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Abstract

Objectives: We sought to determine whether hyperinflammatory and hypoinflammatory ARDS,
which have been associated with differences in plasma biomarkers and mortality risk, also
display differences in bronchoalveolar lavage (BALF) biomarker profiles. We then described the
relationship between hyperinflammatory and hypoinflammatory ARDS to novel subphenotypes
derived using BALF biomarkers.

Design: Secondary analysis of a randomized control trial testing omega-3 fatty acids for the
treatment of ARDS

Setting: Five North American intensive care units
Patients: Adults (n=88) on invasive mechanical ventilation within 48 hours of ARDS onset
Interventions: None

Measurements and main results: We classified 57 patients as hypoinflammatory and 31
patients as hyperinflammatory using a previously validated logistic regression model. Of 14

BALF biomarkers analyzed, interleukin-6 and granulocyte colony stimulating factor were higher
among patients with hyperinflammatory ARDS compared to hypoinflammatory ARDS, though

the differences were not robust to multiple hypothesis testing. We then performed a de novo

latent class analysis of the 14 BALF biomarkers to identify 2 classes well-separated by alveolar
profiles. Class 2 (n=63) displayed significantly higher interleukin-6, von Willebrand factor, soluble
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programmed cell death receptor-1, % neutrophils, and other biomarkers of inflammation compared
to Class 1 (n=25). These BALF-derived classes had minimal overlap with the plasma-derived
hyperinflammatory and hypoinflammatory classes, and the majority of both plasma-derived
classes were in BALF-derived Class 2 and characterized by high BALF biomarkers. Additionally,
the BALF-derived classes were associated with clinical severity of pulmonary disease, with Class
2 exhibiting lower PaO, to FIO, and distinct ventilatory parameters, unlike the plasma-derived
classes which were only related to non-pulmonary organ dysfunction.

Conclusions: Hyperinflammatory and hypoinflammatory ARDS subphenotypes did not display
significant differences in alveolar biologic profiles. Identifying ARDS subgroups using BALF
measurements is a unique approach that complements information obtained from plasma, with
potential to inform enrichment strategies in trials of lung-targeted therapies.
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phenotype; precision medicine; acute respiratory distress syndrome; bronchoalveolar lavage fluid

Introduction

Heterogeneity across patients with the acute respiratory distress syndrome (ARDS)

can hinder the identification of effective, targeted therapeutics (1). To address this
challenge, multiple investigators have identified two ARDS subphenotypes by applying

a type of finite mixture modelling called latent class analysis (LCA), to a panel of

clinical and biologic variables. These subphenotypes, often termed “hyperinflammatory”
and “hypoinflammatory” based on differences in inflammatory plasma biomarkers, are
associated with differences in overall mortality and response to therapies (2). Although they
have potential to inform therapeutic trials, their relationship to alveolar inflammation and
respiratory physiology—the hallmarks of ARDS pathobiology—remains unclear.

Our aims were to (1) describe the bronchoalveolar lavage fluid (BALF) biomarker profile in
subjects with hyperinflammatory or hypoinflammatory ARDS, (2) determine whether a de
novo LCA restricted to BALF biomarkers aligns with existing plasma-derived classes, and
(3) compare how each subphenotype classification relates to severity of respiratory failure
and non-pulmonary organ failures.

Materials and Methods

We performed a secondary analysis of a phase-11 trial of omega-3 fatty acids that enrolled
patients within 48 hours of ARDS onset at 5 North American centers (n=88), and measured
biomarkers of lung injury and inflammation in paired plasma and BALF (3). These data
were collected with approval of local human subjects committees and a Data Safety
Monitoring Board (DSMB) under trial number NCT00351533 (Appendix 1). The trial
collected samples on enrollment, and employed a standardized bronchoscopy procedure to
avoid systematic differences in BALF dilution (3).

To classify patients into plasma-derived hyperinflammatory or hypoinflammatory
subphenotypes, we used a validated regression-based model with plasma soluble tumor
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necrosis factor receptor-1 (STNFR-1), interleukin-8 (IL-8), and serum bicarbonate
concentrations (4).

We then derived novel subphenotypes by applying LCA to 14 biomarkers measured

in BALF, fitting models for one to four classes. Biomarkers with skewed distributions

were log, transformed, then all biomarkers were z-score normalized. Biomarkers highly
correlated (Pearson’s correlation >0.80) or with >25% of values below the lower detection
limit were excluded, as these could impede model fit and convergence (Supplemental Table
1) (5). We compared BALF biomarkers, plasma biomarkers, and clinical features between
plasma-derived and BALF-derived subphenotypes using Mann-Whitney U and Fisher’s
exact tests.

