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ARTICLE INFO ABSTRACT

Keywords: Dexamethasone, a synthetic glucocorticoid, has previously shown mortality benefit in severe coronavirus disease
COVID-19 2019 (COVID-19) in a randomized controlled trial. As the illness is considered to reflect a hyperinflammatory
Dexamethasone state, this therapeutic effectiveness is presumably ascribed to broad anti-inflammatory activities of glucocorti-
Glucocorticoids . . . . . . .

Inflammation coids. Here, an unbiased analysis of available transcriptomic data on lung and blood immune cells from severe
Transcriptome COVID-19 patients and matching cellular models of dexamethasone treatment is presented that supports this

presumption. Comparison of differentially expressed genes in severe COVID-19 with that in dexamethasone
treated cells reveals a small set of genes that are regulated in opposite direction between the disease and the
drug, and are enriched for genes and processes related to glucocorticoid pathway and receptor binding. This
expression signature differentiates as a whole various cytokines from a set of anti-cytokine/anti-inflammatory
agents, with the former resembling COVID-19 and the latter dexamethasone in gene regulation. The signature
apparently relates to TNF- «, IL-1a, IL-1B, IFN-a, IFN-B, and IFN-y signaling, but not IL-6 signaling, suggesting
that therapeutic effect of dexamethasone in COVID-19 does not involve IL-6 pathway. However, as all these
observations are purely based on bioinformatic analysis, experimental evidence will be required to validate the
inferences drawn. In conclusion, the present analysis seems to provide a proof of concept for therapeutic

Gene expression

mechanisms of dexamethasone in COVID-19.

1. Introduction

The classic synthetic glucocorticoid dexamethasone has previously
shown in a randomized clinical trial mortality benefit in severely sick
hospitalized patients with coronavirus disease 2019 (COVID-19) (RE-
COVERY Collaborative Group et al., 2020). As severe COVID-19 is
seemingly characterized by a feedforward inflammatory circuit
involving systemic elevations in cytokine and chemokine levels, often
referred to as cytokine storm, the observed benefit is presumably
ascribed to broad anti-inflammatory and immunosuppressive effects of
glucocorticoids (Cain and Cidlowski, 2020; Macauley et al., 2020). The
latter, a class of steroid hormones, act by binding ubiquitously expressed
glucocorticoid receptor, a ligand-activated transcription factor encoded
by NR3C1 gene in humans, which, upon translocation to the nucleus,
binds to canonical glucocorticoid response elements and leads to tran-
scriptional activation of its targets including anti-inflammatory genes
such as TSC22D3, DUSP1, and SGK1 (Cain and Cidlowski, 2020; Hudson
et al., 2018). The ligand-bound receptor can also cause transcriptional

inhibition of numerous genes including pro-inflammatory genes by
antagonizing activities of corresponding transcription factor like NF-xB
and AP1 through protein-protein interactions (Cain and Cidlowski,
2020; Hudson et al., 2018). With context-dependent mechanisms of
action, glucocorticoids may produce therapeutic effects in an inflam-
matory condition by acting on both immune and nonimmune cells
(Quatrini and Ugolini, 2020).

Given its potential for knowledge discovery (Wang et al., 2019), the
approach of integrative analysis of available transcriptomic data is
applied here towards gaining insights into mechanisms underlying
dexamethasone action in severe COVID-19. Transcriptomic perturba-
tions induced by drugs across cell types are known to show high con-
servation, with cell type specific changes reflecting a more selective
effect (Iskar et al., 2013). A combined approach may therefore be used to
draw inference about mechanism of action of drugs. The present analysis
is mainly focused on transcriptomic data associated with lung and blood
immune cells from severe COVID-19 patients and matching cellular
models of dexamethasone treatment. In particular, the COVID-19

Abbreviations: COVID-19, Coronavirus Disease 2019; DEGs, differentially expressed genes; MSigDB, molecular signatures database; GEO, Gene Expression
Omnibus; GREIN, GEO RNA-seq Experiments Interactive Navigator; FC, fold change.
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samples used pertain to post-mortem lung samples (Blanco-Melo et al.,
2020) and to peripheral blood immune cells including CD14+ mono-
cytes, NK cells, CD8+ T cells, CD4+ T cells, and B cells (Wilk et al.,
2020). On the other hand, the dexamethasone treated cells include A549
adenocarcinomic human alveolar basal epithelial cells (McDowell et al.,
2018) and CD14+ monocytes isolated from peripheral blood donated by
healthy human volunteers and differentiated in vitro into macrophages
(Jubb et al., 2016). Although the extent to which the cancer cell line
A549 would be relevant in viral infection may appear as a limitation of
the analysis, it is notable that cellular assays of drug induced tran-
scriptomic perturbations in human cancer cell lines and human primary
cells are considered to show significant similarities and hence assumed
to be interchangeable (Liu et al., 2020). Another limitation could be the
absence of samples representing dexamethasone treatment in COVID-
19. However, in the absence of such samples, it is an accepted bio-
informatic approach to predict effectiveness of a drug in a given disease
if gene expression signature associated with the drug show inverse
correlation to that associated with the disease (Iwata et al., 2019). The
underlying assumption is that the drug would suppress the disease
related transcriptomic alterations. With these assumptions in place, the
present analysis supports the hypothesis that broad anti-inflammatory
activities of dexamethasone underlie its effectiveness in COVID-19.

