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ARTICLE INFO ABSTRACT

Keywords: Coronavirus Disease 19 (COVID-19) is associated with high morbidity and mortality rates globally, representing

GlufocortICOIdS the greatest health and economic challenge today. Several drugs are currently approved for the treatment of

fr:z"ld'lg COVID-19. Among these, glucocorticoids (GCs) have received particular attention due to their anti-inflammatory
erapy

and immunosuppressive effects. In fact, GC are widely used in current clinical practice to treat inflammatory,
allergic and autoimmune diseases. Major mechanisms of GC action include inhibition of innate and adaptive
immune activity. In particular, an important role is played by the inhibition of pro-inflammatory cytokines and
chemokines, and the induction of proteins with anti-inflammatory activity. Overall, as indicated by various
national and international regulatory agencies, GCs are recommended for the treatment of COVID-19 in patients
requiring oxygen therapy, with or without mechanical ventilation. Regarding the use of GCs for the COVID-19
treatment of non-hospitalized patients at an early stage of the disease, many controversial studies have been
reported and regulatory agencies have not recommended their use. The decision to start GC therapy should be
based not only on the severity of COVID-19 disease, but also on careful considerations of the benefit/risk profile
in individual patients, including monitoring of adverse events. In this review we summarize the effects of GCs on
the major cellular and molecular components of the inflammatory/immune system, the benefits and the adverse
common reactions in the treatment of inflammatory/autoimmune diseases, as well as in the management of
COVID-19.

1. Introduction produced, they may cause a dysregulated inflammatory response and a
cytokine storm inducing multiple organ failure, ARDS and worse prog-
nosis [3,4].

Vaccinating the global population against COVID-19 has been the

Severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2) virus
and its variants are the cause of coronavirus disease 2019 (COVID-19).

This infectious disease is responsible for millions of deaths and has
stimulated great efforts to identify therapeutic strategies in many lab-
oratories and clinical centers around the world. The effects of the disease
range from non-symptomatic infection and mild symptoms to severe
pneumonia, acute respiratory distress syndrome (ARDS) and fatal multi-
organ failure [1,2]. After the interaction of the viral spike protein (S)
with angiotensin-converting enzyme 2 (ACE2) receptors, an inflamma-
tory response is activated in many tissues and organs including, among
others, blood vessels in the lungs. The activation of numerous compo-
nents comprising cells and soluble factors of the innate and adaptive
responses leads to systemic inflammation. Interleukins (ILs) and other
cytokines and chemokines are released and, depending on the levels
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main strategy to contain the pandemic (WHO (2021), Coronavirus dis-
ease (COVID-19): Herd immunity, lockdowns and COVID-19, https://
www.who.int/news-room/q-a-detail/herd-immunity-lockdowns-and
-covid-19). Beyond the use of vaccines, novel therapeutic options, such
as convalescent plasma and potentially efficacious anti-SARS-Cov-2
monoclonal antibodies and antiviral drugs are under investigation and
have already been used to directly control SARS-Cov-2 and the resulting
disease (https://www.covidl9treatmentguidelines.nih.gov/ assessed
19/3/2022).

Drugs that have been firstly used in the management of COVID-19
include, among many others [5], antibiotics such as antimalarials,
heparin to manage thromboembolic events, antiviral agents formerly
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employed for other infectious disease as well as new ones, such as
remdesivir, molnupiravir, and the combination of nirmatrelvir and ri-
tonavir (Paxlovid™), non-steroidal anti-inflammatory drugs (NSAIDs),
interferon (IFN)-a, -p and -A, inhibitors of cytokines or of their receptors,
such as IL-6, IL-1 and granulocyte macrophage-colony stimulating factor
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(GM-CSF), Janus kinase (JAK) inhibitors and glucocorticoids (GCs)
[6-12]. Moreover, the relevance of agents exerting both anti-viral and
anti-inflammatory activities has been described since the beginning of
the pandemic in China. Clearly, the use of so many drugs, even in
combination therapies, has to be appropriate and recently important

Table 1
Summary of glucocorticoid studies in patients with COVID-19.
Study reference and Design Population Interventions Outcomes
country
[4], China Retrospective 201 patients, the median age was Methylprednisolone The GC administration appears to have
observational 51 years, 64 % men, 36 % women reduced the risk of death in patients with
study, single-center ARDS 21/50 (46 %) vs. 21/34 (61,8 %)
[173], Netherlands Prospective 172 patients, the median age was Methylprednisolone 250 mg IV High- dose GC decreased hospital mortality:
observational 67 years, 79 % men, 21 % women (day1), 80 mg. (days 2-5) GC group 10/86 (11,6 %) vs. control group 1/
study, single-center 9 (38,4 %)
[174], Iran Randomized 62 adult patients hospitalized with ~ Methylprednisolone 250 mg IV daily Mortality rate was significantly lower in the
clinical trial, severe COVID-19, the median age for 3 days prior to intubation methylprednisolone group
multicenter was 58,5 years, 62,9 % men, 37,1 Compared with controls
% women (5,9 % GC vs. 42,9 % usual care); Improved
clinical recovery (94.1 % GC vs. 57.1 % usual
care)
[175], France Retrospective 62 adult patients with COVID-19 No indications for GC therapy GC therapy lowered the risk of intubation
observational severe pneumonia, the median age (22.5 % GC vs. 71.8 % controls)

study, single-center

was 61 years, 75,7 % men, 24,3 %
women

[19], United Kingdom Randomized 4321 hospitalized patients, the
controlled trial, median age was 66 years, 64 %
multicenter men, 36 % women

[167], Spain Retrospective 463 COVID-19 patients with severe
observational ARDS, the median age was 58
study, single-center  years, men 68,4 % women 31,6 %

[147] CoDEX, Brazil Randomized 299 hospitalized COVID-19
controlled trial, patients with moderate to severe
multicenter ARDS, receiving invasive MV, the

median age was 61 years, men
59,6 % women 40,4 %
[145] GLUCOCOVID, Randomized 64 adult patients hospitalized with
Spain controlled trial, COVID-19 for at least 7 days of
multicenter symptoms and requiring oxygen
without IC or MV, men 61 %
women 39 %
[149] MetCOVID, Brazil Randomized 393 adult patients hospitalized

[144] REMAP-CAP
(2020), Europe, Usa,

controlled trial,
single center

Randomized
controlled trial,

with COVID-19 requiring
supplemental oxygen or invasive
MV, men 64,6 %, women 35,4 %

384 hospitalized patients with
severe COVID-19, 50-64 %

Canada, Australia, New multicenter required MV, the median age was
Zealand, Saudi Arabia 60 years, 71 % men, 29 % women
[146] CAPE COD (2020), Randomized 149 hospitalized patients with

France controlled trial, severe COVID-19, the median age
multicenter was 62 years, 70 % men, 30 %
women
[176] COVID Steroid 2, Randomized 971 hospitalized patients with
Denmark controlled trial, severe COVID-19, the median age
multicenter was 65 years, 69 % men, 31 %
women
[168], USA Retrospective 262 adult patients with severe
observational COVID-19, the median age was 61

study, single center

years, 75 % men, 25 % women

[169], Argentina Randomized 98 adult COVID-19 patients with
controlled trial, ARDS, the median age was 61,5
multicenter years, 70 % men, 30 % women

Dexamethasone 6 mg/day IV or oral
up to 10 days

Methylprednisolone 1 mg/kg/day
(no different outcome w or w/o initial
GC pulse therapy)

Dexamethasone 20 mg/day IV for 5
days, then 10 mg/day IV for other 5
days

Methylprednisolone 40 mg IV every
12 h for 3 days, then 20 mg IV every
12 h for other 3 days

Methylprednisolone 0.5 mg/kg IV
every 12 h for 5 days

Hydrocortisone

50 mg or100mg IV every 6 h for 7
days, or

a shock-dependent course of 50 mg
every 6 h for duration of shock
Hydrocortisone, 200 mg/day IV for 7
days, then 100 mg/day for 4 days,
then 50 mg/day for 3 days

Dexamethasone 12 mg/day IV up to
10 days

Methylprednisolone dosed at least at
1 mg/kg/day for > 3 days (n = 104),
or dexamethasone dosed at least at 6
mg for > 7 days

High-dose dexamethasone: 16 mg/
day IV for 5 days, then 8 mg/day IV
for other 5 days;

low-dose dexamethasone: 6 mg/day
1V for 10 days

Reduced mortality at day 28 was significant
(29.3 % GC vs. 41.4 % usual care)

in severe COVID-19 patients receiving invasive
MV

Survival of COVID-19 with ARDS is higher in
patients treated with GC compared with
controls (86,1 % GC vs. 76,1 % usual care)
GC treatment reduced mortality (85/151
(56,35 %) GC vs. 91/148 (61,55 %) usual care)
and increased the number of days alive and
free of MV. Trial stopped prematurely
following information from RECOVERY study.
Methylprednisolone did not reduced mortality
significantly compared with controls. Trial
stopped prematurely following information
from RECOVERY study.

Methylprednisolone did not reduced mortality
significantly compared with controls at day 28
(72/194 (37,1 %) GC vs. 76/199 (38,2 %)
control). Survival benefit observed with
methylprednisolone treatment in patients over
60 years. Trial stopped prematurely following
information from RECOVERY study.
Hydrocortisone treatment did not reduced
mortality significantly compared with controls
(78/278 (28 %) GC vs. 33/99 (33,3 %) usual
care). Trial stopped prematurely following
information from RECOVERY study.
Hydrocortisone did not reduce mortality of
acute respiratory failure of patients with
COVID-19 compared with controls at day 21
(32/76 (42.1 %) GC vs. 37/73 (50.7 %)
placebo). Trial stopped prematurely following
information from RECOVERY study.

In severe COVID-19, 12 mg/day compared
with 6 mg/day of dexamethasone did not
result in statistically significantly more days
alive without life support at 28 days.

GC therapy reduces mortality at day 50 (17/
104 (16.4 %) methylprednisolone, 22/83
(26.5 %) dexamethasone, 31/75 (41.3 %)
usual care)

High-dose dexamethasone compared with
low-dose dexamethasone did not result in
statistically significantly changes in mortality
rate at 28 days (19/49 (39 %) low-dose
dexamethasone vs. 20/49 (41 %) high-dose
dexamethasone).

Abbreviations: ARDS: acute respiratory distress syndrome; GC: glucocorticoid; IC: intensive care; IV: intravenous; MV: mechanical ventilation.
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guidelines have been described in detail aimed to define how to manage
the disease in case of combination therapies, including integrated chi-
nese and western medicine, especially for old patients, as they are the
main focus of the treatment of severe COVID-19 [13-15].

GC are anti-inflammatory and immunosuppressive drugs widely
used in many autoimmune and immune mediated inflammatory dis-
eases, such as rheumatoid arthritis (RA), asthma and inflammatory
bowel disease (IBD) [16,17]. Most of their therapeutic effects are due to
their interaction with different glucocorticoid receptors (GRs), that
brings changes of complex molecular mechanisms, mainly involving
gene expression and intracellular signaling regulation. This results in the
modulation of immune cell activation and action, and in the inhibition
the production of many pro-inflammatory cytokines [18].

Evidence related to the use of GCs in COVID-19 deriving from ran-
domized controlled trials, systematic reviews and meta-analyses in-
dicates their efficacy in patients requiring oxygen support (Table 1) [19,
20]. On the other end, as expected, patients under chronic therapy with
high GCs dose regimens are more susceptible to infections, including
SARS-CoV-2 infection and consequent COVID-19 development [21-24].
Importantly, GC use in COVID-19 remains a subject of debate as the time
and duration of treatment, phase of the disease and co-morbidities may
be important and influence the efficacy and/or the side effects induced
by GCs [25].

This review intends to summarize some of the effects of GCs on the
major cellular and molecular components of the inflammatory/immune
system, their use in common inflammatory and autoimmune diseases, as
well as in the management of COVID-19.

2. Anti-inflammatory mechanisms of GCs

It is well known that the endocrine system is involved in the regu-
lation of inflammation and immune response so that the immune-neuro-
endocrine activity contributes to inflammatory and autoimmune dis-
eases [26,27]. In particular, endogenous GCs are essential for survival as
they control many physiological body functions, including inflammation
and the stress response [16]. Among the many actions of both endoge-
nous GCs and their structurally homologous drugs is the control of
mechanisms involved in cell growth and survival and consequently of
tissue integrity [16,18,28]. This GC regulatory activity on cell fate is
common to all types of cells and organs in the body, which is consistent
with the presence of GRs in all cells, the existence of GR recognition
elements in all chromosomes [29,30] and the GR-mediated regulation of
gene transcription in a complex system acting as dimers (homo- or
hetero-dimers), monomers or tetramers.

The important effects of GCs on inflammation and immune response
are due to regulation of cellular components of the immune/inflam-
matory system, to the regulation of expression and release of soluble
factors and expression of their receptors and to the modulation of
expression and activity of molecules of the intracellular signaling sys-
tems [16-18]. The majority of mechanisms involved in the
anti-inflammatory activity of GCs are attributed to the direct modulation
of gene transcription, including regulation of genes that control cell
activation and production of mediators of inflammation [18]. As an
example, GCs influence prostaglandin (PG) synthesis, by interaction
with GRs, that are transcription factors, and by transcriptional
up-regulation of the glucocorticoid-induced leucine zipper (GILZ), and
consequently of Annexin-1, which then counters phospholipase A2
(PLA2) activity and arachidonic acid (a precursor in the synthesis of
prostanoids) release, a mechanism also involved in GC-regulated
apoptosis [31,32]. Moreover, GCs inhibit the cyclooxygenases (COXs)
and consequently the metabolism of arachidonic acid [17,33,34].