When examining plasma-derived subphenotypes, we classified 57 patients as
hypoinflammatory and 31 patients as hyperinflammatory ARDS. Hyperinflammatory
ARDS displayed higher BALF interleukin-6 (IL-6) and granulocyte colony stimulating
factor (G-CSF) levels compared with hypoinflammatory ARDS, although these were no
longer significant after a Bonferroni correction for multiple hypothesis tests (Figure 1A;
Supplemental Figure 1; Supplemental Table 2). Biomarkers such as soluble programmed cell
death-ligand 1, interleukin-17A (IL-17A), and MCP-1 were not different in BALF, although
they displayed stark differences when measured in plasma (Supplemental Table 3).

Next, we classified patients into BALF-derived subphenotypes using LCA. We selected a
two-class model because the VVuong-Lo-Mendell-Rubin test indicated this was a significant
improvement over a one-class model (p=0.004), and three or four-class models did not
significantly increase explanatory power of class identification. A two-class model also had
the highest entropy index (0.97). In the two-class model, 25 (28%) patients were in BALF
Class 1 and 63 (72%) were in BALF Class 2. Class 2 had higher concentrations of total
protein, % neutrophils, and all other BALF biomarkers of inflammation and lung injury
compared to Class 1 (Figure 1B; Supplemental Figure 1; Supplemental Table 2). Except for
interleukin-1 beta (IL-1b) and surfactant protein D (SP-D), these differences were significant
even after Bonferroni correction.

Overlap between plasma-derived and BALF-derived ARDS subphenotypes was minimal
(Cohen’s kappa =0.07). Notably, most hypoinflammatory ARDS patients were in BALF
Class 2 (39/57, 68%), and were characterized by high alveolar inflammation. Additionally,
24/31 (77%) hyperinflammatory ARDS patients also were in Class 2.

Finally, we compared clinical features, severity of respiratory failure, and severity of non-
pulmonary organ failures between plasma-derived and BALF-derived subphenotypes (Table
1). Hyperinflammatory patients were older and had higher APACHE-II scores compared

to hypoinflammatory patients, but respiratory parameters such as lung injury score (LIS)
(6), PaO5, to FIO,, ratio (PaO,:F105), and ventilatory parameters were not different. In
contrast, BALF Class 2 patients displayed lower PaO,:FIO, (152 vs. 202, p = 0.008), higher
LIS (54% with severe LIS vs. 20%, p=0.004), and received higher PEEP on enrollment
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compared to BALF Class 1. Consistent with this, the median duration of mechanical
ventilation for survivors was numerically higher in BALF Class 2, although the difference
was not statistically significant. In terms of severity of non-pulmonary organ dysfunction,
we observed no significant differences in APACHE-II score or mortality between BALF-
derived subphenotypes, although numerically we observed lower mortality among Class 2
(13% vs. 28%).

In order to investigate whether these BALF-derived classes were simply reflecting ARDS
severity as captured by routine clinical measurements, we compared BALF biomarker
concentrations among patients with PaO5:FIO, < 150 to those with PaO,:FIO, >150

(a common threshold for ARDS trial enroliment) (7). Only BALF total protein and
25-hydroxycholesterol were significantly higher among patients with PaO5:FIO, < 150
(Supplemental Table 4). Finally, as a step towards integrating data from circulating and
lung compartments, we calculated ratios of BALF to plasma concentrations for biomarkers
measured in both spaces (Supplemental Table 5). We compared these ratios by direct

(e.g. pneumonia, aspiration) and indirect (e.g. trauma, non-pulmonary sepsis) etiologies of
ARDS, to further explore how integrating BALF with plasma can offer new insights into
lung pathobiology. We found that BALF-to-plasma ratios of IL-1RA and IL-17a were higher
in direct than indirect ARDS, driven largely by differences in the BALF measurements
rather than plasma.

Discussion

In summary, this study expands our understanding of hypoinflammatory and
hyperinflammatory ARDS subphenotypes by analyzing the lung compartment, and is

the first to compare their molecular profiles in BALF. Although hyperinflammatory
ARDS exhibited nominally higher BALF concentrations of IL-6 and G-CSF compared

to hypoinflammatory ARDS, these differences were not robust to multiple hypothesis
testing. Instead, biomarkers that were clearly different between hypoinflammatory and
hyperinflammatory ARDS in plasma had minimal differences in BALF. Additionally,

our exploratory LCA of BALF biomarkers revealed 2 novel classes of patients, with

Class 2 displaying markedly higher neutrophilic inflammation, protein, and biomarkers
of inflammation and endothelial injury in the lung. This BALF molecular profile was
prevalent among both hypoinflammatory and hyperinflammatory ARDS. These findings
build upon a smaller study that showed similar alveolar biomarker profiles by plasma-
derived subphenotypes using non-invasive mini-bronchoalveolar lavage, as well as our
previous work in this population showing divergent peripheral and alveolar transcriptomic
profiles (8, 9). Collectively, these support the concept that plasma-derived ARDS classes do
not consistently reflect differences in early alveolar inflammatory profiles.

