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Abstract

Background Glucocorticoids are commonly used in patients with or at-risk for acute respiratory distress syndrome
(ARDS), but optimal use remains unclear despite well-conducted clinical trials. We performed a secondary analysis

in patients previously enrolled in the Acute Lung Injury and Biospecimen Repository at the University of Pittsburgh.
The primary aim of our study was to investigate early changes in host response biomarkers in response to real-world
use of glucocorticoids in patients with acute respiratory failure due to ARDS or at-risk due to a pulmonary insult. Par-
ticipants had baseline plasma samples obtained on study enrollment and on follow-up 3 to 5 days later to measure
markers of innate immunity (IL-6, IL-8, IL-10, TNFr1, ST2, fractalkine), epithelial injury (sSRAGE), endothelial injury (angi-
opoietin-2), and host response to bacterial infections (procalcitonin, pentraxin-3). In our primary analyses, we investi-
gated the effect of receiving glucocorticoids between baseline and follow-up samples on host response biomarkers
measured at follow-up by doubly robust inverse probability weighting analysis. In exploratory analyses, we examined
associations between glucocorticoid use and previously characterized host response subphenotypes (hyperinflam-
matory and hypoinflammatory).

Results 67 of 148 participants (45%) received glucocorticoids between baseline and follow-up samples. Dose

and type of glucocorticoids varied. Regimens that used hydrocortisone alone were most common (37%), and median
daily dose was equivalent to 40 mg methylprednisolone (interquartile range: 21, 67). Participants who received gluco-
corticoids were more likely to be female, to be on immunosuppressive therapy at baseline, and to have higher base-
line levels of ST-2, fractalkine, IL-10, pentraxin-3, SRAGE, and TNFr1. Glucocorticoid use was associated with decreases
in IL-6 and increases in fractalkine. In exploratory analyses, glucocorticoid use was more frequent in participants

in the hyperinflammatory subphenotype (58% vs 40%, p = 0.05), and was not associated with subphenotype classifi-
cation at the follow-up time point (p = 0.16).

Conclusions Glucocorticoid use varied in a cohort of patients with or at-risk for ARDS and was associated with early
changes in the systemic host immune response.
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Background

Glucocorticoids are commonly used in patients with
acute respiratory distress syndrome (ARDS) or at-risk for
ARDS with proposed mechanisms including reduction
of local lung inflammation and dampening of systemic
immune responses [1-5]. Clinical trials of glucocorti-
coids in patients with ARDS or at-risk from a pulmonary
infection have had mixed results with some studies sug-
gesting benefit and others showing no beneficial effects
(Additional file 1: Table S1) [6-9]. Notably, the gluco-
corticoid agent, dose, and duration has varied widely
between studies increasing the challenge of interpreting
discordant findings [10]. Renewed attention to glucocor-
ticoids has resulted from the Coronavirus disease 2019
(COVID-19) pandemic where consistent benefits were
observed in patients presenting with moderate to severe
disease in randomized clinical trials [11-16] and from
differing results from the ESCAPe [6] and CAPE-COD
[7] trials testing glucocorticoids in patients with severe
pneumonia.

Recent studies have highlighted heterogeneity in
patients presenting with ARDS [17]. Two ARDS sub-
phenotypes (so-called hypoinflammatory and hyperin-
flammatory subphenotypes) have been discovered that
differ in the systemic host immune response, prognosis,
and potentially response to treatment [18]. Studies from
our group and others have demonstrated that hyper- and
hypoinflammatory subphenotypes that associate with
clinical outcomes exist not only in ARDS cohorts but
also in patients at-risk for ARDS [19, 20]. Greater under-
standing of the effects of glucocorticoids on the sys-
temic immune response in acute respiratory failure may
thereby help to elucidate pathways relevant to treatment
responsiveness.

The primary aim of our study was to investigate early
changes in host response biomarkers in response to real-
world use of glucocorticoids in patients with acute res-
piratory failure who may receive glucocorticoids due to
ARDS or who are at-risk due to a pulmonary insult. The
secondary aims of our study were to explore associations
between glucocorticoid use and previously characterized
host response subphenotypes.