2. Results

First, genes that are differentially expressed in lung samples from
deceased COVID-19 patients compared to biopsied lung tissue from age-
matched uninfected healthy subjects (Blanco-Melo et al., 2020) as well
as across time series of dexamethasone treated A549 human lung alve-
olar epithelial cells compared to vehicle control (McDowell et al., 2018)
were clustered together. Strikingly, the cluster showed that a majority of
genes are regulated in opposite direction between disease and drug
samples (Fig. 1A). Eighteen of the total 28 differentially expressed genes
(DEGs) which were common across samples showed opposite regula-
tion, with 17 (SYBU, KLF9, PER1, TSC22D3, LURAPI1L, PER2, SGK1,
BAG3, TGFBR1, KLF4, PDK4, THBD, SLC19A2, GADD45A, DUSPI,
NT5DC3, GSN) downregulated in the disease and upregulated in the
drug group, and one (CCL2) upregulated in disease and downregulated
in drug treatment. Given that TSC22D3, DUSP1, and SGK1, as mentioned
above, are well known anti-inflammatory targets of NR3CI1 mediated
transcriptional activation, and CCL2 a well known pro-inflammatory
target for NR3C1 mediated inhibition, the present analysis provided
an unbiased support to the hypothesis that broad anti-inflammatory
activities of dexamethasone underlie the latter’s therapeutic effects in
severe COVID-19.

Next, a comparison of 35 most frequent DEGs among severe COVID-
19 patient-specific transcriptomes of blood immune cells, namely,
CD14+ monocytes, NK cells, CD8+ T cells, CD4+ T cells, and B cells,
relative to healthy individuals (Wilk et al., 2020), and a time series of
dexamethasone treated CD14+ monocyte derived macrophages relative
to vehicle control (Jubb et al., 2016) remarkably showed that COVID-19
monocytes specifically cluster with dexamethasone treated monocyte
derived macrophages (Fig. 1B). Of a total of 9 DEGs that were associated
with one or more dexamethasone samples, 4 (TXNIP, DUSP1, FOS,
TSC22D3) showed upregulation in drug samples and downregulation in
disease samples in general. One gene (XAF1) that was downregulated in
dexamethasone samples showed upregulation in disease irrespective of
cell types. Notably, like in lung samples, TSC22D3 and DUSP1 showed
opposite regulation between disease related monocytes and drug related
monocyte derived macrophages, supporting involvement of NR3C1
mediated transcriptional activation of anti-inflammatory genes in
dexamethasone action in severe COVID-19.

The 21 genes identified above as regulated in opposite direction
between disease and drug were next examined for enrichment of human
disease pathways. Notably, these genes showed highest enrichment for
cortisol in resolving inflammation, followed by other inflammation
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related pathways including hypothalamic—pituitary-adrenal axis in
acute phase response and autocrine cytokine/chemokine loops in sys-
temic scleroderma (Fig. 1C). Similar analysis with Molecular Signatures
Database (MSigDB) hallmark genes, which signify specific biological
states or processes, showed enrichment for NF-kB mediated TNF-a
signaling and IFN-y response, besides others (Fig. 1D). Further, analysis
of transcription factor binding sites showed enrichment for NR3C1
binding sites in both lung (Fig. 1E) and blood (Fig. 1F). These findings
supported involvement of dexamethasone’s genomic mechanisms in
COVID-19 treatment.