Our LCA of BALF biomarkers is proof-of-concept that BALF is a unique approach to
selecting ARDS subgroups for future study. Prior ARDS trials focused enrollment on
moderate-severe ARDS by PaO,:FIO, to improve prognostic enrichment, however this
strategy did not delineate molecular differences in the lung as effectively as the BALF-
derived classification in this population (1). The BALF-derived classes identified not
only strong distinctions in multiple lung injury biomarkers, which we expected given
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the clustering approach, but also revealed differences in hypoxemia, LIS, and ventilator
parameters even though these were not considered in the LCA. In contrast, the plasma-based
subphenotypes did not discriminate subjects based on severity of respiratory failure, but
were related to overall severity of illness as measured through APACHE-II scores. Although
we ostensibly might expect BALF-derived Class 2 to display higher mortality than Class 1
from their higher degree of lung injury, prior research suggests a minority of ARDS patients
actually die of hypoxemic respiratory failure (10). To advance precision medicine for ARDS,
it is important to instead identify subgroups with high risk for disease-related outcomes
and/or shared biologic features that can targeted for therapy. We propose that utilizing BALF
or other organ-specific measurements, instead of plasma alone, can support trials that target
lung-specific biology and outcomes.

Although we identified important differences in BALF biomarkers by ARDS
subphenotypes, the sample size limited our power to accurately compare clinical outcomes
or treatment response. LCA in this small population is also susceptible to missing low-
prevalence classes. As such, our findings, particularly the LCA, need external validation.
Accounting for dilution is another common challenge in studies of BALF. Consistent

with other recent analyses of BALF, we minimized systematic differences in BALF
dilution factor by employing a rigorous bronchoscopy protocol, and chose not to perform
other corrections for dilution, as the validity of existing methods are limited (11-13).
There may be some random differences in dilution factor across patients that we expect
would bias towards the null; despite this, we found significant differences between BALF-
derived classes. Finally, mortality was relatively low compared to early ARDS trials,
which could affect generalizability of our findings. Notwithstanding these limitations, our
study demonstrates that BALF may have potential to deepen our understanding of ARDS
subphenotypes, and guide the design of future ARDS trials. Future studies should examine
ways to further integrate BALF with plasma and clinical data.

Conclusions

Alveolar biomarker profiles were not significantly different between hyperinflammatory and
hypoinflammatory ARDS, although the groups displayed differences in plasma biomarkers
of inflammation and non-pulmonary organ dysfunction. Deriving novel subphenotypes with
BALF helped identify a subgroup of patients with an alveolar biomarker profile consistent
with lung injury as well as high clinical severity of respiratory failure, and offers new
opportunities for designing trials of lung-targeted therapeutics.
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KEY POINTS
Question:

How do previously described plasma-derived hyperinflammatory and hypoinflammatory
ARDS subphenotypes compare to novel subphenotypes derived from BALF biomarkers?

Findings:

In a secondary analysis of a phase-11 ARDS trial (n=88), hyperinflammatory and
hypoinflammatory ARDS did not have significant differences in BALF biomarkers or
severity of respiratory failure. Latent class analysis of BALF biomarkers identified
two novel ARDS subphenotypes characterized by significant differences in alveolar
inflammation, as well as lung injury severity, hypoxemia, and ventilator parameters.

M eaning:

BALF offers distinct insights from plasma into lung-specific biology and disease severity,
which may help support precision medicine ARDS trials.
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Figure 1: Mean alveolar biomarkers by plasma-derived and BAL F-derived classes.
(A) Alveolar biomarkers by plasma-derived classes. (B) Alveolar biomarkers by BALF-

derived classes. (Both panels) Lines indicate mean and error bars indicate standard deviation
of these z-score normalized alveolar biomarkers, sorted by magnitude of difference between
classes. *Bonferroni corrected P < 0.05 for difference between classes using Mann Whitney
U tests. Abbreviations: BALF = bronchoalveolar lavage fluid, G-CSF = granulocyte colony
stimulating factor, IL-6 = interleukin-6, IL-8 = interleukin-8, % PMNSs = % neutrophils

of total leukocyte count, VWF = von Willebrand factor, IL-1RA = interleukin-1 receptor
antagonist, IL-1b = interleukin-1 beta, IL-17A = interleukin-17A, MCP-1 = monocyte
chemoattractant protein-1, SPD-L1 = soluble programmed cell death ligand 1, cell count

= total leukocyte count, protein = total protein, 25-HC = 25-hydroxycholesterol, SP-D =
surfactant protein D.
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