Methods

Overview

The primary aim of this study was to investigate early
longitudinal changes in the systemic host response fol-
lowing clinician-guided receipt of glucocorticoids in
ARDS and in patients at-risk for ARDS from a pulmonary
insult. In our primary analysis, we used doubly robust
inverse probability of treatment weighting (IPTW) [21]
to investigate the association of receipt of at least one
dose of glucocorticoids with changes in ten host response
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biomarkers, and we performed sensitivity analyses to
ensure consistent results using alternate approaches.
In exploratory analyses, we investigated associations of
receipt of glucocorticoids with previously described host
response subphenotypes [22]. In addition, we performed
analyses comparing patients with ARDS and patients at-
risk from a pulmonary insult, immunosuppressed and
non-immunosuppressed patients, and we performed
descriptive analyses of patterns of glucocorticoid use to
provide context for our primary results.

Study population

Participants enrolled prospectively from 2014 to 2020
in the Acute Lung Injury Registry and Biospecimen
Repository (ALIR) at the University of Pittsburgh [20].
Briefly, the ALIR is a cohort of mechanically ventilated
patients (aged 18-90) with acute respiratory failure
within the UPMC Health System in Pittsburgh, Penn-
sylvania. Informed consent is obtained from patients or
their legally authorized representatives under study pro-
tocol STUDY19050099 approved by the University of
Pittsburgh Institutional Review Board. Exclusion criteria
include inability to obtain informed consent, presence of
a tracheostomy, pre-existing chronic respiratory failure
due to neuromuscular disease, or mechanical ventilation
for greater than 72 h.

Participants are classified by consensus of at least
three board-certified intensivists into subgroups of (i)
ARDS according to the Berlin definition [23]; (ii) at-risk
for ARDS by presence of ARDS risk factors (including
pulmonary or non-pulmonary sepsis) but not meeting
Berlin definition criteria, and (iii) not at-risk when no risk
factors are present and chest radiographs appear nor-
mal (see Additional file 1 for additional details). Plasma
samples are collected upon enrollment within 48 h of
intubation (study day 1), at early- (study day 3-5) and
late- (study day 7-10) follow-up time points, and are
stored at — 80 °C for later analysis [22].

In this study, we included patients with ARDS and
patients at-risk for ARDS from a direct pulmonary insult
including pneumonia or aspiration. We selected this
population for our study because (1) all included patients
would have some component of lung injury; and (2) we
hypothesized the reasons for administering glucocorti-
coids to patients with ARDS and to patients at-risk from
a pulmonary insult would be similar (to prevent progres-
sion of lung injury and improve survival), but patients
at-risk for ARDS from non-pulmonary insults or those
intubated for airway protection would receive glucocor-
ticoids for different reasons. We included patients that
had plasma samples collected at both baseline and early
follow-up time points to investigate longitudinal changes
in host response in the early phase of acute respiratory
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failure. We excluded patients that did not have both sam-
ples available and performed a complete case analysis
without imputation for missing data. Additionally, we
did not include patients with COVID-19 in this study as
prior studies have demonstrated inflammatory profiles
differ compared to non-COVID acute respiratory failure
[24, 25].

Clinical data collection

Patients’ demographics (age, sex, race, body mass index
[BMI]), comorbidities (including history of immunosup-
pression, see Online Supplement for additional details),
laboratory data, and measures of oxygenation and ven-
tilation were abstracted from the electronic medical
record. Modified Sequential Organ Failure Assessment
(mSOFA) scores (not including the neurologic compo-
nent) were calculated at study enrollment as a measure
of severity of illness. Time to liberation from mechanical
ventilation and survival at 90 days were determined from
review of the medical record.

Glucocorticoids

We recorded all glucocorticoids (dexamethasone, hydro-
cortisone, methylprednisolone, prednisolone, and
prednisone) administered to participants during the
hospitalization by oral or intravenous routes including
amount and timing of each dose. Glucocorticoid admin-
istration in our cohort was at the discretion of treating
clinicians and not influenced in any manner by study
personnel or by enrollment of patients into the registry.
We converted glucocorticoid doses to methylpredniso-
lone equivalent doses prior to incorporation in analy-
ses (Additional file 1: Table S2). We calculated the total
amount of glucocorticoids administered to each patient
between baseline and follow-up samples and assessed
whether any glucocorticoids were administered prior to
baseline sample collection.

Host response biomarkers

We determined plasma levels of markers of innate
immune responses (Interleukin [IL]-6, IL-8, IL-10,
tumor necrosis factor receptor 1 [TNFR1], suppression
of tumorigenicity-2 [ST-2], fractalkine), epithelial injury
(soluble receptor for advanced glycation end-products
[SRAGE]), endothelial injury (angiopoietin-2 [ang-2]),
and host-response to bacterial infections (procalcitonin
and pentraxin-3) with a custom Luminex panel (R&D) as
previously described [22].