GCs also act as anti-proliferative agents and inhibit lymphocyte
proliferation and clonal expansion. This immunosuppressive effect is
partly achieved by inhibition of immunomodulatory transcription fac-
tors, such as the NF-kB and activator protein 1 (AP-1) and by blocking
signal transduction MAPK pathways through several mechanisms
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[16-18,28,35]. The down-regulation of the markers of inflammation,
coagulation and fibroproliferation activated by NF-kB [36,37] contrib-
utes to the acceleration of the resolution of the disease [36,38,39].

In addition to the GRs direct interaction with components of the
MAPK pathway, GCs can also up-regulate GILZ, which then binds to and
inhibits different molecules of the MAPK pathway, such as Ras and the
extracellular-signal-regulated kinase (ERK) [29,40]. Another example of
GC anti-inflammatory activities, mediated by NF-xB, AP-1 and the
MAPK pathway, is the inhibition of some cytokine production including
IL-6, IFN-y and TNF [16]. Finally, another important aspect of the GCs
anti-inflammatory and immunomodulatory activity is their capability to
induce cell death in most of the cells of the immune system, including T
and B lymphocytes, monocyte/macrophages and natural killer (NK)
cells [17,28]. Interestingly, GCs can also protect T cells from cell death
in specific conditions when, at the same time, TCR triggering or other
specific signals promote activation and differentiation of T cells.

SARS-CoV-2 infection triggers the immune response and enforces
inflammatory molecules production. GCs may control multiple mecha-
nisms of the activity of different immune cells driving both the innate
and the adaptive immunity. In particular, GCs inhibit the adaptive im-
mune response by controlling activation, proliferation and survival of T
and B lymphocytes. In addition, GCs regulate the expression of adhesion
molecules and the production of chemotactic factors, thus modulating T
and B cell trafficking in and out of vessels and favoring resolution of
tissue specific inflammatory site [16,17].

It is well known that GCs counteract T cell activation, thus contrib-
uting to “anergy” and to the inhibition of the immune/inflammatory
response. Lymphocyte activation and proliferation, consequently to
antigen/T-cell receptor (TCR) interaction, is a pre-requisite for clone
expansion and development of the immune response, as well as for the
production of soluble and membrane factors, including IL-2 and the
consequent Fas-Fas ligand (FasL) over-expression [41]. Based on these
mechanisms, GCs modulate T cell selection and the development of the
immune/inflammatory response. GCs inhibit lymphocyte activation and
proliferation, but also cell death consequent to activation, involved in
antigen-triggered T cell clone selection, and render T lymphocytes
anergic therefore contributing to the inflammatory/immune response
inhibition [42]. Moreover, the effect of GCs on T cell death is also
dependent upon the simultaneous stimuli by cytokines in the microen-
vironment and by co-signals, such as those of cluster of differentiation
(CD)28 and CD137 (4-1BB) [43-45]. At the same time, GC/GR in-
teractions regulate T cell differentiation to favor T helper 2 (Th2) and
regulatory T (Treg) cell development that, like induction of effectors T
cell anergy, can be considered as mechanisms contributing to the
anti-inflammatory effect of those drugs [46,47].

Similar immunomodulatory effects are also directed against B lym-
phocytes that represent an important component of the immune/in-
flammatory response. Indeed, GCs also inhibit B cell activation, growth
and survival as well as dampen antibody production and release of
immunomodulatory cytokines [48-50].

Innate immunity also contributes to the inflammatory and immune
response against infectious agents and tumors. GC-mediated anti-in-
flammatory activity is also facilitated by regulation of innate immunity,
including the activity of NK cells, macrophages, dendritic cells (DC) and
neutrophils. Similar to T and B lymphocytes, GCs inhibit pro-
inflammatory cytokines in cells of the innate immunity, including IL-
6, IL-1p, IL-17, IL-12, GM-CSF, and TNF. Notably, COX-2, PGs and the
inducible nitric oxide synthase (iNOS) are also reduced by GCs [17,51].

Interestingly, depending on the conditions, stress-induced GCs sig-
nals could also produce a pro-inflammatory effect beside the anti-
inflammatory ones. For instance, systemic exposure to exogenous GCs
has been reported to potentiate the pro-inflammatory response to lipo-
polysaccharide (LPS) in peripheral macrophages and may increase
production of mediators of inflammation such as pro-inflammatory cy-
tokines [52,53]. The GC pro-inflammatory effects seem to be relevant
particularly in neuroinflammation, and GC activities induced by chronic
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stress are associated with increased expression of the pro-inflammatory
cytokines IL-1p and TNF [54] and with long-term or chronic patholog-
ical conditions in the brain [55-57].

NK cells exhibit cytotoxic activity and are classified among the
recently described innate lymphoid cell (ILC) subsets. In particular, NK
cells are relevant in the response against tumors and infections and play
an important role in many inflammatory and autoimmune diseases, such
as RA, systemic lupus erythematosus (SLE) and diabetes. Moreover, they
elicit regulatory roles and influence both the innate and adaptive im-
munity by producing and releasing different cytokines that, in turn, can
regulate NK cell activities. GCs, through genetic and epigenetic mech-
anisms, inhibit NK cell cytotoxic activity by, at least in part, decreasing
production of granule constituents such as granzyme-B and perforins. In
addition, GCs can modulate NK cell production of pro-inflammatory
cytokines, including IL-6, IFN-y and TNF, and NK cell migration by in-
hibition of lymphocyte function-associated antigen (LFA)-1 expression
[58-60]. For instance, GCs reduce the production of cytokines such as
IFN-y by NK cells, thus conferring protection against damage and the
disease mediated by pro-inflammatory cytokines. Finally, GC-induced
PD-1 expression on NK cells has been recently described as an impor-
tant factor for survival during infections [61,62].

Anti-inflammatory GC effects also comprise the control of macro-
phages activity, which is another important component of innate im-
munity. In particular, GC treatment inhibits the generation of
inflammatory mediators and increases phagocytosis, thus contributing
to their anti-inflammatory effect [51]. Administration of high doses of
GCs inhibits several pathways, including MAPK signaling, AP-1 and
NF-kB transcription activity in macrophages/monocytes and the subse-
quent production of pro-inflammatory cytokines, such as IL-1 and IFN-y
[63]. GCs also favor macrophage differentiation, switching to an
anti-inflammatory phenotype that can contribute to the process of res-
olution of inflammation. This effect is further enhanced by the GC
anti-apoptotic effect on macrophages. The GC-induced increased
macrophage survival may also contribute to the innate
immunity-mediated resistance against microbial infections [17].

GCs also exert anti-inflammatory effects by modulating neutrophils
functions. Notably, the effects of GCs are very complex and can result
either in activation or inhibition of the inflammatory activity mediated
by neutrophils. Similar to T lymphocytes, GCs inhibit neutrophil acti-
vation, but at the same time they increase their survival, that could
contribute to the increase of circulating neutrophils caused by GC
treatment. Furthermore, GCs modulate leukotriene (LT) production and
expression of IL-1 receptors [64]. GCs can favor resolution of inflam-
mation by modulating intracellular signaling pathways, including MAPK
and p38 cascades, and by GC-mediated up-regulation of GILZ and
Anxa-1 gene expression and by modulation of Bcl-2 family expression
[391.

GCs can also inhibit neutrophil adhesion and migration by reducing
the expression of L-selectin in neutrophils along with the GC-induced
inhibition of adhesion molecules expression in endothelial cells. As
neutrophils adhesion, rolling and blood exit to inflammation sites are
essential for the inflammatory process, this may well contribute to the
anti-inflammatory actions of GCs [65,66].

Dendritic cells (DC) are important antigen-presenting cells (APC)
that regulate T cells activation and generation of memory T lympho-
cytes. Their antigen-presenting function is increased by DC maturation
that is under the control of different stimuli, including cytokines. After
GC/GR interaction there can be a reduction of DCs that can also be
rendered “tolerogenic”, thus losing their promoting and immune-
stimulating action on inflammatory/immune processes [51,64]. GCs
can act on DC cells through various mechanisms including up-regulation
of GILZ and consequent inhibition of maturation, increase of apoptosis,
inhibition of pro-inflammatory cytokines and increase of cytokines such
as IL-10 and transforming growth factor (TGF)-p; all these effects
contribute to the anti-inflammatory activity of GCs [67,68].

Another important aspect is the spare or enhancing effect of GCs on
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various innate immunity effectors, including complement, collectins,
acute-phase proteins and secretory leukocyte protease inhibitor (SLPI),
produced by respiratory epithelial cells, that can contribute to antimi-
crobial defense [69]. These effects, together with the increased
neutrophil and macrophage actions, can contribute to the GC-induced
increase of innate immune activity and resistance against infections.

The actions of GCs on the aforementioned cells are summarized in
Fig. 1.

3. Use of GCs in inflammatory diseases

The first GC successfully used in the treatment of human inflam-
matory conditions was cortisone, employed in 1948 to treat RA patients
by Philip Hench in Mayo Clinic [70,71]. For more than 70 years, the
immunosuppressive function of GCs proved to be a powerful tool in
preventing rejection of organ transplants and in chronic inflammatory
conditions such as asthma, allergies, chronic obstructive pulmonary
disease (COPD), RA, SLE, IBD, multiple sclerosis (MS) and malignancies
[17,72-74]. Over the years, numerous synthetic steroids with
anti-inflammatory properties have been developed and used for their
beneficial effects in human pathology. Indeed, GCs are unquestionably
among the most prescribed classes of drugs, with widely documented
efficacy [75,76].

3.1. GCs and the circadian clock

The release of endogenous CGs is regulated by the circadian clock in
accordance with energy-demanding situations. This derives from the
observation that in humans, GCs are mainly released in the early
morning hours [77]. Furthermore, the interplay between the
hypothalamic-pituitary-adrenal (HPA) axis and the immune system
might influence GCs release as well. It has been indeed suggested that
late night administration of GCs is more effective than early morning
administration, since the immune system typically starts to be activated
after midnight and peaks early in the morning. This immune activation
increases in some inflammatory conditions, such as RA, gout, or allergic
asthma, and cannot be controlled by endogenous GCs, since their pro-
duction is inadequate due to chronic inflammation and the consequent
downregulation of the HPA axis. Therefore, administration of exogenous
GCs during nighttime ameliorates morning symptoms in RA patients
[78].

The effects of GCs normally require time to take place, mainly due to
GC acting at a genomic level on gene expression. However, there have
been reports of some faster effects of GCs, prompting the concept of non-
genomic functions of GCs which might also influence the course of in-
flammatory diseases. For example, GCs can enhance the effects of
bronchodilators in a short time frame [79]. However, the mechanisms at
the basis of these faster effects require further investigations.

3.2. Adverse events of GCs

Despite their beneficial actions, there have been reports of severe
adverse events linked to long-term administration of GCs involving the
gastrointestinal, cardiovascular, endocrine, nervous, ocular and immune
systems [80]. Several efforts aimed at reducing the adverse effects were
attempted, in order to avoid the burden of additional drugs for the pa-
tients or the suspension of the treatment. Unfortunately, most of these
efforts were unsuccessful. Some of these approaches included the
development of new molecules and formulations or modifications of the
existing compounds. For instance, in asthma, the topical administration
of GCs has succeeded to at least partially resolve the adverse effects of
systemic GC therapy. In addition, patients receiving long-term treat-
ments with GCs have been reported to develop adrenal insufficiency (e.
g. around 37 % of RA patients). This was due to negative feedback
regulation of GC production, which inhibits the HPA axis, its function
requiring some time to be restored [81].
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Fig. 1. Glucocorticoid effects on cells of the immune system.

Treatment with GCs is not always effective, due to the development
of resistance to their effects. After being first described in the 1970s in
vitro, GC resistance has been reported mostly in asthma and RA, with
4-10 % and 30 % of the patients not responding to treatments, respec-
tively [82]. Almost complete resistance to GCs has been seen in COPD
[83]. The mechanisms accounted for GC resistance range from indi-
vidual genetic variations to molecular alterations of GC receptors [17,
831.

Regarding the topical use of GCs, the loss of their efficacy over time
commonly referred to as tolerance or tachyphylaxis is not fully char-
acterized [84].