Finally, to independently validate the above gene set as predictive of
therapeutic mechanisms, DEGs in diverse cells and tissues treated with
different cytokines, and anti-cytokine or anti-inflammatory agents,
compared to controls, were considered. The cytokines included TNF- a,
IL-1a, IL-1pB, IL-6, IFN-a, IFN-B, universal IFN-of}, and IFN-y. The anti-
cytokine/anti-inflammatory agents included anti-TNF agents lenalido-
mide, adalimumab, infliximab and etanercept, IL-1a and IL-1p blocker
anakinra, IL-6 antagonist tocilizumab, JAK-STAT signaling inhibitor
tofacitinib, and non-steroidal anti-inflammatory drug diclofenac. Clus-
tering of these DEGs revealed, as expected, an overall trend for opposite
gene regulation between cytokines as a whole and anti-cytokine/anti-
inflammatory agents as a whole, with the former group mimicking
COVID-19 associated gene regulation and the latter dexamethasone
associated (Fig. 1G). Though the present analysis is based on highly
diverse samples and hence may not be sufficient for separating indi-
vidual cytokines and drugs in terms of their transcriptomic effects, it was
notable that IL-6 among cytokines, and etanercept, tofacitinib and
diclofenac among anti-cytokine/anti-inflammatory agents stand out
from all others in their respective group (Fig. 1G). IL-6 was almost
devoid of any gene regulatory activity, whereas the etanercept, tofaci-
tinib and diclofenac matched dexamethasone to certain extent in terms
of effect on gene regulation.

3. Discussion

Results presented here support the hypothesis that broad anti-
inflammatory effects of dexamethasone underlie its beneficial effects
in severe COVID-19. The findings suggest involvement of both the major
mechanisms by which glucocorticoids produce these effects, namely,
transcriptional activation of anti-inflammatory genes and transcrip-
tional suppression of pro-inflammatory genes. Conversely, immune
dysregulation in COVID-19 involves both downregulation of anti-
inflammatory genes and upregulation of pro-inflammatory genes.
These mechanistic characteristics of disease and drug is consistent with
the latter’s effectiveness in the illness. As a corollary, agents that counter
this dual dysregulation may possess therapeutic properties overlapping
with dexamethasone in treatment of severe COVID-19. Given this, eta-
nercept, tofacitinib, and diclofenac that showed this desirable activity
may be considered promising. Etanercept, a fusion protein that acts as a
soluble TNF receptor to prevent the pro-inflammatory cytokine TNF-o
from activating the downstream inflammatory cascade, is one of the
biologics, like the anti-TNF monoclonal antibodies adalimumab and
infliximab, long in use for the treatment of rheumatoid arthritis (Mpofu
et al., 2005). Given the association between elevated TNF levels and
increased COVID-19 mortality, and as TNF blockade in rheumatoid
arthritis is known to overall suppress pro-inflammatory cytokines
implicated in COVID-19 related hyperinflammation, the biological
plausibility for effectiveness of anti-TNF therapy in COVID-19 treatment
is considered promising (Robinson et al., 2020a, 2020b). Patient registry
based studies also support the potential of anti-TNF agents in COVID-19
treatment (Robinson et al., 2020a, 2020b). Clinical trials of adalimumab
and infliximab in COVID-19 are currently at enrolment or pre-enrolment
stages (Robinson et al., 2020). It may prove valuable to similarly assess
etanercept for effectiveness in the illness. Regarding tofacitinib, it is a
synthetic small molecule inhibitor of JAK family of kinases that can
inhibit multiple JAK-dependent cytokine signaling pathways, and
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Fig. 1. Integrative transcriptome analysis. (A) Heatmap clustering of lung DEGs. Gene symbols shown in pink and blue indicate opposite regulation between COVID-
19 and dexamethasone. COVID-19 sample represents post-mortem lung tissue of deceased patients compared to biopsied lung samples from age-matched uninfected
healthy controls. A549 lung cancer cell line samples represent indicated drug treatment conditions in comparison to vehicle control. FC, fold change. Curated and
annotated data along with log, FC values are provided in Supplementary Table 1A. (B) Heatmap clustering of DEGs associated with COVID-19 immune cells (CD14+
monocytes, NK cells, CD8+ T cells, CD4+ T cells, and B cells) and CD14+ monocyte derived macrophages treated with dexamethasone under indicated conditions.
C1A and C1B, and C2-C7 represent originally used patient symbols; for two disease stages in case 1 (C1A, C1B), and case 2 to case 7 (C2-C7). Curated and annotated
data along with log, FC values are presented in Supplementary Table 1B. Other details as mentioned in A. (C) Disease pathway enrichment. Top 5 terms are shown.
Full results are given in Supplementary Table 1C. (D) MSigDB gene set enrichment. All enriched gene sets are shown. Detailed results are presented in Supplementary
Table 1D. (E) Enrichment of transcription factor binding sites in lung. All enriched transcription factors are indicated. Each bar represents an experiment ID in NCBI's
Sequence Read Archive. Detailed results are shown in Supplementary Table 1E. (F) Enrichment of transcription factor binding sites in blood. Complete set is shown.
Each bar represents an experiment ID in NCBI's Sequence Read Archive. Detailed results are given in Supplementary Table 1F. (G) Clustering of DEGs associated with
various cytokines, and anti-cytokine/anti-inflammatory agents in diverse cells and tissues. Heatmap is shown in the upper panel, and average log, FC values for the
two subsets of 19 and 2 genes in the lower panel. Curated and annotated data along with log, FC values are provided in Supplementary Table 1G. (For interpretation

of the references to colour in this figure legend, the reader is referred to the web version of this article.)