Classification into host response subphenotypes

Patients were classified at both baseline and follow-up
time points into hypoinflammatory and hyperinflamma-
tory host response subphenotypes by using predicted
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probabilities for subphenotype classifications from a
published parsimonious logistic regression model in this
cohort utilizing bicarbonate, tumor necrosis factor recep-
tor (TNFR)-1, angiopoietin-2, and procalcitonin [22].

Statistical analysis

We grouped patients into those that received at least
one dose of oral or IV glucocorticoids between baseline
and follow-up samples (Glucocorticoids) and those that
did not (No Glucocorticoids). We described daily dose
and type of glucocorticoids administered to patients in
the Glucocorticoids group, and we compared baseline
characteristics between Glucocorticoids and No Glu-
cocorticoids groups with Mann—Whitney U or Fisher’s
exact test as appropriate. Data are presented as number
(percentage) or median (interquartile range [IQR]). Host
response biomarkers were log-transformed prior to anal-
ysis and were compared at baseline between Glucocorti-
coid and No Glucocorticoid groups by Mann—Whitney U
tests.

In our primary analysis (Model 1), we investigated
associations between receipt of at least one dose of glu-
cocorticoids and host response biomarker levels at fol-
low-up by doubly robust inverse probability of IPTW
[21]. Propensity scores for the receipt of clinician-guided
glucocorticoids were determined using age, history of
immunosuppression, history of chronic obstructive lung
disease, severity of illness scores (mnSOFA), and vasopres-
sor use at baseline as predictors. Variables were selected
for inclusion in the development of the propensity
score based on clinical reasoning and literature review.
Weights were computed for each participant and incor-
porated in analyses with log-transformed host response
biomarker levels at follow-up as the outcome and receipt
of any glucocorticoid as the intervention. Percent change
associated with the use of glucocorticoids with 95% con-
fidence intervals were calculated for each host response
biomarker. P-values reported in our primary analysis and
in other analyses of host response biomarkers are unad-
justed but were tested for significance after adjusting for
multiple comparisons by the method of Simes [26] and
considered significant at a false discovery threshold of
0.1. P-values outside of primary and sensitivity analy-
ses are not adjusted for multiple comparisons and find-
ings should be interpreted as exploratory. We performed
three sensitivity analyses to ensure robustness of results.
First, we tested the association of receipt of at least one
dose of glucocorticoids with each host response bio-
marker in regression analyses with stratification of par-
ticipants by decile of propensity score (Model 2). Second,
recognizing that receipt of glucocorticoids prior to col-
lection of baseline samples may influence trajectories of
host response biomarkers, we adjusted for receipt of any
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glucocorticoids in the day prior to baseline sample col-
lection in doubly robust IPT'W (Model 3) and propensity
score stratification analyses (Model 4). In exploratory
analyses, we determined host response subphenotype
classification (hypoinflammatory or hyperinflammatory)
at baseline and follow-up time points and explored asso-
ciations between glucocorticoid use and subphenotype
classification at follow-up with Fisher’s exact test. We
repeated IPTW and propensity score regression analy-
ses within hypoinflammatory and hyperinflammatory
subphenotypes.

Statistical analyses were performed in Stata version
17 (StataCorp LLC, College Station, TX) and GraphPad
PRISM version 9 (GraphPad Software LLC, Boston, MA).

Results

Characteristics of enrolled patients

775 patients were enrolled in ALIR during the study
period of whom 86 ARDS and 62 patients at-risk from
a pulmonary insult were included in our current study
cohort (Fig. 1). Characteristics of patients excluded from
the study due to lack of biospecimen availability (transfer
before follow-up sample, death before follow-up sample,
or missing at random) are included in the Online Sup-
plement (Additional file 1: Table S3). Among patients
included in the study, ARDS patients were more likely
to be female, have a higher prevalence of immunosup-
pression, higher PEEP settings on study enrollment, a
higher prevalence of sepsis, higher baseline fractalkine
and sRAGE, and lower ST-2 levels compared to at-risk
patients. (Additional file 1: Table S4). ARDS and at-risk
patients were otherwise similar in baseline characteris-
tics and biomarker levels.

Characteristics of glucocorticoid use

Among patients included in the study cohort, 67 (45%)
received at least one dose of glucocorticoids between
baseline and follow-up samples. Baseline characteristics
are provided in Table 1. Patients receiving glucocorti-
coids were more likely to be female (60% versus 32%,
p=0.001), have numerically higher severity of illness
scores (median SOFA 8 versus 6.5, p =0.057), and higher
plateau pressures (27 [21-29] versus 25 [19-28] cm H20,
p=0.029) compared to those who did not. 25 patients
(23%) died at 90 days post-enrollment among patients
who did not receive glucocorticoids and 18 (23%) died
among patients who received at least one dose (p =0.993,
Additional file 1: Figure S1).