3.3. Use of GCs in respiratory diseases and acute lung injury (ALI)

GCs are currently employed in treating several types of inflammatory
lung disorders, although their efficacy is not always guaranteed. Among
lung inflammatory diseases, asthma and COPD occupy a special place
because of their high frequency (more than 500 million people world-
wide affected) [85]. Asthma is a respiratory disease caused by hyper-
responsiveness of the airways to environmental factors and commonly
manifested by cough, dyspnea, and/or wheezing [86]. Asthma can be
classified in various types based on the different underlying pathologic
mechanisms and immune cells involved. Therefore, the disease shows
high degree of heterogeneity with the main types being the allergic and
neutrophilic asthma [87-89]. The allergic type is the most common, and
characterized by high serum levels of immunoglobulin E (IgE), infil-
tration of eosinophils into the lung, degranulation of mast cells, and
release of inflammatory cytokines such as IL-4, IL-5, and IL-13 [86,90].
The neutrophilic endotype is principally linked to Th17 cells, with
increased expression of pro-neutrophilic factors, such as IL-8, IL-1p, and
IL-6, possibly indicating the presence of underlying infections [86,90].
GCs are mainly employed in the management of allergic asthma, while
neutrophilic asthma does not seem to respond effectively to GCs [91].

COPD etiology lies in inhaled irritants, such as tobacco smoke. These
compounds lead to airways remodeling, resulting in impaired airflow
and chronic bronchitis [92]. GCs use in COPD remains controversial, as a
number of studies show that COPD patients are not responsive to GCs
[93,94]. These differences might be explained by the effects of GCs on
cell death, such as the reported apoptosis induction in eosinophils and

impairment in neutrophils [64,95]. It is noteworthy that allergic asthma
might display GC resistance, yet the underlying mechanisms are still
poorly understood. Blockade of GC translocation to the nucleus via
p38-induced phosphorylation of the GC receptor has been suggested as a
putative mechanism involved in GC resistance [96].

ALI and its severe form ARDS are inflammatory disorders that can
result from severe trauma or sepsis and involve hypoxemia, pulmonary
edema, and leukocyte infiltration [97,98]. Mortality due to ALI is
extremely high, possibly exceeding 40 % [99]. ALI is characterized by
loss of the integrity of the endothelial-epithelial barrier in the alveoli
and by increased production of pro-inflammatory mediators, leading to
leukocytes recruitment, predominantly neutrophils [99,100]. Strategies
employed to treat ALI mostly involve supportive care practices, but
there is evidence that GCs might be of use in ALI [101]. However, their
effectiveness is still controversial [102-104]. As a result, there is not
definitive recommendation of GCs in the therapy of ALIL

3.4. Use of GCs in (auto)immune and (auto)inflammatory disorders

Since their first use to treat RA in 1948, GCs remain the mainstay in
the management of (auto)immune and (auto)inflammatory disorders
[71]. RA is an autoimmune disease with global prevalence estimate of
0.46 %, with variations due to geographical location and study meth-
odology [105]. The main feature of RA is persistent synovial inflam-
mation, which leads to damages in the joints, cartilages and bones.
Moreover, in RA patients T and B cells acquire a primed status and begin
to produce autoantibodies [106]. Together with the production of
pro-inflammatory mediators, these processes are responsible for the
activation of synovial fibroblasts and macrophages, ultimately leading
to an exacerbated inflammatory response. Although there are several
medications for the treatment of RA, such as NSAIDs, disease-modifying
anti-rheumatic drugs (DMARDs), and biologics, GCs remain the golden
standard in the clinical management of RA.

GCs are also used in the treatment of SLE. Innate and adaptive im-
mune system are activated by self-antigens in SLE resulting in the pro-
duction of autoantibodies, complement activation, cytokine production
and consequent damage of multiple organs, such as skin, kidney, joints,
lung and blood counts [107]. The management of SLE aims at the
treatment of flares and disease symptoms and consists of combinations
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of hydroxychloroquine (HCQ), GCs at a recommended daily dose of
< 7.5 mg prednisone equivalent [108], immunosuppressive drugs, such
as azathioprine, methotrexate, mycophenolate mofetil and biologics,
such as belimumab [108,109].

Similarly, the anti-inflammatory actions of GCs are utilized to
manage Crohn’s disease (CD) and ulcerative colitis (UC). Notably, ge-
netic and environmental factors, the gut microbiome and both the innate
and adaptive immune system contribute to the pathogenesis of IBD
[110]. The most commonly used first-generation GCs are prednisone,
methylprednisolone, and hydrocortisone to alleviate the clinical symp-
toms. However, long-term therapy with first-generation GCs results in
significant adverse effects. These can be ameliorated by the use of
second-generation GCs, such as budesonide and beclomethasone
dipropionate (BDP), which combine high anti-inflammatory capacity
and decreased bioavailability [73].

Finally, GCs are the main drugs used to manage multiple sclerosis
(MS) relapses. MS is an inflammatory disease of the central nervous
system (CNS) [111]. The relapse is the most obvious clinical manifes-
tation of MS corresponding to a focal or multifocal, acute or subacute
CNS demyelinating inflammation [112]. The treatment of MS relapse
consists of GCs, adrenocorticotropic hormone (ACTH), and plasma ex-
change [113]. The dosage, route of administration, type and length of
time of GC administration are variable [113]. As an example, methyl-
prednisolone, first approved in 1951 [114], reduces the inflammatory
immune response, decreases CD4 lymphocyte count and inhibits T cell
activation. In addition, methylprednisolone reduces the migration of
immune cells from the peripheral blood into the CNS [115].

4. Inflammation and COVID-19

The severity and prognosis of COVID-19 strongly correlates with the
degree of the inflammatory response. SARS-CoV-2 induces inflammation
from the initial phase of viral invasion. When the immune system is
unable to fight against the virus, pulmonary and systemic hyper-
inflammation follows [116]. Following binding of the viral S protein to
the ACE2 receptor that is mostly expressed in pneumocytes type II and
ciliated bronchial epithelial cells [116], the virus enters into the target
cells and the cytopathic SARS-CoV-2 replicates releasing
damage-associated molecular pattern proteins (DAMPs) and patho-
gen-associated molecular pattern proteins (PAMPs). These are recog-
nized by pattern recognition receptors (PRRs) resulting in innate
immunity activation [117,118]. Infected cells carry PAMPs and unin-
fected but damaged cells produce DAMPs; both of them trigger inflam-
mation. The inability of the innate immune system to clear the
aforementioned cells and molecular patterns constitutes a fundamental
factor for hyperinflammation and increased COVID-19 severity. Addi-
tionally, the decreased type-I IFN response and the increased activation
and recruitment rate of innate immune cells strongly predispose to an
hyperinflammatory state [119]. Interestingly, related studies suggest
that the S protein decreases ACE2 regulation inhibiting the renin
angiotensin system (RAS) and intensifying inflammation and vascular
permeability [120].

A balanced immune response against SARS-CoV-2 contributes to the
successful eradication of the virus in the majority of patients. However,
an inadequate immune response leads 10-15 % of COVID-19 patients to
suffer from a severe dysregulated inflammatory response and a cytokine
storm [116], characterized by the dysregulated activation of cytokines
by the innate immune system due to ineffective viral clearance, inade-
quate levels of type I interferons (IFN-I), increased neutrophil extracel-
lular traps (NETS) and other miscellaneous mechanisms [121,122]. The
massive cytokine production results in increased inflammatory markers
including procalcitonin, ferritin, C-reactive protein (CRP), IL-2 receptor
(IL-2R), IL-6, IL-8, IL-10, TNF-a, lactate dehydrogenase (LDH), and low
levels of B, T and NK cells. Clinically, in patients with COVID-19, the
cytokine storm commonly refers to the condition characterized by
elevated levels of TNF, IL-1, IL-10 and IL-6 [3,12]. In any case, the final
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outcome is the predisposition to organ dysfunction such as ARDS and
heart, liver, kidney or multiple organ failure [118,122].

After recognition of viral RNA as PAMPs by PRRs, such as the toll-like
receptors (TLR) 7 and 8, the transcription factors interferon regulatory
factor (IRF)3/7 and NF-xB are upregulated, increasing in turn the
expression and release of IFN-I and pro-inflammatory cytokines,
respectively. However, in patients with severe COVID-19, the IFN-I
response seems to be reduced or delayed due to the inhibitory role of
SARS-CoV-2 proteins, such as M protein, and decreased production of
IFN-1 by the decreased plasmacytoid dendritic cells (pDCs) [123]. The
protective role of IFN-I in innate immunity is also confirmed by the
critical pneumonia caused by inborn errors of TLR3 and IRF7-dependent
IFN-I activation [124].

In addition, the recognition of high mobility group box 1 protein
(HMGBL1), S100, mitochondrial DNA [125] and other types of DAMPs
induces IL-6 release and inflammasome activation. The inflammasome
NLRP3 is the most common type and results in production of IL-1b and
gasdermin D, both favoring a prothrombotic state [117,126]. The
NLRP3 inflammasome causes inflammatory cell death through pyrop-
tosis and further immune cell activation [125,127]. It is important to
highlight that DAMP molecules play a major role in COVID-19 hyper-
inflammation, as they generate positive feedback between tissue
destruction and innate immune system activation. The continuous
release of DAMPs due to tissue hypoxia and ischemia results in an in-
flammatory and coagulative cycle. The DAMPs act on neutrophils to
produce NETs promoting hypercoagulation and impaired endothelial
function [125]. The novel SARS-CoV-2 impairs endothelial function and
coagulation dysregulating platelets, neutrophils and endothelial cells.
The result is the formation of microvascular thrombi containing neu-
trophils and platelets in the surface of pulmonary endothelial cells. This
phenomenon is known as immuno-thrombosis [117,128].

The inflammatory signaling cascades of the cytokine storm include
IL-6/JAK/signal transducer and activator of transcription (STAT), IFN-
y/JAK/STAT, TNF-a/NF-xB, NLRP3/IL-1p, IL-2/IL-2R/JAK/STATS, IL-
7/1L-7R, IL-10, IL-12, IL-17 and GM-CSF signaling [123]. IL-6, which is
characteristically elevated in severe COVID-19 patients, activates the
NF-kB and JAK/STAT3 pathways. The hyperactivation of the NF-kB and
STATS3 inflammatory pathways induces the IL-6 amplifier (IL-6 AMP)
leading to an enhanced NF-xB activation. The overactivation of NF- kB
results in ARDS, multi-organ failure and coagulation [129]. As a result,
high levels of IL-6 cause hyperinflammation, endothelial dysfunction
and cytokine storm [130]. The intensified inflammatory cell activation
and the subsequent secretion of reactive oxygen species (ROS) and
proteases result in diffuse alveolar damage, ARDs, inefficient gas ex-
change and hypoxia. Beyond lung epithelial and vascular cells, the
massive cytokine storm, followed by the increased levels of TNF, can
damage the entire organism by inducing septic shock and multi-organ
failure [131].

The cytokine storm in SARS-CoV-2 infection may also be stimulated
by the lectin, classical and alternative pathways of complement cascade.
The increased C3a and C5a anaphylatoxins promote a massive inflam-
mation. In addition, the complement cascade activates the hemostatic
mechanisms leading to endothelitis and thrombotic lesions; conditions
that found in severely ill COVID-19 patients [116]. It should be noted
that the cytokine storm induced by SARS-CoV-2 resembles that caused
by bacterial sepsis. The use of GCs in sepsis is controversial due to the
suppression of immune system creating concern in their use in
COVID-19 [62]. However, the high mortality rate of COVID-19 patients
due to cytokine storm and the consequent ARDS/ALI highlights the use
of GCs to combat the hyperinflammation [132].

The management of cytokine storm is based on the inhibition of pro-
inflammatory factors, such as IL-6 and the activation of anti-
inflammatory factors, such as IL-10. GCs play a significant role in tar-
geting the anti-inflammatory mechanisms, as according to the Ran-
domized Evaluation of COVID-19 Therapy (RECOVERY) clinical trial
GCs and specifically dexamethasone are able to regulate satiated or
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CD11 blow macrophages. The anti-inflammatory factors IL-10, PGE2,
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5. GC treatment for COVID-19

and platelet-activating factor (PAF) are increased by pro-resolving

macrophages [19,133,134]. Interestingly, with or without transcrip-
tional mechanisms, the GCs result in decreased expression of genes
implicated in inflammatory pathways, like in TLR7 signaling in B-cells,

decreased antigen presentation in DCs, elevation

decrease of inflammation inducing factors, such as IL-6, TNF-a and PGE2

[134,135].

It is important to highlight that inflammation induces cell death and

phagocytosis. The anti-inflammatory role of GCs

clearance of infected cells and bystander cells demonstrating a negative
or positive effect in mild cases. As a result, the net effect on disease
severity in mild cases is unknown. However, in severe cases the GCs act
on the inefficient cells of innate immunity resulting in a positive net

effect [119].

GCs represent a low-cost therapy, globally available and easily
accessible to all. GCs are among the drugs that continue to be evaluated
for the management of COVID-19, due to their anti-inflammatory and
immunosuppressive efficacy, as detailed in Section 2. Furthermore, GCs
are widely used in the treatment of other diseases closely related to
COVID-19, such as severe acute respiratory syndrome (SARS) and
Middle Eastern respiratory syndrome (MERS) [136-139].

In severe cases, COVID-19 can result in clinical manifestations such
as ARDS and macrophage activation syndrome (MAS), possibly associ-
ated with immune-dysfunctions and uncontrolled release of proin-
flammatory mediators, hypoxic respiratory failure and ultimately death
[1,2]. To counteract the excessive inflammation, the use of GC acting at
different levels of the inflammatory responses has been proposed

of IL-10 levels and

results in decreased
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(Fig. 2).

