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The effects of dexamethasone (DXM) treatment on pulmonary
immunity in COVID-19–associated acute respiratory distress
syndrome (CARDS) remain insufficiently understood. We
performed transcriptomic RNA-seq analysis of bronchoalveolar
lavage fluid from 20 mechanically ventilated patients: 12 with
CARDS (with or without DXM) and 8 non–COVID-19
critically ill controls. CARDS with DXM was characterized by
upregulation of genes related to B-cell and complement
pathway activation, antigen presentation, phagocytosis, and
FC-γ receptor signaling. Most interferon-stimulated genes were
upregulated in CARDS, particularly in CARDS without DXM.
In conclusion, DXM treatment was not associated with
regulation of proinflammatory pathways in CARDS but with
regulation of other local immune responses.
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Coronavirus disease 2019 (COVID-19) acute respiratory dis-
tress syndrome (CARDS) is associated with a mortality rate of
40%–50%, whichmay be even higher in patients requiring inva-
sive mechanical ventilation [1]. Understanding of CARDS im-
munopathology was improved by a few studies in particular
of bronchoalveolar lavage fluid (BALF) and showing prominent
pulmonary immune cell invasion, most notably inflammatory
myeloid cells [2–4], and expression of several proinflammatory
mediators. However, a more detailed understanding of the spe-
cific mechanisms of COVID-19–mediated lung injury is perti-
nent to uncover how various immunomodulatory therapies,
including dexamethasone (DXM), affect lung immunity.
We investigated the transcriptomic profiles of the local pulmo-

nary host responses during early-stage severe CARDS by per pro-
tocol BALF sampling early after intubation. Specifically, we
compared the immune transcriptomic profile of CARDS patients,
with and without DXM treatment, and non–COVID-19 critically
ill patients (controls) to elucidate how this specific immune-
targeted treatment modifies the pulmonary host defense, includ-
ing the gene expression profiles of proinflammatory mediators
and interferon-stimulated genes (ISGs).

METHODS

Study Population and Ethics

Inclusion criteria of CARDS patients were age.18 years, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infec-
tion confirmed by reverse transcription polymerase chain reac-
tion (RT-PCR), presence of ARDS (Berlin definition 2012), and
less than 72 hours of invasive mechanical ventilation. All pa-
tients were recruited during admission to the intensive care
unit (ICU) atHvidovreHospital, Denmark.All patientswere re-
cruited between 6 April 2020 and 12 April 2021. This period in-
cluded the first and secondCOVID-19wave inDenmark, which
corresponded to a time prior to and after DXM treatment was
introduced as standard of care. Thus, patients recruited during
the first wave did not receive DXM treatment. Supportive ICU
treatment was not changed during this period. We have previ-
ously presented flow cytometric results of 4 CARDS patients,
whowere also included in the present study [3].None of the pre-
vious published data was reused in the present study.
Patients with ARDS from bacterial respiratory pathogens as

well as mechanically ventilated patients with sepsis but without
ARDS were included as controls. Except for SARS-CoV-2 in-
fection, inclusion criteria were identical for CARDS and con-
trols. All controls had ARDS and/or sepsis according to
consensus criteria (Berlin definition 2012; Sepsis-3 2016).
All patientswere sedated andunable to provide oral andwritten

informed consent, which was obtained from next of kin [3]. The
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study was approved by the Regional Ethics Committee of
Copenhagen (H-20023159/H-22011021/H-22009131) and the
Knowledge Center for Data Review of Copenhagen
(P-2020-399) and registered atClinicalTrials.gov (NCT04354584).

Bronchoalveolar Lavage Procedure and Sample Processing

The BAL procedure was performed per protocol in a standard-
ized fashion as described in the Supplementary Material.

