was Identified as a Robust
Biomarker in the Functional
Interrogation Step
In the functional interrogation step, we
verified the six mapped genes, identified in

the biomarker screening step, at the
epigenetics, transcription, and protein levels
(Figures 3A and 3B).

For the epigenetic analysis, we applied
SIS to identify the significant CpG probes
within each of these six selected genes;
significant CpG probes were identified for
WNT9A,WNT7A,WNT5B, andWNT4 but
not forWNT11 andWNT16 (Figure 3B).
Epigenetic scores were constructed for these
four genes (see Table E4). Among them,
three epigenetic scores (forWNT9A,
WNT7A, andWNT5B) were significantly
(false discovery rate< 0.05) associated with
late-onset ARDS (ORhigh vs. low, 2.95 [95% CI,

1.56–5.68; P=9.913 1024] forWNT9A
[cutoff = 1.66]; ORhigh vs. low, 4.49 [95% CI,
2.22–9.64; P=5.363 1025] forWNT7A
[cutoff = 17.78]; ORhigh vs. low, 11.31 [95% CI,
3.26–71.43; P=1.183 1023] forWNT5B
[cutoff = 44.14]) (see Table E5). Only the
epigenetic score forWNT9Awas observed to
be significantly associated with ARDS 28-day
survival (HRhigh vs. low, 1.53 [95% CI,
1.10–2.13]; P=0.011) (Figure 3D;
see Table E5).

No significant results were observed in
the transcriptional analysis, possibly because of
the small sample size with the transcriptional
data (see Table E6; Figures 3C and 3D).
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Figure 1. Flowchart of the three-step study design. In the biomarker screening step, the late-onset risk-related genetic biomarkers were
screened using SIS and combined linearly as a genetic score. Furthermore, the relationships among genetic score, late-onset risk, and 28-day
survival were comprehensively evaluated. In the external validation step, the associations were further externally validated in the iSPAAR and
MESSI cohorts. In the functional interrogation step, we performed gene annotation for the screened SNPs and further functionally interrogated
those mapped genes in the epigenetic, transcriptional, and protein data. ARDS=acute respiratory distress syndrome; iSPAAR= Identification of
SNPs Predisposing to Altered Acute Lung Injury Risk; MESSI=Molecular Epidemiology of Severe Sepsis in the ICU; SIS= sure independence
screening; WNT9A=WNT family member 9A.

ORIGINAL RESEARCH

224 American Journal of Respiratory Cell and Molecular Biology Volume 69 Number 2 | August 2023



94 62 42 32 26High 139 119 78 51 43High 
95 68 55 47 40Low 80 73 53 41 32Low 

F G

E

−4

−2

0

2

0 100 200 300
Number of patients

G
en

et
ic

 s
co

re
Early−onset

Late−onset

A

Late onset 
(M)

Genetic score 
(X)

Overall survival 
(Y)

OR: 2.72 (95% CI, 2.12-3.56)
P = 3.81 × 10-14

HRindirect: 1.12 (95% CI, 1.02-1.23)
45.6% Mediated, P = 0.014

HR: 1.82 (95% CI, 1.21-2.75)
P = 0.004

0.
5

0.
6

0.
7

0.
8

0.
9

1.
0

Su
rv

iv
al

 p
ro

ba
bi

lit
y

0 7 14 21 28
Overall survival days

Low
High

Genetic score

124 96 68 48 14High 
256 222 165 136 66Low 

D
HR = 2.07, P  = 8.97×10-5Subgroup

Age
<63
≥63

Gender
Male
Female

Smoking
Never
Former
Current

Bacteremia
Yes
No

Sepsis
Yes
No

Pneumonia
Yes
No

APACHE
High
Low

N (%)

192 (50.53%)
188 (49.47%)

235 (61.84%)
145 (38.16%)

94 (29.84%)
104 (33.02%)
117 (37.14%)

74 (19.47%)
306 (80.53%)

350 (92.11%)
30 (7.89%)

274 (72.11%)
106 (27.89%)

191 (50.26%)
189 (49.74%)

OR (95% CI)

3.17 (2.16,4.92)
2.40 (1.71,3.49)

2.48 (1.82,3.49)
3.47 (2.20,5.96)

4.76 (2.45,11.24)
3.06 (1.79,5.81)
2.24 (1.52,3.51)

7.58 (2.85,34.6)
2.54 (1.94,3.41)

2.76 (2.13,3.67)
4.32 (1.41,28.68)

2.95 (2.17,4.14)
2.47 (1.57,4.23)

2.59 (1.81,3.87)
2.89 (2.06,4.25)