In the initial phase of the pandemic, in the absence of reliable data
from large-scale randomized clinical trials, there was great initial un-
certainty about the effectiveness and the risk/benefit ratio of GC therapy
in COVID-19. Many treatment guidelines did not initially recommend
routine use, unless patients were in refractory shock or were on chronic
GC therapy prior to the diagnosis of COVID-19 [24,140-142].

After positive evidences in small studies that included GC treatment
in COVID-19 patients, in September 2020 the WHO expressed its
favorable opinion suggesting the use of GCs in patients with "critical"
COVID-19 [143], manifested by ARDS, sepsis, septic shock or other
conditions that required supports such as invasive or non-invasive me-
chanical ventilation or vasopressor therapy [11]. GC use was also indi-
cated for patients with "severe" COVID-19, where severity referred to the
presence of clinical signs of a respiratory rate > 30 acts/min or with
pneumonia with oxygen saturation < 90 % in ambient air [143].

In the same period, other international and national regulatory au-
thorities, including the European Medicines Agency (EMA) and the
National Institutes of Health (NIH), also gave favorable opinion to the
use of GCs in severe COVID-19 patients that required oxygen therapy
with or without invasive or non-invasive mechanical ventilation. It
should be noted that the guidelines report also a “conditional recom-
mendation” to the non-use of GC therapy in patients with non-severe
forms of COVID-19 regardless of hospitalization, but especially in the
phase of the most intense viral replication.

In the meantime, several clinical data were collected, and multiple
large-scale randomized trials were proposed (Table 1). The most
convincing data regarding the use of GCs in COVID-19 patients are those
of the RECOVERY trial, published in February 2021, in which more than
6000 patients were involved and where a group of them received 6 mg
of dexamethasone for 10 days [19]. This study demonstrated that
dexamethasone treatment was beneficial in patients with severe
COVID-19 compared to the control group (rate ratio, 29.3 % vs. 41.4 %),
but had no significant effects in patients who did not require oxygen
mechanical ventilation support (23.3 % vs. 26.2 %) [19].

Other clinical trials confirmed the results of the RECOVERY trials
[144-147], including the WHO Rapid Evidence Appraisal for COVID-19
Therapies (REACT) group that performed a meta-analysis of 7 clinical
trials in critically ill COVID-19 patients (for a total of 1703 patients),
that had as primary objective to estimate the association between GC
administration, compared to standard of care, and 28-day all-cause
mortality in critically ill patients with suspected or confirmed
COVID-19 [148]. This study demonstrated that administration of sys-
temic GCs in severe COVID-19 patients (with sepsis, ARDS, septic shock
or signs of severe respiratory distress requiring invasive or non-invasive
mechanical ventilation) is associated with lower all-cause mortality at
28 days, compared to standard therapy, without an increased risk of
major adverse events [148].

There is still no evidence on the safety and efficacy of GCs in the
treatment of patients with early-stage COVID-19 and of those who are
not hospitalized. However, many clinical studies indicate that if the
treatment starts too early, in the absence of serious symptoms, or too
late, in patients with multi-organ failure, there is no benefit or even a
worst outcome is expected (Fig. 2) [20,149,150]. A meta-analysis of
more of 20,000 COVID-19 patients showed that the overall mortality of
COVID-19 patients receiving GCs was higher than of patients not
receiving them [151]. Even data from RECOVERY trial suggest a
possible harm of GC therapy in patients not requiring mechanical
ventilation [19].

Another important concern about the use of GCs that remains to be
evaluated, is the possibility of the onset of adverse effects during short-
term GC therapy (7-10 days as recommended for COVID-19 treatment).
On the other side, prolonged treatment with GC (more than 10 days)
might be useful to control post-disease complications, such as pulmo-
nary fibrosis, especially in patients with persisting respiratory distress
[152]. However, GC therapy against COVID-19 has also been a subject of
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controversy and must be used wisely.

A long GC therapy might contribute to the "long-COVID-19 syn-
drome", which is manifested by fatigue and psychological symptoms,
and some post-COVID-19 patients display adverse reactions to GCs such
as neuromuscular weakness and neuropsychiatric disorders [17,153]. It
is important also to consider the thrombotic complications with long
lasting GC use, which can contribute to a poor outcome enhancing the
pro-coagulant conditions of patients with COVID-19 [149,154].

The beneficial effect of GCs in severe viral respiratory infections is
likely to depend on the timing of administration, dosage and patient
type [135,155,156]. As in many other therapeutic applications, dosage
and duration of GC treatment are largely empiric. An important issue
about the heterogeneity of the GC response is whether variations in the
endogenous GC-GR interaction (or in the HPA axis) can contribute to the
response in COVID-19 patients. Some authors suggest that COVID-19
patients with pre-existing HPA axis dysfunction should still be consid-
ered potentially vulnerable groups [157-159]. Also, patients with
adrenocortical carcinoma could be more susceptible to SARS-CoV-2
infection due to the immunosuppressive state caused by unbalanced
GC secretion [160].

As aforementioned in Section 3.2, GC resistance may often be
another cause of variability in the GC response and/or in the appearance
of side effects during the treatment of inflammatory diseases. The
impact of genetic variations in GRs on GC actions has been evaluated in
many studies [161-163]. However, it is yet unclear whether GR muta-
tions affect GC response in COVID-19 patients. In the context of severe
COVID-19 treatment, when patients require oxygen, a potential cause of
variability in GC efficacy could be due to hypoxia that leads to a
destruction of the anti-inflammatory actions of GCs [164]. Moreover,
there is strong evidence that the effects of SARS-Cov-2 are not limited to
the respiratory system, and that the disease may involve a wide range of
organs. As an example, COVID-19 disease has a lot of overlap with
polymicrobial sepsis, a disease in which GC resistance is a major
obstacle. Besides recent trials with GCs in sepsis patients, recent studies
in animals have shown that severe sepsis leads to a total lack of response
to GCs, and that this can be due to a major metabolic impairment,
namely the lack of gluconeogenesis in hepatocytes, leading to accumu-
lation of lactate, alanine and other gluconeogenic substrates [165].
Furthermore, SARS-Cov-2 infection may predispose patients to diabetes
[166]. More studies on COVID-19-related metabolic diseases are war-
ranted, also to uncover novel mechanisms of the disease that may impact
GC therapy.

Even the comparison between different types of GCs is very difficult
because most of the data are collected from small size clinical trials.
More randomized controlled trials with larger sample sizes and different
follow-ups are required to evaluate the beneficial effect of one GC
compared to the others. The data from the different clinical studies
mainly concerning dexamethasone and hydrocortisone, and to a lesser
extent methylprednisolone, do not allow to place a preferential indica-
tion to one active ingredient over another. Moreover, at present there
are no data showing a greater efficacy of high doses than reduced doses
[144,167-169]. As indicated by the RECOVERY trial [19], for dexa-
methasone the recommended dosage in adults and adolescents is 6 mg
once daily for up to 10 days. In the REACT study, together with the
RECOVERY trial, different GCs were used with different dosages in the
different studies were described: 20 mg/day for 5 days then 10 mg/day
for another 5 days of the Dexa-Covid19 trial, 200 mg/day of hydrocor-
tisone for 4 days then 100 mg for 2 days, 50 mg/day for 2 days of the
Cape-Covid trial, 40 mg every 12 h of 6-methylprednisolone for 5 days
of the Steroids-SARI trial [148]. Another study indicated that methyl-
prednisolone treatment vs. dexamethasone has a better outcome for
hospitalized COVID-19 patients. The authors of this study suggested that
methylprednisolone may be more effective for lung injury compared to
dexamethasone [168]. The use of non-comparable dosages between
active molecules with different pharmacodynamic and pharmacokinetic
characteristics is an important bias. However, NIH and other regulatory
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authority guidelines for the COVID-19 treatment indicate GC equivalent
dosages referred to 6 mg/day for dexamethasone, as 32 mg/day for
methylprednisolone, 40 mg/day for prednisone and 160 mg/day for
hydrocortisone. Administration can be both oral and intravenous but,
taking into account a possible reduction in absorption in the critically ill
patient, the latter modality would be preferable.

The scientific community dedicated particular interest also to
inhaled GCs. A recent randomized trial showed that administration of
800 pg/die budesonide in COVID-19 patients at home reduced the risk
of hospitalization and time to recovery compared to patients treated
with standard paracetamol-based therapy or other NSAIDs, such as
ibuprofen or acetylsalicylic acid [170]. Another study reports that
inhaled GCs reduce the expression of the SARS-CoV-2 entry receptor
ACE2 in human airway epithelial cell cultures and in vivo in mouse
models [171]. However, EMA’s COVID-19 taskforce (COVID-ETF) sug-
gests that there are still insufficient data on use of inhaled GCs (i.e.
beclomethasone dipropionate, budesonide) to treat COVID-19.

There are still many doubts on whether there is any difference in the
efficacy of different GCs (i.e. prednisone vs. dexamethasone) in COVID-
19 patients. Biochemical and physiological biomarkers, such as cyto-
kines, respiratory parameters, and radiological evidence should be
optimally and efficiently combined to tailor GC treatments to COVID-19
patients.

6. Conclusions

GCs modulate most of the cell and soluble components of inflam-
mation. Those effects are in part due to direct and indirect regulation of
gene transcription, activity of other transcription factors, and intracel-
lular signaling responsible for inflammation. Moreover, GC-mediated
epigenetic mechanisms can contribute to long lasting effects. The GC
capability to counter immune/inflammatory cells activation and pro-
inflammatory soluble factors release, as in many inflammatory pathol-
ogies, could represent in certain clinical conditions an appropriate
therapeutic approach to COVID-19 patients (Fig. 2). Notably, recent
data have shown that GCs are efficient in severely ill patients infected
with SARS-CoV-2, yet without reducing the risk of mortality, hospital-
ization length and duration of viral elimination [121,172]. Conse-
quently, systemic GCs are limited to severe complications of COVID-19,
including ARDS, and are not indicated routinely.

CRediT authorship contribution statement

Stefano Bruscoli: Conceptualization, Writing - original draft,
Visualization, Writing — review & editing. Pier Giorgio Puzzovio:
Visualization, Writing — original draft. Maria Zaimi: Writing — original
draft, Writing — review & editing. Katerina Tiligada: Conceptualiza-
tion, Supervision, Writing — original draft, Writing — review & editing.
Francesca Levi-Schaffer: Conceptualization, Supervision, Writing —
original draft, Writing — review & editing. Carlo Riccardi: Conceptu-
alization, Supervision, Writing — original draft, Writing — review &
editing.

Declarations of interest

None.
Data Availability

No data was used for the research described in the article.
Acknowledgement

This work was supported by the Italian Ministry of University and

Research grant (PRIN- 202039WMFP) to S.B., and by a grant from the
Israel Science Foundation (ISF, 3933/19) to F. L.-S. K.T. was a Lady

Pharmacological Research 185 (2022) 106511
Davis Visiting Professor at the Hebrew University of Jerusalem, Israel.

References

[1] C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, G. Fan, J. Xu, X. Gu,
Z. Cheng, T. Yu, J. Xia, Y. Wei, W. Wu, X. Xie, W. Yin, H. Li, M. Liu, Y. Xiao,
H. Gao, L. Guo, J. Xie, G. Wang, R. Jiang, Z. Gao, Q. Jin, J. Wang, B. Cao, Clinical
features of patients infected with 2019 novel coronavirus in Wuhan, China,
Lancet 395 (10223) (2020) 497-506.

F. Zhou, T. Yu, R. Du, G. Fan, Y. Liu, Z. Liu, J. Xiang, Y. Wang, B. Song, X. Gu,

L. Guan, Y. Wei, H. Li, X. Wu, J. Xu, S. Tu, Y. Zhang, H. Chen, B. Cao, Clinical

course and risk factors for mortality of adult inpatients with COVID-19 in Wuhan,

China: a retrospective cohort study, Lancet 395 (10229) (2020) 1054-1062.

[3] W.J. Wiersinga, A. Rhodes, A.C. Cheng, S.J. Peacock, H.C. Prescott,
Pathophysiology, transmission, diagnosis, and treatment of coronavirus disease
2019 (COVID-19): a review, JAMA 324 (8) (2020) 782-793.

[4] C.Wu, X. Chen, Y. Cai, J. Xia, X. Zhou, S. Xu, H. Huang, L. Zhang, X. Zhou, C. Du,
Y. Zhang, J. Song, S. Wang, Y. Chao, Z. Yang, J. Xu, X. Zhou, D. Chen, W. Xiong,
L. Xu, F. Zhou, J. Jiang, C. Bai, J. Zheng, Y. Song, Risk factors associated with
acute respiratory distress syndrome and death in patients with coronavirus
disease 2019 pneumonia in Wuhan, China, JAMA Intern. Med. 180 (7) (2020)
934-943.

[5] M. Ennis, K. Tiligada, Histamine receptors and COVID-19, Inflamm. Res. 70 (1)
(2021) 67-75.

[6] W.S. Ho, R. Zhang, Y.L. Tan, C.L.L. Chai, COVID-19 and the promise of small

molecule therapeutics: are there lessons to be learnt? Pharm. Res. 179 (2022),

106201.