Notably, patients receiving glucocorticoids had a
higher prevalence of pre-existing immunosuppression
(28% versus 6%, p<0.001). In-depth analyses by immu-
nosuppression status were not possible due to sample
size limitations, but additional details are provided in
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775 patients enrolled in
ALIR from 2014 — 2020

440 patients excluded
81 airway control
48 congestive heart failure
26 acute on chronic

— respiratory failure

89 at risk from a non-

pulmonary source
109 COVID-19 infection
87 other diagnosis

335 non-COVID
patients with ARDS or
at-risk from a
pulmonary insult

187 missing at least one sample

41 transferred before follow-up
— 19 died before follow-up
127 had either baseline or follow-
up sample missing at random

148 patients included
ARDS n=86
At-risk from a pulmonary
insult n=62

81 patients did 67 patients did
not receive receive
glucocorticoids glucocorticoids

Fig. 1 Patient flow diagram. ALIR—Acute Lung Injury Registry
and Biospecimen Repository; ARDS—acute respiratory distress
syndrome

Additional file 1: Table S5. Immunosuppressed patients
had a lower body mass index and a higher prevalence of
chronic renal failure and pulmonary fibrosis compared to
those who were not, with higher baseline levels of SRAGE
and TNFrl. Average daily dose of glucocorticoids admin-
istered to patients with pre-existing immunosuppression
in our cohort was similar to the average dose for patients
without a history of immunosuppression (p =0.211).

We next examined the type of glucocorticoids admin-
istered to patients between baseline and follow-up sam-
ples (Fig. 2A): 25 (37%) received hydrocortisone alone,
18 (27%) received methylprednisolone, 2 (3%) received
dexamethasone, and 4 (6%) received prednisone. An
additional 18 (27%) received a combination of different
types of glucocorticoids between baseline and follow-up
samples. Average daily dose of glucocorticoids was equiv-
alent to 40 [21, 67] mg methylprednisolone and appeared
to vary based on the type of glucocorticoid administered
(Fig. 2B). Most patients received multiple doses of glu-
cocorticoids, only 2 (3%) received a single dose between
baseline and follow-up samples. Characteristics of par-
ticipants receiving different types of glucocorticoids are
presented in Additional file 1: Table S6.
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Table 1 Characteristics of ARDS and at risk from pulmonary insult patients included in the study

Variable Total cohort No glucocorticoids (N=81) Glucocorticoids (N=67) p-value
(N=148)