RNA Extraction and Sequencing

Information about RNA extraction and library preparation [5]
has been included in the Supplementary Material. Differential
gene analysis was performed in R, as described previously
[6]. Briefly, we used the Limma-voom and DeSeq2 package
for preprocessing and principal component (PC) analysis, re-
spectively. The following 4 contrasts were compared: CARDS
versus controls, CARDS with DXM treatment versus controls,
CARDS without DXM treatment versus controls, and CARDS
with DXM treatment versus CARDS without DXM treatment.
Gene ontology analysis was performed using Goseq on differ-
entially expressed genes separately for each contrast. Analysis
of ISGs was performed using ROAST for each contrast using
a curated list of 399 ISGs [7]. Finally, we analyzed selected in-
flammatory, including interleukin (IL)-1A, IL-1B, IL-2, IL-6,
IL-8, IL-11, IL-17A, IL-17B, IL-18, tumor necrosis factor-α
(TNF-α), interferon-λ (IFN-λ), granulocyte-macrophage colony-
stimulating factor (GM-CSF), granulocyte colony-stimulating

factor (GCSF), monocyte chemoattractant protein-1 (MCP-1),
interferon-λ–induced protein (IP-10), and macrophage inflam-
matory protein-1 (MIP-1-α), which were selected based on pre-
vious BALF-based studies.

RESULTS

Patient Characteristics and Bronchoalveolar Lavage Procedure

The BAL procedures in CARDS and critically ill control
patients were carried out after a mean of 28.8 hours (range,
6–72 hours) after intubation by the same physician (author,
R. R. P.). All samples were obtained from the right middle
lobe. A total of 13 CARDS patients and 8 controls were includ-
ed (Supplementary Table 1). One DXM-treated CARDS patient
was excluded from analysis due to insufficient RNA extraction.
All CARDS patients had moderate-to-severe impairment of
oxygenation judged by PaO2/FiO2 ratio; 8/12 were treated
with vasopressors at the time of the BAL procedure andmedian
duration of COVID-19 symptoms was 11 days (range, 8–20
days). A total of 4 CARDS patients were not treated with
DXM whereas 9 CARDS patients received DXM (2–6 days pri-
or to the procedure). Controls encompassed 4/8 with ARDS
and 4/8 with sepsis but without ARDS (Figure 1A). None of
the controls were treated with corticosteroids.

Transcriptional Features in the Lungs During DXM Treatment

The levels of viral RNA in samples fromCARDS patients varied
from 0.001% to 1.378% (Supplementary Figure 1). The 7

Figure 1. BALF transcriptome profile for CARDS patients: (A) experimental setup; (B) PC analysis depicting the 3 patient groups; and (C ) Venn diagram representing the DE
gene relationship for CARDS without DXM treatment and CARDS with DXM treatment compared to controls. Arrows pointing up depict upregulated DE genes, and arrows
pointing down depict downregulated DE genes. D, Table of number of differentially expressed genes. The number of up- or downregulated genes for CARDS patients is not a
sum of up- or downregulated genes of the 2 subgroups (with [+] and without [−] DXM treatment) as the differential expression analyses are independent. B and C, The color
coding represents patient groups. Abbreviations: ARDS, acute respiratory distress syndrome; BAL, bronchoalveolar lavage; CARDS, COVID-19–associated acute respiratory
distress syndrome; DE, differentially expressed; DXM, dexamethasone; PC, principal component; RML, right middle lobe.
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samples with high fractions (above 0.1%) of viral reads showed
differential coverage distribution skewed towards higher depth
at the 3′ end of the viral genome compared to coverage at the 5′

end. This was concordant with the presence of subgenomic
RNA from replicating genomes indicating active infection.
Furthermore, we found traces of negative-strand RNA in those
samples indicating active viral replication. PC analysis did not
reveal clustering of human gene expression related to high ver-
sus low viral load and was not accounted for in subsequent
analysis.

PC analysis showed controls clustering closely together,
thus justifying grouping of these patients, while CARDS
clustered more broadly but distinctly separate from the con-
trols (Figure 1B). Furthermore, CARDS without DXM treat-
ment clustered more closely than CARDS with DXM
treatment. In the CARDS patients compared to the controls,
852 genes were differentially upregulated and 827 downregu-
lated (false discovery rate,, 0.05). Similar analysis per-
formed with only CARDS without DXM treatment
revealed 317 up- and 233 downregulated genes, while
CARDS with DXM treatment had 1613 up- and 560 downre-
gulated genes (Figure 1C and 1D, and Supplementary
Figure 2). This indicated DXM as a primary driver of tran-
scriptome changes in CARDS.