Q. Huang, X. Wu, X. Zheng, S. Luo, S. Xu, J. Weng, Targeting inflammation and

cytokine storm in COVID-19, Pharm. Res. 159 (2020), 105051.

Y. Kojima, S. Nakakubo, K. Kamada, Y. Yamashita, N. Takei, J. Nakamura,

M. Matsumoto, H. Horii, K. Sato, H. Shima, M. Suzuki, S. Konno, Combination

therapy with remdesivir and immunomodulators improves respiratory status in

COVID-19: a retrospective study, J. Med. Virol. (2022).

[9] D.Q. Ngo, K. Hamid, H. Rana, M. Cardinale, D. Frenia, N. Ghani, H. Redel,
A. Retrospective, Study of dexamethasone, remdesivir, and baricitinib in severe
COVID-19, Can. J. Infect. Dis. Med. Microbiol. 2022 (2022), 9209618.

[10] M. Popp, M. Stegemann, M. Riemer, M.I. Metzendorf, C.S. Romero,

A. Mikolajewska, P. Kranke, P. Meybohm, N. Skoetz, S. Weibel, Antibiotics for the
treatment of COVID-19, Cochrane Database Syst. Rev. 10 (2021), CD015025.

[11] C. Shi, C. Wang, H. Wang, C. Yang, F. Cai, F. Zeng, F. Cheng, Y. Liu, T. Zhou,
B. Deng, I. Vlodavsky, J.P. Li, Y. Zhang, The potential of low molecular weight
heparin to mitigate cytokine storm in severe COVID-19 patients: a retrospective
cohort study, Clin. Transl. Sci. 13 (6) (2020) 1087-1095.

[12] R. Wu, L. Wang, H.D. Kuo, A. Shannar, R. Peter, P.J. Chou, S. Li, R. Hudlikar,
X. Liu, Z. Liu, G.J. Poiani, L. Amorosa, L. Brunetti, A.N. Kong, An update on
current therapeutic drugs treating COVID-19, Curr. Pharm. Rep. 6 (3) (2020)
56-70.

[13] Q. Ma, W. Pan, R. Li, B. Liu, C. Li, Y. Xie, Z. Wang, J. Zhao, H. Jiang, J. Huang,
Y. Shi, J. Dai, K. Zheng, X. Li, Z. Yang, Liu Shen capsule shows antiviral and anti-
inflammatory abilities against novel coronavirus SARS-CoV-2 via suppression of
NF-kappaB signaling pathway, Pharm. Res. 158 (2020), 104850.

[14] Z.Y.Li, Z.J. Xie, H.C. Li, J.J. Wang, X.H. Wen, S.Y. Wu, J. Chen, J.J. Zhang, L. Li,
Q.Q. Guo, Q.P. Liu, H. Lan, Y.P. Jiang, D.M. Li, X.F. Xu, S.Y. Song, M. Zhang,
S. Fang, W.D. Lai, Y.N. Gao, F.Q. Zhang, W.Q. Luo, Y. Lou, W. Chen, X.F. Zhang,
K.E. Wang, M.Q. Zhou, Y.F. He, A.R. Xi, Y. Gao, Y. Zhang, Y.L. Chen, C.P. Wen,
Guidelines on the treatment with integrated traditional Chinese medicine and
western medicine for severe coronavirus disease 2019, Pharm. Res. 174 (2021),
105955.

[15] Y. Zhang, Q. Xu, Z. Sun, L. Zhou, Current targeted therapeutics against COVID-19:
based on first-line experience in China, Pharm. Res. 157 (2020), 104854.

[16] D.W. Cain, J.A. Cidlowski, Immune regulation by glucocorticoids, Nat. Rev.
Immunol. 17 (4) (2017) 233-247.

[17] S. Ronchetti, G. Migliorati, S. Bruscoli, C. Riccardi, Defining the role of
glucocorticoids in inflammation, Clin. Sci. 132 (14) (2018) 1529-1543.

[18] C. Riccardi, S. Bruscoli, G. Migliorati, Molecular mechanisms of
immunomodulatory activity of glucocorticoids, Pharm. Res. 45 (5) (2002)
361-368.

[19] R.C. Group, P. Horby, W.S. Lim, J.R. Emberson, M. Mafham, J.L. Bell, L. Linsell,
N. Staplin, C. Brightling, A. Ustianowski, E. Elmahi, B. Prudon, C. Green,

T. Felton, D. Chadwick, K. Rege, C. Fegan, L.C. Chappell, S.N. Faust, T. Jaki,

K. Jeffery, A. Montgomery, K. Rowan, E. Juszczak, J.K. Baillie, R. Haynes, M.
J. Landray, Dexamethasone in hospitalized patients with Covid-19, N. Engl. J.
Med. 384 (8) (2021) 693-704.

[20] J. Liu, S. Zhang, X. Dong, Z. Li, Q. Xu, H. Feng, J. Cai, S. Huang, J. Guo, L. Zhang,
Y. Chen, W. Zhu, H. Du, Y. Liu, T. Wang, L. Chen, Z. Wen, D. Annane, J. Qu,
D. Chen, Corticosteroid treatment in severe COVID-19 patients with acute
respiratory distress syndrome, J. Clin. Invest. 130 (12) (2020) 6417-6428.

[21] S. Akiyama, S. Hamdeh, D. Micic, A. Sakuraba, Prevalence and clinical outcomes
of COVID-19 in patients with autoimmune diseases: a systematic review and
meta-analysis, Ann. Rheum. Dis. (2020).

[22] F. Akter, Y. Araf, M.J. Hosen, Corticosteroids for COVID-19: worth it or not? Mol.
Biol. Rep. 49 (1) (2022) 567-576.

[23] V.I. Alexaki, H. Henneicke, The role of glucocorticoids in the management of
COVID-19, Horm. Metab. Res. 53 (1) (2021) 9-15.

[2

—

[7

—

[8

=


http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref1
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref1
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref1
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref1
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref1
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref2
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref2
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref2
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref2
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref3
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref3
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref3
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref4
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref4
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref4
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref4
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref4
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref4
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref5
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref5
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref6
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref6
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref6
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref7
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref7
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref8
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref8
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref8
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref8
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref9
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref9
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref9
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref10
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref10
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref10
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref11
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref11
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref11
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref11
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref12
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref12
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref12
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref12
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref13
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref13
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref13
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref13
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref14
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref14
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref14
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref14
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref14
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref14
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref14
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref15
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref15
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref16
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref16
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref17
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref17
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref18
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref18
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref18
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref19
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref19
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref19
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref19
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref19
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref19
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref20
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref20
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref20
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref20
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref21
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref21
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref21
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref22
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref22
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref23
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref23

S. Bruscoli et al.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

S. Spila Alegiani, S. Crisafulli, P. Giorgi Rossi, P. Mancuso, C. Salvarani, F. Atzeni,
R. Gini, U. Kirchmayer, V. Belleudi, P.K. Kurotschka, O. Leoni, M. Ludergnani,
E. Ferroni, S. Baracco, M. Massari, G. Trifiro, I.-C.- Network, Risk of coronavirus
disease 2019 hospitalization and mortality in rheumatic patients treated with
hydroxychloroquine or other conventional disease-modifying anti-rheumatic
drugs in Italy, Rheumatology 60 (SI) (2021) SI25-SI36.

R. Sarzani, F. Spannella, F. Giulietti, C. Di Pentima, P. Giordano, A. Giacometti,
Possible harm from glucocorticoid drugs misuse in the early phase of SARS-CoV-2
infection: a narrative review of the evidence, Intern. Emerg. Med. 17 (2) (2022)
329-338.

R. Gerli, P. Rambotti, I. Nicoletti, S. Orlandi, G. Migliorati, C. Riccardi, Reduced
number of natural killer cells in patients with pathological hyperprolactinemia,
Clin. Exp. Immunol. 64 (2) (1986) 399-406.

T. Webber, K. Ronacher, M. Conradie-Smit, L. Kleynhans, Interplay between the
immune and endocrine systems in the lung: implications for TB susceptibility,
Front. Immunol. 13 (2022), 829355.

C. Riccardi, O. Zollo, G. Nocentini, S. Bruscoli, A. Bartoli, F. D’Adamio,

L. Cannarile, D. Delfino, E. Ayroldi, G. Migliorati, Glucocorticoid hormones in the
regulation of cell death, Therapie 55 (1) (2000) 165-169.

S. Bruscoli, C. Riccardi, S. Ronchetti, GILZ as a regulator of cell fate and
inflammation, Cells 11 (1) (2021).

R.H. Oakley, J.A. Cidlowski, The biology of the glucocorticoid receptor: new
signaling mechanisms in health and disease, J. Allergy Clin. Immunol. 132 (5)
(2013) 1033-1044.

B. Cinque, D. Fanini, L. Di Marzio, P. Palumbo, C. La Torre, V. Donato, E. Velardi,
S. Bruscoli, C. Riccardi, M.G. Cifone, Involvement of cPLA2 inhibition in
dexamethasone-induced thymocyte apoptosis, Int. J. Inmunopathol. Pharm. 21
(3) (2008) 539-551.

R.J. Flower, N.J. Rothwell, Lipocortin-1: cellular mechanisms and clinical
relevance, Trends Pharm. Sci. 15 (3) (1994) 71-76.

J.L. Masferrer, K. Seibert, B. Zweifel, P. Needleman, Endogenous glucocorticoids
regulate an inducible cyclooxygenase enzyme, Proc. Natl. Acad. Sci. USA 89 (9)
(1992) 3917-3921.

A. Sinniah, S. Yazid, R.J. Flower, From NSAIDs to glucocorticoids and beyond,
Cells 10 (12) (2021).

E. Ayroldi, G. Migliorati, S. Bruscoli, C. Marchetti, O. Zollo, L. Cannarile,

F. D’Adamio, C. Riccardi, Modulation of T-cell activation by the glucocorticoid-
induced leucine zipper factor via inhibition of nuclear factor kappaB, Blood 98 (3)
(2001) 743-753.

T. Liu, L. Zhang, D. Joo, S.C. Sun, NF-kappaB signaling in inflammation, Signal
Transduct. Target Ther. 2 (2017).

M. Mussbacher, M. Salzmann, C. Brostjan, B. Hoesel, C. Schoergenhofer,

H. Datler, P. Hohensinner, J. Basilio, P. Petzelbauer, A. Assinger, J.A. Schmid,
Cell type-specific roles of NF-kappaB linking inflammation and thrombosis, Front.
Immunol. 10 (2019) 85.

R. Newton, Molecular mechanisms of glucocorticoid action: what is important?
Thorax 55 (7) (2000) 603-613.

J.P. Vago, L.P. Tavares, C.C. Garcia, K.M. Lima, L.O. Perucci, E.L. Vieira, C.

R. Nogueira, F.M. Soriani, J.O. Martins, P.M. Silva, K.B. Gomes, V. Pinho,

S. Bruscoli, C. Riccardi, E. Beaulieu, E.F. Morand, M.M. Teixeira, L.P. Sousa, The
role and effects of glucocorticoid-induced leucine zipper in the context of
inflammation resolution, J. Immunol. 194 (10) (2015) 4940-4950.

E. Ayroldi, A. Macchiarulo, C. Riccardi, Targeting glucocorticoid side effects:
selective glucocorticoid receptor modulator or glucocorticoid-induced leucine
zipper? A perspective, FASEB J. 28 (12) (2014) 5055-5070.

S. Baumann, A. Dostert, N. Novac, A. Bauer, W. Schmid, S.C. Fas, A. Krueger,
T. Heinzel, S. Kirchhoff, G. Schutz, P.H. Krammer, Glucocorticoids inhibit
activation-induced cell death (AICD) via direct DNA-dependent repression of the
CD95 ligand gene by a glucocorticoid receptor dimer, Blood 106 (2) (2005)
617-625.

S. Bruscoli, R. Di Virgilio, V. Donato, E. Velardi, M. Baldoni, C. Marchetti,

G. Migliorati, C. Riccardi, Genomic and non-genomic effects of different
glucocorticoids on mouse thymocyte apoptosis, Eur. J. Pharm. 529 (1-3) (2006)
63-70.

M. Arango-Lievano, F. Jeanneteau, Timing and crosstalk of glucocorticoid
signaling with cytokines, neurotransmitters and growth factors, Pharm. Res. 113
(Pt A) (2016) 1-17.

0.U. Kawalekar, R.S. O’Connor, J.A. Fraietta, L. Guo, S.E. McGettigan, A.

D. Posey Jr., P.R. Patel, S. Guedan, J. Scholler, B. Keith, N.W. Snyder, I.A. Blair,
M.C. Milone, C.H. June, Distinct signaling of coreceptors regulates specific
metabolism pathways and impacts memory development in CAR T cells,
Immunity 44 (2) (2016) 380-390.

C.E. Rudd, A. Taylor, H. Schneider, CD28 and CTLA-4 coreceptor expression and
signal transduction, Immunol. Rev. 229 (1) (2009) 12-26.