Basic demographics

Age, years 56.2 (45.4-66.8) 57 (43.9-65.8) 55.9(47.9-68.1) 0.604
Body mass index 294 (25.1-35.8) 30.6 (25.7-35.9) 29 (22.9-34.9) 0.097
Female 66 (45%) 26 (32%) 40 (60%) 0.001
Caucasian 136 (92%) 76 (94%) 60 (90%) 0.282
Comorbidities
Diabetes mellitus 47 (32%) 27 (33%) 20 (30%) 0.724
Chronic obstructive lung disease 34 (23%) 17 (21%) 7 (25%) 0.56
Congestive cardiac failure 21 (14%) 8 (10%) 3(19%) 0.154
Chronic renal failure 20 (14%) 7 (9%) 3 (19%) 0.089
Immunosuppression 24 (16%) 5 (6%) 9 (28%) <0.001
Chronic liver disease 11 (7%) 8 (10%) (5%) 0.346
Pulmonary fibrosis 5 (3%) 1 (1%) 4 (6%) 0.176
Laboratory findings
Creatine, mg/dL 14 (0.75-2.5) 1.3(0.7-2.1) 1.6 (0.9-2.6) 0.191
Bicarbonate, mMol/L 24 (21-26.5) 24 (21-27) 24 (20-26) 0464
Glucose, mg/dL 134 (104-167) 123 (102-149) 140 (118-180) 0011
White blood cells, x 10%/L 11.8(8-17.2) 13.3(8.1-16.9) 11.6 (74-183) 0.662
Hemoglobin, gm/dL 104 (9-12.3) 10.7 (9.2-12.7) 10.1 (9-11.8) 0.180
Platelets,x 10°/L 176 (123-244) 181 (128-250) 154 (111-235) 0.078
Ventilator parameters
Tidal volume, mlL/kg 6.7 (6-7.9) 6.8 (6-8) 6.6 (6-7.8) 0.392
Positive end expiratory pressure, cm H,O 8 (5-10) 8 (5-10) 8(5-12) 0.299
Plateau pressure, cm H,0 25 (19-28) 24 (17-28) 27 (21-29) 0.029
Severity of illness
SOFA score 7(5-9) 6.5 (5-8.5) 8(5-10) 0.057
Acute kidney injury on presentation 73 (49.3%) 36 (44.4%) 37 (55.2%) 0.248
Sepsis on presentation 123 (83%) 64 (79%) 59 (88%) 0.187
Baseline markers of the systemic host immune response
Angiopoetin-2 9439 (4924-18,646) 8872 (5333-16,341) 10,036 (4321-22,186) 0.629
Interleukin-8 23(13-43) 22 (13-39) 25 (13-49) 0.225
Interleukin-6 75 (27-232) 83 (33-200) 58 (19-422) 0474
Procalcitonin 1005 (352-4150) 817 (220-3588) 1232 (507-4510) 0.110
Suppressor of tumorigenicity-2 205,130 (81,454-605,552) 131,909 (68,841-489,845) 270,336 (125,738-740,787) 0.006
Fractalkine 1869 (913-2742) 1210 (797-2157) 2350 (1548-3523) <0.001
Interleukin-10 1.3 (0-8.9) 0.8 (0-6.6) 29(0-18.1) 0.031
Pentraxin-3 6418 (2514-14,119) 4571 (2235-9759) 10,147 (2607-22064) 0.017
Soluble receptor for advanced glycation 4422 (2306-8544) 3393 (2279-7288) 5446 (3038-10,697) 0.024
end-products
Tumor necrosis factor receptor 1 4576 (2699-8328) 4031 (2632-5796) 5417 (2890-11962) 0.013
Continuous variables are reported as median [interquartile range]
Categorical variables are reported as n (%)
ARDS, acute respiratory distress syndrome; SOFA, Sequential Organ Failure Assessment
SOFA score is modified to exclude the neurologic component
p values represent differences between groups by Mann-Whitney U or Fisher’s exact test as appropriate
Association of glucocorticoid use with early changes immune response between glucocorticoid groups at
in the systemic host immune response both baseline and at follow-up time points. Baseline

First, we compared markers of the systemic host levels of ST-2, fractalkine, IL-10, pentraxin-3, sSRAGE,
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Fig. 2 Proportion of study participants receiving glucocorticoids with distribution of type and average daily dose. A lllustrates the distribution

of glucocorticoids administered to participants between baseline and follow-up samples in the study cohort. Hydrocortisone alone (37%)

was the most commonly prescribed glucocorticoid regimen. B lllustrates the average dose of glucocorticoids administered per study day grouped
by type of glucocorticoid regimen. Data represent median and upper limits of the interquartile range

and TNFrl were higher in patients who received at
least one dose of glucocorticoids between baseline
and follow-up samples compared to patients who did
not (Table 1). Next, we determined the association
of receipt of at least one dose of glucocorticoids with
the systemic host immune response at follow-up in
IPTW analyses accounting for propensity to receive

glucocorticoids. We found decreases of 53% ([IQR
11-76%], p=0.021) in IL-6 and increases of 416%
([123-1094%], p<0.001) in fractalkine and 61% ([10—
138], p=0.016) in ST2 associated with glucocorticoid
use compared to no glucocorticoids (Fig. 3). Glucocor-
ticoid use was not significantly associated with changes
in other biomarkers after adjusting for multiple

Host Response Biomarkers % Change 95% CI p value

IL-61 +-—- -53.3 (-75.5,-10.9) 0.021*

T IL-8- H-—< 6.0 (-30.6, 61.9) 0.784
% STNFr1 n—-—| 15.8 (-21.9, 71.7) 0.456
S @ ST21 j—t 61.6 (9.7, 137.9) 0.016*
> 2 1L-107 Ha— 37.3 (-18.2, 130.5) 0.228

% E Fractalkine- 416.3 (123.3, 1093.8) <0.001*
'§ g Procalcitonin . -12.1 (-46.8, 45.2) 0.611
% ® Pentraxin-3- —— 31.7 (-33.5, 160.9) 0.427
% SRAGEH m—< -1.1 (-26.9, 33.9) 0.945
i>: Ang-2- +-1 -29.6 (-49.8,-1.3) 0.042