1 2 3 4 5 6

B

OR = 2.72 (95% CI: 2.12-3.56)
P = 3.81×10-14

Datasets OR (95%CI) P value

1 2 3 4 5 6

MEARDS 2.72 (2.12,5.56) 3.81×10−14

iSPAAR 2.49 (1.45,6.05) 0.0057

MESSI 4.12 (1.21,15.12) 0.0264

Meta 2.70 (2.17,3.39) 1.36×10−18

C

HR = 1.45, P = 0.036
95% CI: 1.025-2.053

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
9

1.
0

Su
rv

iv
al

 p
ro

ba
bi

lit
y

0 7 14 21 28
Overall survival days

Low
High

MESSI cohort
HR = 1.87, P = 0.045
95% CI: 1.014-3.465

0.
5

0.
6

0.
7

0.
8

0.
9

1.
0

Su
rv

iv
al

 p
ro

ba
bi

lit
y

0 7 14 21 28
Overall survival days

Low
High

iSPAAR consortium

95% CI: 1.44-2.97
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For the protein analysis, theWNT9A
plasma protein concentration was
significantly lower among the patients with
early-onset ARDS (P=0.029) (Figure 3C),
which was confirmed by a covariate-adjusted
logistic regression model (OR, 1.42 [95% CI,
1.03–1.98]; P=0.035) (see Table E7).
Moreover, higherWNT9A protein was
significantly related to shorter survival time
(HR, 1.38 [95% CI, 1.08–1.78]; P=0.011)
and higher mortality rate (OR, 1.64 [95% CI,
1.14–2.39]; P=0.009) (see Table E7).
Kaplan-Meier survival curves showed that a
higher concentration ofWNT9A protein
(cutoff = 2.51) was associated with shorter
survival time (HRhigh vs. low, 1.88 [95% CI,
1.24–2.85]; P=0.003) (Figure 3D). Also
observed was a significant indirect effect of
WNT9A protein on ARDS 28-day survival
mediated by late onset (HRindirect, 1.05 [95%
CI, 1.01–1.10]; 15.4% mediated; P=0.030)
(Figure 3E). Although the overlapped
samples across multiomics data were limited,
we performed an exploratory analysis for
methylation quantitative trait locus (QTL),
expression QTL, and protein QTL. No
significant regulation was observed after
adjustment for multiple hypothesis tests
(see Table E8).

In summary,WNT9A genetic variants,
epigenetic marks, and plasma protein
concentrations all differed across early- and
late-onset ARDS (overall PACAT=1.033 10213)
and were associated with ARDS 28-day
survival (overall PACAT=0.011) (Figure 3F;
see Table E9).

Discussion

For decades, research on the association
between ARDS onset time and prognosis has
produced controversial conclusions (6–8).
Our previous two-stage large-scale
population study verified 48hours after ICU
admission as a cutoff for categorizing early-
and late-onset ARDS on the basis of a
data-driven method and demonstrated the
association between late-onset ARDS and
poor prognosis (9). However, previous
studies did not investigate molecular
biomarkers. This three-step multiomics
study screens the molecular targets

(WNT family members) that are involved
in a master regulator of inflammation,
immunity, and tissue fibrosis. We reveal that
the genetic variants, DNAmethylation, and
protein concentrations ofWNT9A are
associated with both late-onset ARDS and
28-day prognosis.

According to the Berlin definition of
ARDS, respiratory failure should develop
within 1week of a known clinical insult (35).
Therefore, the onset time of ARDS is defined
as Day 0 (within 24h), Day 1 (24–48h), and
so forth. Thus, the value of onset time ranges
from 0 to 6days. Hence, the difference in
onset time among patients is not very large.
In the MEARDS cohort, the proportion of
late-onset ARDS is about 30% (9), which
accounts for a minority of patients with
ARDS. On the basis of our previous study
(9), compared with patients with early-onset
ARDS, those with late-onset ARDS have less
proportion of ventilation within 24hours of
ICU admission, as they have higher PaO2

/FIO2

ratios and lower lung injury scores and Acute
Physiology and Chronic Health Evaluation
III scores, indicating milder lung injury.
In any case, they have greater decreases in
PaO2