modulate, indirectly through autocrine and paracrine feedback mecha-
nisms, production of other pro-inflammatory cytokines (Hodge et al.,
2016). Multiple clinical trials of tofacitinib in COVID-19 have been
undertaken (Luo et al., 2020), with findings yet to be reported. As
regards diclofenac, though it is currently not a candidate treatment for
severe COVID-19, a recent review of literature has supported the use-
fulness of non-steroidal anti-inflammatory drugs as an adjunct therapy
in the illness (Zhao et al., 2020).

The observation of cytokine and anti-cytokine pair of IL-6 and toci-
lizumab not mimicking pathological and therapeutic gene expression
signature identified here, in that order, likely suggests that dexameth-
asone mechanism in severe COVID-19 does not involve IL-6 signaling.
Based on coexpression of NR3C1 and IL-6 in immune and nonimmune
cells, it was previously suggested that therapeutic benefit of dexa-
methasone in severe COVID-19 possibly stems from inhibition of IL-6
production at systemic level as well as at local level in the lungs, sup-
porting IL-6 antagonists like tocilizumab as potential treatments in the
illness (Awasthi et al., 2020). Notably, in a recently reported random-
ized trial in hospitalized patients of COVID-19 with hypoxia and sys-
temic inflammation, tocilizumab has been shown to improve survival
and other clinical outcomes, over and above the benefits provided by
systemic corticosteroids (RECOVERY Collaborative Group et al., 2021).
The present analysis however does not support the above hypothesis
that dexamethasone acts through IL-6 inhibition in COVID-19. Finally,
given that synthetic glucocorticoids comprise of one of the most widely
prescribed medicine in the world and are used in the treatment of a
variety of inflammatory conditions (Freishtat et al., 2010), the proof-of-
concept transcriptome analysis provided here in the specific context of
dexamethasone and COVID-19 may serve as model for replication in
other drug-disease combinations to infer underlying therapeutic
mechanisms.

4. Methods

NCBI's PubMed and Gene Expression Omnibus (GEO) were exten-
sively searched to identify relevant human datasets. Large and
comparative studies were preferred, if available. The datasets were
manually curated and annotated. Original author-identified DEGs were
used, if provided in full. Otherwise, DEGs with adjusted p value signif-
icance, irrespective of fold change, were extracted using GEO2R (Barrett
et al., 2013) for GEO microarray data, and GEO RNA-seq Experiments
Interactive Navigator (GREIN) for RNA-seq data (Mahi et al., 2019).
COVID-19 lung data represented altered gene expression in post-mortem
lung tissue of deceased patients in comparison to that in biopsy samples
of lung tissue obtained from age-matched uninfected healthy individuals
(Blanco-Melo et al., 2020). The lung cancer cell line A549 represented
transcriptomic alterations induced by treatment with 100 nM dexa-
methasone for 1 h, 3 h, 5 h, 9 h and 11 h, in comparison to vehicle
control (McDowell et al., 2018). COVID-19 immune cells represented
single-cell RNA-seq profiles of CD14+ monocytes, NK cells, CD8+ T
cells, CD4+ T cells, and B cells in peripheral blood, with severe patients

compared to healthy controls (Wilk et al., 2020). CD14+ monocyte
derived macrophages represented gene expression changes induced by
treatment with 100 nM dexamethasone for 1 h, 2 h, 4 h, 10 h and 24 h,
compared to vehicle control (Jubb et al., 2016). Cytokine and cytokine
inhibitor related transcriptional profiles involved diverse cell/tissue
types and treatment conditions. Heatmap clustering was performed
using Heatmapper (Babicki et al., 2016), with genes clustered using log,
fold change value O for non-DEGs, and the criteria scale type none,
average linkage, and Euclidean distance. Average log2 fold change was
calculated accordingly. Disease pathway enrichment analysis and
MSigDB enrichment analysis were performed using Enrichr (Kuleshov
et al., 2016), identifying significantly enriched terms based on adjusted
p value. Transcription factor binding site enrichment was performed
using Chip-Atlas (Oki et al., 2018), by selecting lung or blood as target
tissue and other settings as default, and identifying significant enrich-
ment on the basis of q value.
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