-200 0 200 400 600 800

% Change with Glucocorticoids

Fig. 3 Association of glucocorticoid use with early changes in markers of the systemic host immune response. p-values represent results

from doubly robust inverse probability of treatment weighting analysis with each host response biomarker at follow-up as the outcome

and with receipt of at least one dose of glucocorticoids between baseline and follow-up samples as the intervention. Unadjusted p-values are
reported. *Denotes significance after adjusting for multiple comparisons by the method of Simes with a false discovery rate of 0.1. Cl, confidence
interval; Ang-2, angiopoietin-2; IL, Interleukin; ST-2, suppressor of tumorigenicity-2; SRAGE, soluble receptor of advanced glycation end-products;

STNFr1, soluble tumor necrosis factor receptor 1
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comparisons. Follow-up levels of host response bio-
markers are presented in Additional file 1: Table S7.

Decreases in IL-6 and increases in fractalkine were
similarly observed in sensitivity analyses incorporating
decile of propensity score in regression analyses (Model
2, Additional file 1: Table S8). Groups differed in receipt
of glucocorticoids prior to baseline samples as 3 (4%)
of patients in the No Glucocorticoids and 36 (54%) of
patients in the Glucocorticoids group received at least
one dose of glucocorticoids prior to the baseline sam-
ple (»<0.001). In analyses that additionally adjusted for
receipt of glucocorticoids prior to the baseline sample
(Models 3 and 4, Additional file 1: Table S8), consist-
ent decreases in IL-6 and increases in fractalkine were
observed. However, significant increases in ST-2 that had
been observed in Model 1 were not observed in Models 2
through 4. Significant decreases in Ang-2 with glucocor-
ticoid use were observed in Models 2 through 4 but had
not been observed in Model 1.

Host response subphenotypes

Using a previously published parsimonious model [22],
103 patients (70%) were classified into a hypoinflamma-
tory phenotype at baseline, and 45 (30%) patients were
classified into a hyperinflammatory phenotype. At base-
line, patients in the hyperinflammatory phenotype had
higher creatinine on enrollment (2.6 [1.8-3.9] versus
1.1 [0.6-1.7] mg/dL, p<0.001), higher white blood cell
counts (152 [10.8-20.2] versus 10.5 [7.1-16]x10°/L,
p=0.001), and a higher severity of illness (SOFA score
9 [7-11] versus 6 [5-8], p<0.001) compared to hypoin-
flammatory patients. All measured markers of systemic
immune response were higher in hyperinflammatory
patients compared to hypoinflammatory patients (Addi-
tional file 1: Table S9).

Glucocorticoid use was higher in hyperinflammatory
patients (58% versus 40%, p = 0.050). Methylprednisolone
(41%) was the glucocorticoid most frequently adminis-
tered between baseline and follow-up samples to patients
in the hypoinflammatory subphenotype, and hydro-
cortisone (54%) was the glucocorticoid most frequently
administered to hyperinflammatory patients. Aver-
age daily dose of glucocorticoids was similar between
hypoinflammatory (40 [25-67] mg methylprednisolone
equivalents) and hyperinflammatory (39 [21-44] mg
methylprednisolone equivalents, p=0.116) subpheno-
types. Characteristics of patients in host response sub-
phenotypes stratified by receipt of glucocorticoids are
presented in Additional file 1: Table S10 and should be
interpreted as exploratory due to the sample sizes. The
majority of participants remained within the same sub-
phenotype between baseline and follow-up time points
(Fig. 4). In exploratory analyses, receipt of glucocorticoids
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between baseline and follow-up samples was not associ-
ated with host response subphenotype at follow-up in
the overall cohort (p =0.155), in patients who were hypo-
inflammatory at baseline (p=0.515), or in patients who
were hyperinflammatory (p=0.587) at baseline (Fig. 5).
IPTW and propensity score regression analyses by host
response subphenotype are presented in Additional file 1:
Table S11 and S12 but should similarly be interpreted as
exploratory given the smaller sample sizes.

Discussion

In this study, clinician-guided glucocorticoid use in a
cohort of patients requiring mechanical ventilation with
ARDS or at-risk due to a pulmonary insult was associated
with early changes in the systemic host immune response.
At baseline, levels of systemic host immune response
biomarkers were higher in patients who received gluco-
corticoids and thus may have impacted clinical presenta-
tion and, indirectly, treatment decisions. We performed
IPTW analyses that adjusted for propensity to receive
treatment and determined that receipt of glucocorti-
coids was associated with decreases in circulating IL-6
(an inflammatory cytokine) and increases in fractalkine
(an inflammatory chemokine) at an early follow-up time
point. Glucocorticoid use may additionally have been
associated with decreases in Ang-2 and increases in ST-2,
but primary and sensitivity analyses were not consist-
ent, possibly due to sample-size limitations. Prior studies
have assessed the effect of methylprednisolone on circu-
lating cytokines in a secondary analysis of a clinical trial
in ARDS and, consistent with our studies, demonstrated
a decrease in circulating IL-6 [27], which may reflect a
decrease in the proinflammatory response. However, we
did not observe uniform decreases in proinflammatory
biomarkers or increases in anti-inflammatory biomarkers
suggesting the effects of real-world use of glucocorticoids
on mechanistic pathways may be complex.