Functional Signatures in the Lungs During DXM Treatment

CARDS with DXM treatment gene signatures were enriched
for several B-cell activation and antigen-presenting pathways,
leukocyte migration, and activation of complement.
Interestingly, phagocytosis was also upregulated, especially
FC-γ receptor signaling (Figure 2A). Only few downregulated
gene categories were found, including lysozyme function,
MHC class II responses, and neutrophil degranulation.

IFN-Stimulated Genes in CARDS

ISGs were enriched among upregulated genes in CARDS, but
specifically for CARDS patients without DXM treatment
(Supplementary Figure 3). Among genes differentially ex-
pressed across any condition (CARDS with DXM treatment,
CARDS without DXM treatment, controls), 42 ISGs were iden-
tified (Figure 2B). Most of these (36 genes) were elevated for
CARDS (both with and without DXM treatment) and included
typical responders to acute viral infection like ADAR, ATF3,
IFITM3, IRF1, IRF7, ISG20, and TRIM56. A subset primarily
enriched for CARDS with DXM treatment included ABTB2,
CNP, DDIT4, GALNT2, MAP3K14, PRKD2, SPSB1, SQLE,
SSBP3, and TNK2. Six genes, FCGR1A, FKBP5, GLRX,
LEPR, MSR1, andMT1L, were specifically upregulated for con-
trols and may represent responses to bacterial infection. One

Figure 2. Gene ontology analysis and ISG regulation in CARDS patients. A, Gene ontology (biological process) analysis of upregulated DE genes for CARDS with DXM
treatment. Adjusted P value set to P, .05 and only categories where DE genes accounts for more than 20% of total with 10 or more genes in the category displayed. X-axis
shows the number of DE genes upregulated in each category. B, Heatmap of 42 differentially expressed ISGs showing expression z-scores. The 42 ISGs were identified from a
list of 399 known ISGs [7]. Rows represent individual ISGs and columns individual patients with patient IDs shown below. Abbreviations: CARDS, COVID-19–associated acute
respiratory distress syndrome; DE, differentially expressed; DXM, with (+) and without (−) dexamethasone; ISG, interferon-stimulated gene.
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control patient (C07) had an ISG expression signature similar
to CARDS patients, suggesting a putative undiagnosed viral in-
fection in that patient.

Inflammatory Signatures During DXM Treatment

When comparing cytokine/chemokine gene expression of
IL-1A, IL-1B, IL-2, IL-6, IL-8, IL-11, IL-17A, IL-17B, IL-18,
TNF, IFN-λ, GM-CF, GCSF, MCP-1, IP-10, and MIP-1-α,
only the IL-18 gene was differentially expressed (downregu-
lated) in CARDS compared to controls. None of the genes
were differentially regulated in CARDS with DXM treatment
versus CARDS without DXM treatment.

DISCUSSION

We identified a distinct RNA expression profile of DXM-
treated CARDS patients. Functional analysis of CARDS with
DXM treatment revealed upregulation of cellular metabolism
and rearrangement functions, enriched pathways for B-cell ac-
tivation, antigen presentation, and complement responses.
ISGs were particularly upregulated in nontreated CARDS pa-
tients and contrary to our expectations, key proinflammatory
genes did not differ according to DXM treatment.

ARDS involves complex immunopathogenesis, which in-
clude influx of inflammatory cells (most notably neutrophils
and macrophages), proinflammatory cytokines, proteases,
and procoagulant factors in the lungs. A local hyperactive im-
mune response has also been noted in CARDS and the term
“cytokine storm” has been widely used to describe its patho-
physiology. Although we and others have previously shown a
high expression of inflammatory cytokines and chemokines
in CARDS patients compared to healthy controls [3, 8], we
did not find a differential expression when compared to criti-
cally ill controls. However, here we did find a total of 1613
and 317 other differentially expressed genes in CARDS patients
with and without DXM treatment, respectively, of which only
53 were upregulated in both groups compared to controls.
Although glucocorticoid treatment is known to suppress the
production of at least some inflammatory cytokines in other
diseases, and has indeed been posited to improve outcome in
CARDS by suppressing the “cytokine storm”, we did not ob-
serve a differential gene expression according to DXM treat-
ment of proinflammatory mediators in the lungs.