/FIO2
ratio from the time of admission to

the time of ARDS onset. Patients with early-
onset ARDS and those with late-onset ARDS
may have different trajectories of recovery
and dysfunction after ARDS onset (36).
Patients with late onset may be on a slow-
burn trajectory, in which patients have slight
loss of function at the beginning but develop
more rapid and persistent functional decline
later, resulting in worse survival. In contrast,
patients with early onset may be on a big-hit
trajectory, in which patients have acute loss
of function during their critical illness, after
which they may gradually recover, survive
longer, and have lower mortality. Combined
with the results of the present study,WNT
signaling and immune inflammatory
response might play essential roles in the
trajectories of recovery and dysfunction of
patients with ARDS (37, 38).WNT signaling
is highly specific for macrophage activation,
which exists in a dynamic balance between
proinflammatory M1 and antiinflammatory
M2macrophages, and further influence the
occurrence of pulmonary disorders (39).
Alveolar macrophages resident during the

early course of pathogenic invasion,
detecting pathogens and secreting
inflammatory factors throughM1
polarization, and causing cytokine storm
result in early-onset ARDS (16, 40). In
contrast, for patients with late-onset ARDS,
higherWNT signaling might inhibit M1
polarization, promote antiinflammatory M2
states, and relieve the inflammatory response
(41). However, sustained activation ofWNT
signaling in response to tissue damage would
promote fibroblast activation and collagen
release, leading to pulmonary fibrosis and
irreversible remodeling of pulmonary tissue
(42, 43), resulting in a poor prognosis of late-
onset ARDS. In addition, mounting evidence
suggests that the physical well-being of a
patient in the ICU declines as hospitalization
drags on (44). Patients with early onset,
although enduring a big hit early during their
ICU stays, may gradually recover and then
be transferred to general wards and survive
longer. In contrast, with a slow-burn
trajectory, patients with late onset cannot
sustain their physical condition with a
constant “hit”; thus they remain in the ICU
and ultimately experience a worse prognosis
(45, 46).

Our three-step multiomics study
provides multilevel evidence thatWNT9A is
associated with late-onset ARDS, through
which it mediates a large proportion of the
effect on 28-day survival. Moreover, early-
and late-onset ARDSmight vary by triggers
and have different trajectories, indicating
that precision treatment is warranted for
patients with ARDS with different onset
times. This mechanismmight be explained
by the essential roles ofWNT signaling in
immune responses and tissue fibrosis.
Nevertheless, further biological experiments
are warranted to validate the results of the
present exploratory research.

Our study has several strengths. First,
we integrate transomics data of patients
with ARDS and systematically evaluate
and verify associations betweenWNT9A
and phenotypes of ARDS. Second, the
associations ofWNT9Awith late-onset
ARDS and 28-day survival are discovered
in genetic data using the MEARDS cohort,
validated using the iSPAAR andMESSI
cohorts, and further confirmed using

Figure 2. (Continued ). receiver operating characteristic curve with the maximum Youden index. (E) Mediation analysis for the indirect effect of
genetic score on 28-day survival via late-onset risk. (F and G) External validation of association between genetic score and ARDS survival in
other centers of the iSPAAR Consortium (F) and MESSI cohort (G). APACHE=Acute Physiology and Chronic Health Evaluation; CI =confidence
interval; HR=hazard ratio; MEARDS=Molecular Epidemiology of ARDS; OR=odds ratio.
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association test; OS=overall survival.
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epigenetic and protein data, which may
bolster reliability and usability. Finally, the
mediation analysis establishes the path of
the impact ofWNT9A on ARDS survival
via late onset, which may facilitate
understanding of the biological mechanism
of the disease.

We also acknowledge some limitations.
First, because of the high cost of omics
studies, we have a small sample size of
multiomics data in MEARDS, yielding
limited statistical power to identify
biomarkers with small to moderate effects.
To boost the statistical power in a genetic
study with a small sample size, we use SIS, an
efficient statistical feature selection method,
to select large-effect biomarkers on the basis
of their marginal effects on late-onset ARDS.
Besides, we again confirm their significance
in the independent iSPAAR andMESSI
cohorts. By using all available ARDS
genomic data, we make an effort to
maximize the balance between significance

of and confidence in our results. In any case,
to our knowledge, our ARDS cohort is
probably unique, with multiomics data in a
relatively large sample size, providing a rare
opportunity to evaluate the relationships
between theWNT gene family and late-onset
ARDS, as well as overall survival of patients
with ARDS from different molecular
perspectives. Second, as this was a
retrospective study, we can evaluate only the
associations between phenotypes of ARDS
and the measured domains of biomarkers,
including SNPs, DNAmethylation, gene
expression, and protein. For unmeasured
domains (e.g., metabolites), we are looking
forward to future studies. Third, as our study
hints atWNT9A as a therapeutic target for
treating patients with ARDS with various
onset times, further biological experiments
or clinical trials are warranted. Fourth, the
majority of our samples are of European
ancestry, limiting the generalizability of the
results to other ethnic groups. Finally, the

overlapping sample size across multiomics
data is limited, hampering the statistical
power in the QTL analysis.

Conclusions
By integrating multiomics data, we reveal
that biomarkers ofWNT9A at multiple
molecular levels are associated with
late-onset ARDS, which may contribute
to poor survival.�
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