Uncertainty remains about the optimal use of glucocor-
ticoids in patients with or at-risk for ARDS. Reconciling
discordant results is challenging in the setting of differ-
ences in the standardized glucocorticoid regimens used
in clinical trials [10]. Our study similarly demonstrates a
wide variation in the agents, doses, and duration of glu-
cocorticoids administered to patients with or at-risk for
ARDS in our cohort. Our study provides insights into
the patients who receive glucocorticoids with higher
use in female patients, in immunosuppressed patients,
and in patients with higher plateau pressures potentially
reflecting a greater severity of lung injury. We acknowl-
edge that the effects of glucocorticoids on mechanistic
pathways are ideally interrogated within the context of
a randomized clinical trial to reduce the risk of potential
confounding present in observational studies. However,



Al-Yousif et al. Intensive Care Medicine Experimental (2024) 12:24

Hypo
n =103

Hyper
n=45

Baseline
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Remained hypo (n=94)
39% received GCs

Became hypo (n=21)
57% received GCs

Became hyper (n=9)
44% received GCs

Remained hyper (n=24)
58% received GCs

Follow Up

Fig. 4 Transition of host response subphenotypes between baseline and follow-up time points. 103 participants (70%) were

in the hypoinflammatory subphenotype at baseline. 91% remained hypoinflammatory at follow-up (39% received glucocorticoids) and 9% became
hyperinflammatory (44% received glucocorticoids). 45 participants were hyperinflammatory at baseline of whom 53% remained hyperinflammatory
(57% received glucocorticoids) and 47% became hypoinflammatory (58% received glucocorticoids). GCs, glucocorticoids; hypo, hypoinflammatory

subphenotype; hyper, hyperinflammatory subphenotype

A. No Glucocorticoids (n=81)

Hypo Hypo
n =62 n =66
(76%) (82%)
Hyper Hyper
n=19 n=15
(24%) (18%)
Baseline Follow Up

B. Glucocorticoids (n=67)

Hypo Hypo
n=41 n=49
(62%) (73%)

Hyper Hyper

n=26 n=18

(38%) (27%)
Baseline Follow Up

Fig. 5 Transition of host response subphenotypes at baseline and follow-up time points stratified by receipt of glucocorticoids. A lllustrates

the transition of host response subphenotypes in the participants that did not receive glucocorticoids between baseline and follow-up time points.
B lllustrates the transition of host response subphenotypes in the participants that received at least one dose of glucocorticoids between baseline
and follow-up samples. Hypo—hypoinflammatory subphenotype; hyper—hyperinflammatory subphenotype

as clinician-guided use of glucocorticoids varies from
standardized regimens that have previously been used
in clinical trials, our analysis provides insights regarding
the impact of real-world use of glucocorticoids on host
immune response pathways.

Interrogating molecular biomarkers is necessary in
informing future prognostic and predictive strategies for

management of acute respiratory failure. Protein bio-
markers, including angiopoetin-2 and sRAGE, may help
identify individuals with acute hypoxic respiratory failure
who are at risk for progression to ARDS or to failing non-
invasive methods of respiratory support [28—30]. Models
that incorporate multiple protein biomarkers with others
available may improve risk stratification [18, 20, 22, 31].
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Predictive biomarkers that identify potential benefit or
harm from a particular treatment are needed to further
personalize care and may require baseline or repeated
assessments of biomarkers. Recently, a secondary analy-
sis of a randomized clinical trial of immunomodulatory
therapy in COVID-19 provided evidence that decreases
in IL-6 mediated benefit from treatment and that base-
line biomarker levels alone could not similarly predict
treatment response [32].