1.J. Elenkov, D.A. Papanicolaou, R.L. Wilder, G.P. Chrousos, Modulatory effects of
glucocorticoids and catecholamines on human interleukin-12 and interleukin-10
production: clinical implications, Proc. Assoc. Am. Phys. 108 (5) (1996) 374-381.
M.D. Taves, J.D. Ashwell, Glucocorticoids in T cell development, differentiation
and function, Nat. Rev. Immunol. 21 (4) (2021) 233-243.

S. Bruscoli, D. Sorcini, S. Flamini, A. Gagliardi, F. Adamo, S. Ronchetti,

G. Migliorati, O. Bereshchenko, C. Riccardi, Glucocorticoid-induced leucine
zipper inhibits interferon-gamma production in B cells and suppresses colitis in
mice, Front. Immunol. 9 (2018) 1720.

T.R. Cupps, T.L. Gerrard, R.J. Falkoff, G. Whalen, A.S. Fauci, Effects of in vitro
corticosteroids on B cell activation, proliferation, and differentiation, J. Clin.
Invest. 75 (2) (1985) 754-761.

10

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]
[70]

[71]

[72]
[73]

[74]

[75]

[76]
[77]

[78]

Pharmacological Research 185 (2022) 106511

S.H. Peers, G.S. Duncan, R.J. Flower, Development of specific antibody and in
vivo response to antigen in different rat strains: effect of dexamethasone and
importance of endogenous corticosteroids, Agents Actions 39 (3-4) (1993)
174-181.

U. Baschant, J. Tuckermann, The role of the glucocorticoid receptor in
inflammation and immunity, J. Steroid Biochem. Mol. Biol. 120 (2-3) (2010)
69-75.

M.G. Frank, Z.D. Miguel, L.R. Watkins, S.F. Maier, Prior exposure to
glucocorticoids sensitizes the neuroinflammatory and peripheral inflammatory
responses to E. coli lipopolysaccharide, Brain Behav. Immun. 24 (1) (2010)
19-30.

E. Goujon, P. Parnet, S. Laye, C. Combe, R. Dantzer, Adrenalectomy enhances pro-
inflammatory cytokines gene expression, in the spleen, pituitary and brain of
mice in response to lipopolysaccharide, Brain Res. Mol. Brain Res. 36 (1) (1996)
53-62.

A. Piskunov, M. Stepanichev, A. Tishkina, M. Novikova, I. Levshina, N. Gulyaeva,
Chronic combined stress induces selective and long-lasting inflammatory
response evoked by changes in corticosterone accumulation and signaling in rat
hippocampus, Metab. Brain Dis. 31 (2) (2016) 445-454.

C. Anacker, P.A. Zunszain, L.A. Carvalho, C.M. Pariante, The glucocorticoid
receptor: pivot of depression and of antidepressant treatment?
Psychoneuroendocrinology 36 (3) (2011) 415-425.

G. Canet, N. Chevallier, C. Zussy, C. Desrumaux, L. Givalois, Central role of
glucocorticoid receptors in Alzheimer’s disease and depression, Front. Neurosci.
12 (2018) 739.

B.S. McEwen, C.A. Biron, K.W. Brunson, K. Bulloch, W.H. Chambers, F.

S. Dhabhar, R.H. Goldfarb, R.P. Kitson, A.H. Miller, R.L. Spencer, J.M. Weiss, The
role of adrenocorticoids as modulators of immune function in health and disease:
neural, endocrine and immune interactions, Brain Res. Brain Res. Rev. 23 (1-2)
(1997) 79-133.

J.L. Eddy, K. Krukowski, L. Janusek, H.L. Mathews, Glucocorticoids regulate
natural killer cell function epigenetically, Cell. Immunol. 290 (1) (2014)
120-130.

K. Krukowski, J. Eddy, K.L. Kosik, T. Konley, L.W. Janusek, H.L. Mathews,
Glucocorticoid dysregulation of natural killer cell function through epigenetic
modification, Brain Behav. Immun. 25 (2) (2011) 239-249.

D.J. Morgan, D.M. Davis, Distinct effects of dexamethasone on human natural
killer cell responses dependent on cytokines, Front. Immunol. 8 (2017) 432.
C.A. Biron, Glucocorticoids and NK cell PD-1, Nat. Immunol. 19 (9) (2018)
908-910.

L. Quatrini, E. Wieduwild, B. Escaliere, J. Filtjens, L. Chasson, C. Laprie, E. Vivier,
S. Ugolini, Endogenous glucocorticoids control host resistance to viral infection
through the tissue-specific regulation of PD-1 expression on NK cells, Nat.
Immunol. 19 (9) (2018) 954-962.

K. Barczyk, J. Ehrchen, K. Tenbrock, M. Ahlmann, J. Kneidl, D. Viemann, J. Roth,
Glucocorticoids promote survival of anti-inflammatory macrophages via
stimulation of adenosine receptor A3, Blood 116 (3) (2010) 446-455.

S. Ronchetti, E. Ricci, G. Migliorati, M. Gentili, C. Riccardi, How glucocorticoids
affect the neutrophil life, Int. J. Mol. Sci. 19 (12) (2018).

J.G. Filep, A. Delalandre, Y. Payette, E. Foldes-Filep, Glucocorticoid receptor
regulates expression of L-selectin and CD11/CD18 on human neutrophils,
Circulation 96 (1) (1997) 295-301.

M. Nakagawa, G.P. Bondy, D. Waisman, D. Minshall, J.C. Hogg, S.F. van Eeden,
The effect of glucocorticoids on the expression of L-selectin on
polymorphonuclear leukocyte, Blood 93 (8) (1999) 2730-2737.

A. Larange, D. Antonios, M. Pallardy, S. Kerdine-Romer, Glucocorticoids inhibit
dendritic cell maturation induced by Toll-like receptor 7 and Toll-like receptor 8,
J. Leukoc. Biol. 91 (1) (2012) 105-117.

D. Rozkova, R. Horvath, J. Bartunkova, R. Spisek, Glucocorticoids severely impair
differentiation and antigen presenting function of dendritic cells despite
upregulation of Toll-like receptors, Clin. Immunol. 120 (3) (2006) 260-271.
R.P. Schleimer, Glucocorticoids suppress inflammation but spare innate immune
responses in airway epithelium, Proc. Am. Thorac. Soc. 1 (3) (2004) 222-230.
J.H. Glyn, The discovery of cortisone: a personal memory, BMJ 317 (7161)
(1998) 822A.

P.S. Hench, E.C. Kendall, et al., The effect of a hormone of the adrenal cortex (17-
hydroxy-11-dehydrocorticosterone; compound E) and of pituitary
adrenocorticotropic hormone on rheumatoid arthritis, Proc. Staff Meet. Mayo
Clin. 24 (8) (1949) 181-197.

P.J. Barnes, Glucocorticoids, Chem. Immunol. Allergy 100 (2014) 311-316.

S. Bruscoli, M. Febo, C. Riccardi, G. Migliorati, Glucocorticoid therapy in
inflammatory bowel disease: mechanisms and clinical practice, Front. Immunol.
12 (2021), 691480.

S. Ronchetti, E. Ayroldi, E. Ricci, M. Gentili, G. Migliorati, C. Riccardi, A glance at
the use of glucocorticoids in rare inflammatory and autoimmune diseases: still an
indispensable pharmacological tool? Front. Immunol. 11 (2020), 613435.

L. Escoter-Torres, G. Caratti, A. Mechtidou, J. Tuckermann, N.H. Uhlenhaut,

S. Vettorazzi, Fighting the fire: mechanisms of inflammatory gene regulation by
the glucocorticoid receptor, Front. Immunol. 10 (2019) 1859.

J. Vandewalle, A. Luypaert, K. De Bosscher, C. Libert, Therapeutic mechanisms of
glucocorticoids, Trends Endocrinol. Metab. 29 (1) (2018) 42-54.

R. Dumbell, O. Matveeva, H. Oster, Circadian clocks, stress, and immunity, Front.
Endocrinol. 7 (2016) 37.

R.H. Straub, M. Cutolo, Circadian rhythms in rheumatoid arthritis: implications
for pathophysiology and therapeutic management, Arthritis Rheum. 56 (2)
(2007) 399-408.


http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref24
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref24
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref24
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref24
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref24
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref24
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref25
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref25
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref25
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref25
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref26
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref26
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref26
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref27
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref27
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref27
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref28
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref28
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref28
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref29
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref29
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref30
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref30
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref30
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref31
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref31
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref31
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref31
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref32
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref32
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref33
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref33
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref33
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref34
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref34
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref35
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref35
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref35
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref35
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref36
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref36
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref37
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref37
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref37
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref37
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref38
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref38
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref39
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref39
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref39
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref39
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref39
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref40
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref40
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref40
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref41
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref41
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref41
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref41
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref41
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref42
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref42
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref42
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref42
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref43
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref43
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref43
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref44
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref44
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref44
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref44
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref44
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref45
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref45
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref46
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref46
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref46
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref47
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref47
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref48
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref48
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref48
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref48
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref49
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref49
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref49
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref50
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref50
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref50
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref50
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref51
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref51
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref51
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref52
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref52
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref52
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref52
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref53
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref53
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref53
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref53
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref54
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref54
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref54
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref54
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref55
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref55
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref55
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref56
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref56
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref56
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref57
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref57
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref57
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref57
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref57
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref58
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref58
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref58
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref59
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref59
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref59
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref60
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref60
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref61
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref61
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref62
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref62
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref62
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref62
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref63
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref63
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref63
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref64
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref64
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref65
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref65
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref65
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref66
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref66
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref66
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref67
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref67
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref67
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref68
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref68
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref68
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref69
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref69
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref70
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref70
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref71
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref71
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref71
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref71
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref72
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref73
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref73
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref73
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref74
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref74
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref74
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref75
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref75
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref75
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref76
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref76
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref77
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref77
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref78
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref78
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref78

S. Bruscoli et al.

[79]

[80]

[81]

[82]

[83]
[84]

[85]

[86]

[87]
[88]
[89]
[90]
[91]
[92]
[93]
[94]

[95]

[96]

[971

[98]
[99]

[100]

[101]

[102]
[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]
[112]

R.A. Panettieri, D. Schaafsma, Y. Amrani, C. Koziol-White, R. Ostrom, O. Tliba,
Non-genomic effects of glucocorticoids: an updated view, Trends Pharm. Sci. 40
(1) (2019) 38-49.

M. Oray, K. Abu Samra, N. Ebrahimiadib, H. Meese, C.S. Foster, Long-term side
effects of glucocorticoids, Expert Opin. Drug Saf. 15 (4) (2016) 457-465.

R.M. Joseph, A.L. Hunter, D.W. Ray, W.G. Dixon, Systemic glucocorticoid therapy
and adrenal insufficiency in adults: a systematic review, Semin. Arthritis Rheum.
46 (1) (2016) 133-141.

J.A. Cidlowski, A. Munck, Concanavalin A-induced glucocorticoid resistance in
rat thymus cells: decreased cytoplasmic and nuclear receptor binding of
dexamethasone, J. Steroid Biochem. 7 (11-12) (1976) 1141-1145.

P.J. Barnes, .M. Adcock, Glucocorticoid resistance in inflammatory diseases,
Lancet 373 (9678) (2009) 1905-1917.

A. Taheri, J. Cantrell, S.R. Feldman, Tachyphylaxis to topical glucocorticoids;
what is the evidence? Dermatol. Online J. 19 (7) (2013) 18954.

D.J. Maselli, M. Hardin, S.A. Christenson, N.A. Hanania, C.P. Hersh, S.G. Adams,
A. Anzueto, J.I. Peters, M.K. Han, F.J. Martinez, Clinical approach to the therapy
of asthma-COPD overlap, Chest 155 (1) (2019) 168-177.

M.H. Grayson, S. Feldman, B.T. Prince, P.J. Patel, E.C. Matsui, A.J. Apter,
Advances in asthma in 2017: mechanisms, biologics, and genetics, J. Allergy Clin.
Immunol. 142 (5) (2018) 1423-1436.

R.F. Lemanske Jr., W.W. Busse, Asthma: clinical expression and molecular
mechanisms, J. Allergy Clin. Immunol. 125 (2 Suppl. 2) (2010) S95-S102.

P.G. Puzzovio, F. Levi-Schaffer, Latest progresses in allergic diseases biomarkers:
asthma and atopic dermatitis, Front. Pharm. 12 (2021), 747364.

S.E. Wenzel, Asthma phenotypes: the evolution from clinical to molecular
approaches, Nat. Med. 18 (5) (2012) 716-725.

B.N. Lambrecht, H. Hammad, The immunology of asthma, Nat. Immunol. 16 (1)
(2015) 45-56.

S.T. Holgate, R. Polosa, Treatment strategies for allergy and asthma, Nat. Rev.
Immunol. 8 (3) (2008) 218-230.