Clinical trials have provided evidence that treatment with
DXM reduces mortality in patients hospitalized with
COVID-19. Glucocorticoid treatment has, on the other hand,
also been associated with increased mortality in other infectious
diseases, including influenza. This discrepancy suggests a
COVID-19–specific response profile that renders DXM effective,
and it has been hypothesized that COVID-19 may induce gluco-
corticoid insensitivity in the process of modulating host cell activ-
ities. In our gene ontology analysis, complement responses,

particularly genes related to the classical pathway initiated by
antigen-antibody complexes, were upregulated in CARDS with
DXM treatment. Complement activation is an important compo-
nent of the innate immune response to viral infections. However,
the clinical role of local complement activation in CARDS re-
mains insufficiently understood. One study found increased lev-
els of soluble C5a correlating with severity of COVID-19 with
high expression levels of C5aR1 receptors in blood and pulmo-
nary myeloid cells [9]. In contrast to our finding, studies unrelat-
ed to COVID-19 have shown reduced local complement
activation following DXM treatment [10]. In addition, we found
enriched B-cell signatures in gene ontology analysis, suggesting
that DXM preferentially stimulates B-cell immunity to
SARS-CoV-2. In line with this, early studies have revealed a direct
effect of glucocorticoids on human B-cell survival and develop-
ment [11].We also found upregulation of the phagocytic pathway
especially FC-γ receptor signaling, which is associated with
antibody-bound viruses and concomitant phagocytosis.
Type I IFNs (eg, IFN-α and IFN-β) provide protective immu-

nity against SARS-CoV-2 as highlighted by studies showing that
inborn errors of TLR3- and TLR7-dependent antiviral innate
immune pathways may underlie severe COVID-19 [12].
Previous in vitro studies of other viral infections have shown
that glucocorticoidsmay suppress type-I IFN-mediated respons-
es by inhibiting intracellular signaling pathways and subsequent
expression of ISGs [13]. This correlated well with our observa-
tion of enrichment of ISGs specifically in the BALF of CARDS
patients without DXM treatment. In addition, we found one dis-
tinct cluster of ISGs to be upregulated in CARDS patients with
DXM treatment (TNK2, SSBP3, MAP3K14, PPKD2, ABTB2,
GALNT2, CNP, SPSB1, SQLE, and DDIT4). Whether differen-
tial expression of these ISGs can be exclusively attributed to
DXM, or whether enrichment of ISGs in these patients is bene-
ficial, is unknown. Another study performing single-cell RNA
sequencing revealed higher levels of ISGs in peripheral blood
monocyte-macrophages and T cells from mild versus severe
COVID-19 [14], which could suggest that an increased IFN re-
sponse may be beneficial. Moreover, lung expression profiles in
autopsy material from COVID-19 patients found a significantly
longer hospitalization time for patients with low ISG expression
compared to patients with high ISG expression [15]. Taken to-
gether, these results could point toward a dual and time-
dependent role of the interferon response.
In contrast to prior COVID-19 studies assessing the local

pulmonary immune response, in which BALF was primarily
collected on clinical indication at a later stage and at the clini-
cian’s discretion regarding site and volume of lavage, a strength
of our study is the per protocol BAL sampling in the early
course of severe disease progression using a uniform cross-
sectional approach. Although we were able to identify specific
DXM treatment effects, our sample size is small, which pre-
vents us from adjusting for certain clinical factors such as
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symptom or treatment duration, and results should be con-
firmed in larger studies with several time points. Our results
provide further insight into the pulmonary host response of
CARDS and potential effects of DXM treatment, but they
also raise several important questions and specifically challenge
the idea that DXM dampens a local “cytokine storm”.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online (http://jid.oxfordjournals.org/).
Supplementary materials consist of data provided by the author
that are published to benefit the reader. The posted materials
are not copyedited. The contents of all supplementary data
are the sole responsibility of the authors. Questions or messages
regarding errors should be addressed to the author.
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