Several studies have suggested response to glucocorti-
coids may be based on alterations in underlying biologic
pathways highlighting a need to understand effects on
mechanistic pathways. First, in septic shock, a secondary
analysis of the Vasopressin and Septic Shock trial sug-
gested that higher baseline levels of IL-3, IL-6, and CCL4
may identify patients as potential responders to gluco-
corticoids resulting in reduced mortality [33]. Second, in
both pediatric and adult sepsis, transcriptomic signatures
of circulating lymphocytes have identified septic endo-
types that may experience increased mortality with glu-
cocorticoid use [34—36]. Third, in an observational study
of COVID-ARDS, latent class analysis identified hypo-
inflammatory and hyperinflammatory subphenotypes
that potentially differed in response to glucocorticoids
with lower mortality in response to glucocorticoids in
the hyperinflammatory group and higher mortality in the
hypoinflammatory group [37]. Thus, greater understand-
ing of the biologic underpinnings of acute respiratory
failure and critical illness may provide insight as to which
patients may benefit from glucocorticoids.

In our study, we explored associations of host response
subphenotypes with glucocorticoid use. Potentially
related to a higher severity of illness, glucocorticoid use
was more common in patients in the hyperinflamma-
tory subphenotype at baseline, but small sample sizes
prevented IPTW analyses stratified by host response
subphenotype or analyses to assess the effects of gluco-
corticoid use on transitions between subphenotypes.
Exploratory analyses did not uncover significant asso-
ciations between glucocorticoid use and subphenotype
classification at an early follow-up time point, but future
studies to investigate associations between subpheno-
types and glucocorticoid use should be performed in
larger cohorts and potentially within the framework of a
randomized clinical trial.

Our study has several limitations. First, we specifi-
cally selected to include patients that had both baseline
and follow-up samples. Thus, our study excludes patients
who were transferred out of the ICU or who died prior
to follow-up sample collection, thereby potentially intro-
ducing selection bias in our cohort. Future studies could
address this limitation with more frequent sample collec-
tion. Second, the sample size may have limited not only
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the statistical power to detect smaller differences in cir-
culating biomarkers or clinical outcomes, particularly in
analyses focused on subphenotypes but also the ability to
investigate differences by dose or type of glucocorticoids.
Third, we recognize that patients may have received glu-
cocorticoids for reasons other than directly to treat lung
injury (such as for asthma), but we were unable to inves-
tigate reasons for glucocorticoid use in our study with
enough granularity to make this determination. Fourth,
while we used statistical methods to remove some poten-
tial confounders, glucocorticoid use was not protocol-
ized, and the intervention modeled in IPTW analyses
varied in dose, duration, and type of glucocorticoid
administered. Recent studies have highlighted that meth-
ods to emulate randomized clinical trial designs from
observational data may be less successful when inter-
ventions in practice differ from those used in trials [38].
Fifth, while ideally we would have preferred that all base-
line samples were collected prior to receipt of any gluco-
corticoids, we could not due to the observational nature
of the study and thus performed sensitivity analyses to
ensure consistent results. Sixth, site of infection may
influence circulating levels of host response biomarkers
in septic patients, and our cohort was heterogenous and
included patients with both pulmonary and extrapulmo-
nary sepsis [39]. Proportions of pneumonia were similar
between the patients who did and did not receive glu-
cocorticoids; however, unmeasured differences in sites
of infection may have impacted biomarker trajecto-
ries in our study. Seventh, practice patterns for patients
enrolled in the Acute Lung Injury and Biospecimen
Repository may potentially differ from the broader popu-
lation of patients with acute respiratory failure. Big data
approaches may better characterize real-world glucocor-
ticoid use but would not have biospecimens available to
understand changes in the host response. Lastly, we rec-
ognize that our study focused on the impact of glucocor-
ticoids on the systemic host immune response; however,
other pathways may be affected such as the adrenocorti-
cal axis that could impact clinical outcomes. Indeed, the
first studies of heterogeneity of treatment effect of gluco-
corticoids for sepsis focused on the results of an ACTH
stimulation test [40], though results were not replicated
in subsequent work [41]. More recent studies have sug-
gested that responders to glucocorticoids in septic shock
may be identified through machine learning approaches
that incorporate demographics, severity of illness, and
circulating cortisol levels [42]. We anticipate that integra-
tive analyses incorporating patient characteristics with
analyses of biologic pathways including host response
and hormonal pathways will provide greater insight into
the responsiveness to glucocorticoid treatment in acute
respiratory failure.
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Conclusions

Glucocorticoid use varies in patients with or at-risk for
ARDS requiring mechanical ventilation and is associ-
ated with early changes in the systemic host immune
response. Future studies should continue to explore
longitudinal assessments of the systemic host immune
response as biomarkers for the response to glucocorti-
coids in acute respiratory failure.
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