B.R. Celli, J.A. Wedzicha, Update on clinical aspects of chronic obstructive
pulmonary disease, N. Engl. J. Med. 381 (13) (2019) 1257-1266.

P.J. Barnes, Inhaled corticosteroids are not beneficial in chronic obstructive
pulmonary disease, Am. J. Respir. Crit. Care Med. 161 (2 Pt 1) (2000) 342-344.
P.M. Calverley, Inhaled corticosteroids are beneficial in chronic obstructive
pulmonary disease, Am. J. Respir. Crit. Care Med. 161 (2 Pt 1) (2000) 341-342.
L.C. Meagher, J.M. Cousin, J.R. Seckl, C. Haslett, Opposing effects of
glucocorticoids on the rate of apoptosis in neutrophilic and eosinophilic
granulocytes, J. Immunol. 156 (11) (1996) 4422-4428.

J.L. Trevor, J.S. Deshane, Refractory asthma: mechanisms, targets, and therapy,
Allergy 69 (7) (2014) 817-827.

J.A. Englert, C. Bobba, R.M. Baron, Integrating molecular pathogenesis and
clinical translation in sepsis-induced acute respiratory distress syndrome, JCI
Insight 4 (2) (2019).

L.B. Ware, M.A. Matthay, The acute respiratory distress syndrome, N. Engl. J.
Med. 342 (18) (2000) 1334-1349.

L.A. Huppert, M.A. Matthay, L.B. Ware, Pathogenesis of acute respiratory distress
syndrome, Semin. Respir. Crit. Care Med. 40 (1) (2019) 31-39.

C.Y. Yang, C.S. Chen, G.T. Yiang, Y.L. Cheng, S.B. Yong, M.Y. Wu, C.J. Li, New
insights into the immune molecular regulation of the pathogenesis of acute
respiratory distress syndrome, Int. J. Mol. Sci. 19 (2) (2018).

B.M. Tang, J.C. Craig, G.D. Eslick, I. Seppelt, A.S. McLean, Use of corticosteroids
in acute lung injury and acute respiratory distress syndrome: a systematic review
and meta-analysis, Crit. Care Med. 37 (5) (2009) 1594-1603.

J.V. Diaz, R. Brower, C.S. Calfee, M.A. Matthay, Therapeutic strategies for severe
acute lung injury, Crit. Care Med. 38 (8) (2010) 1644-1650.

G.C. Khilnani, V. Hadda, Corticosteroids and ARDS: a review of treatment and
prevention evidence, Lung 28 (2) (2011) 114-119.

J.E. Levitt, M.A. Matthay, Treatment of acute lung injury: historical perspective
and potential future therapies, Semin. Respir. Crit. Care Med. 27 (4) (2006)
426-437.

K. Almutairi, J. Nossent, D. Preen, H. Keen, C. Inderjeeth, The global prevalence
of rheumatoid arthritis: a meta-analysis based on a systematic review, Rheumatol.
Int. 41 (5) (2021) 863-877.

H.Y. Yap, S.Z. Tee, M.M. Wong, S.K. Chow, S.C. Peh, S.Y. Teow, Pathogenic role of
immune cells in rheumatoid arthritis: implications in clinical treatment and
biomarker development, Cells 7 (10) (2018).

A.A. Justiz Vaillant, A. Goyal, M. Varacallo, Systemic Lupus Erythematosus,
StatPearls, Treasure Island (FL), 2022.

G. Ruiz-Irastorza, G. Bertsias, Treating systemic lupus erythematosus in the 21st
century: new drugs and new perspectives on old drugs, Rheumatology 59 (Suppl.
5) (2020) Sv69-Sv81.

A. Fanouriakis, M. Kostopoulou, A. Alunno, M. Aringer, I. Bajema, J.N. Boletis,
R. Cervera, A. Doria, C. Gordon, M. Govoni, F. Houssiau, D. Jayne, M. Kouloumas,
A. Kuhn, J.L. Larsen, K. Lerstrom, G. Moroni, M. Mosca, M. Schneider, J.

S. Smolen, E. Svenungsson, V. Tesar, A. Tincani, A. Troldborg, R. van
Vollenhoven, J. Wenzel, G. Bertsias, D.T. Boumpas, 2019 update of the EULAR
recommendations for the management of systemic lupus erythematosus, Ann.
Rheum. Dis. 78 (6) (2019) 736-745.

Y.Z. Zhang, Y.Y. Li, Inflammatory bowel disease: pathogenesis, World J.
Gastroenterol. 20 (1) (2014) 91-99.

A. Compston, A. Coles, Multiple sclerosis, Lancet 372 (9648) (2008) 1502-1517.
A.J. Thompson, B.L. Banwell, F. Barkhof, W.M. Carroll, T. Coetzee, G. Comi,

J. Correale, F. Fazekas, M. Filippi, M.S. Freedman, K. Fujihara, S.L. Galetta, H.
P. Hartung, L. Kappos, F.D. Lublin, R.A. Marrie, A.E. Miller, D.H. Miller,

11

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]
[123]

[124]

[125]

[126]
[127]

[128]

[129]

[130]

[131]

[132]

Pharmacological Research 185 (2022) 106511

X. Montalban, E.M. Mowry, P.S. Sorensen, M. Tintore, A.L. Traboulsee,

M. Trojano, B.M.J. Uitdehaag, S. Vukusic, E. Waubant, B.G. Weinshenker, S.

C. Reingold, J.A. Cohen, Diagnosis of multiple sclerosis: 2017 revisions of the
McDonald criteria, Lancet Neurol. 17 (2) (2018) 162-173.

P. Repovic, Management of multiple sclerosis relapses, Continuum 25 (3) (2019)
655-669.

G.H. Glaser, H.H. Merritt, Effects of ACTH and cortisone in multiple sclerosis,
Trans. Am. Neurol. Assoc. 56 (1951) 130-133.

1. Smets, L. Van Deun, C. Bohyn, V. van Pesch, L. Vanopdenbosch, D. Dive,

V. Bissay, B. Dubois, S. Belgian Study Group for Multiple, Corticosteroids in the
management of acute multiple sclerosis exacerbations, Acta Neurol. Belg. 117 (3)
(2017) 623-633.

N. Chouaki Benmansour, J. Carvelli, E. Vivier, Complement cascade in severe
forms of COVID-19: recent advances in therapy, Eur. J. Immunol. 51 (7) (2021)
1652-1659.

C. Bime, N.G. Casanova, J. Nikolich-Zugich, K.S. Knox, S.M. Camp, J.G.N. Garcia,
Strategies to DAMPen COVID-19-mediated lung and systemic inflammation and
vascular injury, Transl. Res. 232 (2021) 37-48.

C. Li, Q. He, H. Qian, J. Liu, Overview of the pathogenesis of COVID-19 (review),
Exp. Ther. Med. 22 (3) (2021) 1011.

C.I. van der Made, M.G. Netea, F.L. van der Veerdonk, A. Hoischen, Clinical
implications of host genetic variation and susceptibility to severe or critical
COVID-19, Genome Med. 14 (1) (2022) 96.

N. Tripathi, N. Tripathi, M.K. Goshisht, COVID-19: inflammatory responses,
structure-based drug design and potential therapeutics, Mol. Divers. 26 (1) (2022)
629-645.

M. Soy, G. Keser, P. Atagunduz, F. Tabak, I. Atagunduz, S. Kayhan, Cytokine
storm in COVID-19: pathogenesis and overview of anti-inflammatory agents used
in treatment, Clin. Rheumatol. 39 (7) (2020) 2085-2094.

R.S.Y. Wong, Inflammation in COVID-19: from pathogenesis to treatment, Int. J.
Clin. Exp. Pathol. 14 (7) (2021) 831-844.

L. Yang, X. Xie, Z. Tu, J. Fu, D. Xu, Y. Zhou, The signal pathways and treatment of
cytokine storm in COVID-19, Signal Transduct. Target Ther. 6 (1) (2021) 255.
Q. Zhang, P. Bastard, Z. Liu, J. Le Pen, M. Moncada-Velez, J. Chen, M. Ogishi, L.K.
D. Sabli, S. Hodeib, C. Korol, J. Rosain, K. Bilguvar, J. Ye, A. Bolze, B. Bigio,

R. Yang, A.A. Arias, Q. Zhou, Y. Zhang, F. Onodi, S. Korniotis, L. Karpf,

Q. Philippot, M. Chbihi, L. Bonnet-Madin, K. Dorgham, N. Smith, W.M. Schneider,
B.S. Razooky, H.H. Hoffmann, E. Michailidis, L. Moens, J.E. Han, L. Lorenzo,

L. Bizien, P. Meade, A.L. Neehus, A.C. Ugurbil, A. Corneau, G. Kerner, P. Zhang,
F. Rapaport, Y. Seeleuthner, J. Manry, C. Masson, Y. Schmitt, A. Schluter, T. Le
Voyer, T. Khan, J. Li, J. Fellay, L. Roussel, M. Shahrooei, M.F. Alosaimi,

D. Mansouri, H. Al-Saud, F. Al-Mulla, F. Almourfi, S.Z. Al-Muhsen, F. Alsohime,
Al Turki, R. Hasanato, D. van de Beek, A. Biondi, L.R. Bettini, M. D’Angio,
Bonfanti, L. Imberti, A. Sottini, S. Paghera, E. Quiros-Roldan, B.S. Rossi, A.
Oler, M.F. Tompkins, C. Alba, I. Vandernoot, J.C. Goffard, G. Smits, I. Migeotte,
Haerynck, P. Soler-Palacin, A. Martin-Nalda, R. Colobran, P.E. Morange,
Keles, F. Colkesen, T. Ozcelik, K.K. Yasar, S. Senoglu, S.N. Karabela,
Rodriguez-Gallego, G. Novelli, S. Hraiech, Y. Tandjaoui-Lambiotte, X. Duval,
. Laouenan, C.-S. Clinicians, C. Clinicians, C.G. Imagine, C.C.S.G. French, V.C.
. Co, U.M.C.C.-B. Amsterdam, C.H.G. Effort, N.-U.T.C.I. Group, A.L. Snow, C.
Dalgard, J.D. Milner, D.C. Vinh, B.S. Mogensen, N. Marr, A.N. Spaan,
Boisson, S. Boisson-Dupuis, J. Bustamante, A. Puel, M.J. Ciancanelli, I. Meyts,
. Maniatis, V. Soumelis, A. Amara, M. Nussenzweig, A. Garcia-Sastre,
Krammer, A. Pujol, D. Duffy, R.P. Lorenzo, S.Y. Zhang, G. Gorochov, V. Beziat,
Jouanguy, V. Sancho-Shimizu, C.M. Rice, L. Abel, L.D. Notarangelo, A. Cobat,
H.C. Su, J.L. Casanova, Inborn errors of type I IFN immunity in patients with life-
threatening COVID-19, Science 370 (2020).

U. Parthasarathy, R. Martinelli, E.H. Vollmann, K. Best, A.G. Therien, The impact
of DAMP-mediated inflammation in severe COVID-19 and related disorders,
Biochem. Pharm. 195 (2022), 114847.

J.A. Paramo, Inflammatory response in relation to COVID-19 and other
prothrombotic phenotypes, Reum. Clin. (Engl. Ed.) 18 (1) (2022) 1-4.

T.L. Freeman, T.H. Swartz, Targeting the NLRP3 inflammasome in severe COVID-
19, Front. Immunol. 11 (2020) 1518.

L. Nicolai, A. Leunig, S. Brambs, R. Kaiser, T. Weinberger, M. Weigand,

M. Muenchhoff, J.C. Hellmuth, S. Ledderose, H. Schulz, C. Scherer, M. Rudelius,
M. Zoller, D. Hochter, O. Keppler, D. Teupser, B. Zwissler, M. von Bergwelt-
Baildon, S. Kaab, S. Massberg, K. Pekayvaz, K. Stark, Inmunothrombotic
dysregulation in COVID-19 pneumonia is associated with respiratory failure and
coagulopathy, Circulation 142 (12) (2020) 1176-1189.

S. Hojyo, M. Uchida, K. Tanaka, R. Hasebe, Y. Tanaka, M. Murakami, T. Hirano,
How COVID-19 induces cytokine storm with high mortality, Inflamm. Regen. 40
(2020) 37.

S. Kang, T. Tanaka, H. Inoue, C. Ono, S. Hashimoto, Y. Kioi, H. Matsumoto,

H. Matsuura, T. Matsubara, K. Shimizu, H. Ogura, Y. Matsuura, T. Kishimoto, IL-6
trans-signaling induces plasminogen activator inhibitor-1 from vascular
endothelial cells in cytokine release syndrome, Proc. Natl. Acad. Sci. USA 117
(36) (2020) 22351-22356.

M.Z. Tay, C.M. Poh, L. Renia, P.A. MacAry, L.F.P. Ng, The trinity of COVID-19:
immunity, inflammation and intervention, Nat. Rev. Immunol. 20 (6) (2020)
363-374.

S.D. Reichardt, A. Amouret, C. Muzzi, S. Vettorazzi, J.P. Tuckermann, F. Luhder,
H.M. Reichardt, The role of glucocorticoids in inflammatory diseases, Cells 10
(11) (2021).

EHAEREO00NHE=TY


http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref79
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref79
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref79
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref80
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref80
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref81
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref81
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref81
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref82
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref82
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref82
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref83
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref83
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref84
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref84
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref85
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref85
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref85
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref86
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref86
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref86
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref87
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref87
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref88
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref88
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref89
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref89
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref90
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref90
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref91
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref91
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref92
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref92
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref93
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref93
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref94
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref94
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref95
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref95
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref95
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref96
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref96
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref97
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref97
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref97
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref98
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref98
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref99
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref99
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref100
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref100
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref100
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref101
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref101
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref101
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref102
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref102
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref103
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref103
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref104
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref104
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref104
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref105
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref105
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref105
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref106
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref106
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref106
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref107
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref107
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref107
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref108
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref108
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref108
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref108
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref108
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref108
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref108
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref109
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref109
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref110
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref111
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref111
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref111
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref111
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref111
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref111
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref111
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref112
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref112
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref113
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref113
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref114
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref114
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref114
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref114
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref115
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref115
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref115
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref116
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref116
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref116
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref117
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref117
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref118
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref118
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref118
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref119
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref119
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref119
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref120
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref120
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref120
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref121
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref121
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref122
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref122
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref123
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref124
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref124
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref124
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref125
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref125
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref126
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref126
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref127
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref127
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref127
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref127
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref127
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref127
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref128
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref128
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref128
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref129
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref129
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref129
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref129
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref129
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref130
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref130
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref130
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref131
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref131
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref131

S. Bruscoli et al.

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

S. Schif-Zuck, N. Gross, S. Assi, R. Rostoker, C.N. Serhan, A. Ariel, Saturated-
efferocytosis generates pro-resolving CD11b low macrophages: modulation by
resolvins and glucocorticoids, Eur. J. Immunol. 41 (2) (2011) 366-379.

E. Silberberg, J.G. Filep, A. Ariel, Weathering the storm: harnessing the resolution
of inflammation to limit COVID-19 pathogenesis, Front. Inmunol. 13 (2022),
863449.

D.W. Cain, J.A. Cidlowski, After 62 years of regulating immunity, dexamethasone
meets COVID-19, Nat. Rev. Immunol. 20 (10) (2020) 587-588.

E. Caiazzo, A.O.M. Rezig, D. Bruzzese, A. Ialenti, C. Cicala, J.G.F. Cleland, T.

J. Guzik, P. Maffia, P. Pellicori, Systemic administration of glucocorticoids,
cardiovascular complications and mortality in patients hospitalised with COVID-
19, SARS, MERS or influenza: a systematic review and meta-analysis of
randomised trials, Pharm. Res. 176 (2022), 106053.

Y. Oba, The use of corticosteroids in SARS, N. Engl. J. Med. 348 (20) (2003)
2034-2035, author reply 2034-5.

A.A. Rabaan, S.H. Alahmed, A.M. Bazzi, H.M. Alhani, A review of candidate
therapies for Middle East respiratory syndrome from a molecular perspective,

J. Med. Microbiol. 66 (9) (2017) 1261-1274.

H. Zhong, Y. Wang, Z.L. Zhang, Y.X. Liu, K.J. Le, M. Cui, Y.T. Yu, Z.C. Gu, Y. Gao,
H.W. Lin, Efficacy and safety of current therapeutic options for COVID-19 -
lessons to be learnt from SARS and MERS epidemic: a systematic review and
meta-analysis, Pharm. Res. 157 (2020), 104872.

T. Kienitz, S. Hahner, S. Burger-Stritt, M. Quinkler, Therapeutic patient education
for adrenal insufficiency under COVID-19 pandemic conditions, Exp. Clin.
Endocrinol. Diabetes 129 (3) (2021) 241-249.

M. Martino, N. Aboud, M.F. Cola, G. Giancola, A. Ciarloni, G. Salvio, G. Arnaldi,
Impact of COVID-19 pandemic on psychophysical stress in patients with adrenal
insufficiency: the CORTI-COVID study, J. Endocrinol. Invest. 44 (5) (2021)
1075-1084.

J. Villar, J.M. Anon, C. Ferrando, G. Aguilar, T. Munoz, J. Ferreres, A. Ambros,
C. Aldecoa, F. Suarez-Sipmann, K.E. Thorpe, P. Juni, A.S. Slutsky, D.-C. Network,
Efficacy of dexamethasone treatment for patients with the acute respiratory
distress syndrome caused by COVID-19: study protocol for a randomized
controlled superiority trial, Trials 21 (1) (2020) 717.

A. Agarwal, B. Rochwerg, F. Lamontagne, R.A. Siemieniuk, T. Agoritsas, L. Askie,
L. Lytvyn, Y.S. Leo, H. Macdonald, L. Zeng, W. Amin, F.A.J. Barragan, F.J. Bausch,
E. Burhan, C.S. Calfee, M. Cecconi, D. Chanda, V.Q. Dat, A. De Sutter, B. Du,

H. Geduld, P. Gee, N. Harley, M. Hashimi, B. Hunt, F. Jehan, S.K. Kabra, S. Kanda,
Y.J. Kim, N. Kissoon, S. Krishna, K. Kuppalli, A. Kwizera, T. Lisboa, I. Mahaka,
H. Manai, G. Mino, E. Nsutebu, J. Preller, N. Pshenichnaya, N. Qadir, S. Sabzwari,
R. Sarin, M. Shankar-Hari, M. Sharland, Y. Shen, S.S. Ranganathan, J.P. Souza,
M. Stegemann, R. Swanstrom, S. Ugarte, S. Venkatapuram, D. Vuyiseka,

A. Wijewickrama, B. Maguire, D. Zeraatkar, J.J. Bartoszko, L. Ge, R. Brignardello-
Petersen, A. Owen, G. Guyatt, J. Diaz, L. Kawano-Dourado, M. Jacobs, P.

O. Vandvik, A living WHO guideline on drugs for covid-19, BMJ 370 (2020)
m3379.

D.C. Angus, L. Derde, F. Al-Beidh, D. Annane, Y. Arabi, A. Beane, W. van Bentum-
Puijk, L. Berry, Z. Bhimani, M. Bonten, C. Bradbury, F. Brunkhorst, M. Buxton,
A. Buzgau, A.C. Cheng, M. de Jong, M. Detry, L. Estcourt, M. Fitzgerald,

H. Goossens, C. Green, R. Haniffa, A.M. Higgins, C. Horvat, S.J. Hullegie,

P. Kruger, F. Lamontagne, P.R. Lawler, K. Linstrum, E. Litton, E. Lorenzi,

J. Marshall, D. McAuley, A. McGlothin, S. McGuinness, B. McVerry,

S. Montgomery, P. Mouncey, S. Murthy, A. Nichol, R. Parke, J. Parker, K. Rowan,
A. Sanil, M. Santos, C. Saunders, C. Seymour, A. Turner, F. van de Veerdonk,

B. Venkatesh, R. Zarychanski, S. Berry, R.J. Lewis, C. McArthur, S.A. Webb, A.
C. Gordon, R.-C.A.P.I. Writing Committee for the, F. Al-Beidh, D. Angus,

D. Annane, Y. Arabi, W. van Bentum-Puijk, S. Berry, A. Beane, Z. Bhimani,

M. Bonten, C. Bradbury, F. Brunkhorst, M. Buxton, A. Cheng, M. De Jong,
Derde, L. Estcourt, H. Goossens, A. Gordon, C. Green, R. Haniffa,
Lamontagne, P. Lawler, E. Litton, J. Marshall, C. McArthur, D. McAuley,
McGuinness, B. McVerry, S. Montgomery, P. Mouncey, S. Murthy, A. Nichol,
Parke, K. Rowan, C. Seymour, A. Turner, F. van de Veerdonk, S. Webb,
Zarychanski, L. Campbell, A. Forbes, D. Gattas, S. Heritier, L. Higgins,
Kruger, S. Peake, J. Presneill, I. Seppelt, T. Trapani, P. Young, S. Bagshaw,
Daneman, N. Ferguson, C. Misak, M. Santos, S. Hullegie, M. Pletz, G. Rohde,
Rowan, B. Alexander, K. Basile, T. Girard, C. Horvat, D. Huang, K. Linstrum,
Vates, R. Beasley, R. Fowler, S. McGloughlin, S. Morpeth, D. Paterson,
Venkatesh, T. Uyeki, K. Baillie, E. Duffy, R. Fowler, T. Hills, K. Orr,
Patanwala, S. Tong, M. Netea, S. Bihari, M. Carrier, D. Fergusson, E. Goligher,
Haidar, B. Hunt, A. Kumar, M. Laffan, P. Lawless, S. Lother, P. McCallum,
Middeldopr, Z. McQuilten, M. Neal, J. Pasi, R. Schutgens, S. Stanworth,
Turgeon, A. Weissman, N. Adhikari, M. Anstey, E. Brant, A. de Man,
Lamonagne, M.H. Masse, A. Udy, D. Arnold, P. Begin, R. Charlewood,

M. Chasse, M. Coyne, J. Cooper, J. Daly, I. Gosbell, H. Harvala-Simmonds,

T. Hills, S. MacLennan, D. Menon, J. McDyer, N. Pridee, D. Roberts, M. Shankar-
Hari, H. Thomas, A. Tinmouth, D. Triulzi, T. Walsh, E. Wood, C. Calfee,

C. O’Kane, M. Shyamsundar, P. Sinha, T. Thompson, I. Young, S. Bihari,

C. Hodgson, J. Laffey, D. McAuley, N. Orford, A. Neto, M. Detry, M. Fitzgerald,
R. Lewis, A. McGlothlin, A. Sanil, C. Saunders, L. Berry, E. Lorenzi, E. Miller,

V. Singh, C. Zammit, W. van Bentum Puijk, W. Bouwman, Y. Mangindaan,

L. Parker, S. Peters, I. Rietveld, K. Raymakers, R. Ganpat, N. Brillinger,

R. Markgraf, K. Ainscough, K. Brickell, A. Anjum, J.B. Lane, A. Richards-Belle,
M. Saull, D. Wiley, J. Bion, J. Connor, S. Gates, V. Manax, T. van der Poll,

J. Reynolds, M. van Beurden, E. Effelaar, J. Schotsman, C. Boyd, C. Harland,

A. Shearer, J. Wren, G. Clermont, W. Garrard, K. Kalchthaler, A. King, D. Ricketts,
S. Malakoutis, O. Marroquin, E. Music, K. Quinn, H. Cate, K. Pearson, J. Collins,

HPLOFPEERZIEIEO T

12

Pharmacological Research 185 (2022) 106511

J. Hanson, P. Williams, S. Jackson, A. Asghar, S. Dyas, M. Sutu, S. Murphy,

D. Williamson, N. Mguni, A. Potter, D. Porter, J. Goodwin, C. Rook, S. Harrison,
H. Williams, H. Campbell, K. Lomme, J. Williamson, J. Sheffield, W. van’t Hoff,
P. McCracken, M. Young, J. Board, E. Mart, C. Knott, J. Smith, C. Boschert,

J. Affleck, M. Ramanan, R. D’Souza, K. Pateman, A. Shakih, W. Cheung, M. Kol,
H. Wong, A. Shah, A. Wagh, J. Simpson, G. Duke, P. Chan, B. Cartner, S. Hunter,
R. Laver, T. Shrestha, A. Regli, A. Pellicano, J. McCullough, M. Tallott, N. Kumar,
R. Panwar, G. Brinkerhoff, C. Koppen, F. Cazzola, M. Brain, S. Mineall, R. Fischer,
V. Biradar, N. Soar, H. White, K. Estensen, L. Morrison, J. Smith, M. Cooper,
M. Health, Y. Shehabi, W. Al-Bassam, A. Hulley, C. Whitehead, J. Lowrey,
Gresha, J. Walsham, J. Meyer, M. Harward, E. Venz, P. Williams, C. Kurenda,
Smith, M. Smith, R. Garcia, D. Barge, D. Byrne, K. Byrne, A. Driscoll,
Fortune, P. Janin, E. Yarad, N. Hammond, F. Bass, A. Ashelford, S. Waterson,
Wedd, R. McNamara, H. Buhr, J. Coles, S. Schweikert, B. Wibrow, R. Rauniyar,
Myers, E. Fysh, A. Dawda, B. Mevavala, E. Litton, J. Ferrier, P. Nair, H. Buscher,
Reynolds, J. Santamaria, L. Barbazza, J. Homes, R. Smith, L. Murray,
Brailsford, L. Forbes, T. Maguire, V. Mariappa, J. Smith, S. Simpson, M. Maiden,
Bone, M. Horton, T. Salerno, M. Sterba, W. Geng, P. Depuydt, J. De Waele,
De Bus, J. Fierens, S. Bracke, B. Reeve, W. Dechert, M. Chasse, F.M. Carrier,
Boumahni, F. Benettaib, A. Ghamraoui, D. Bellemare, E. Cloutier, C. Francoeur,
Lamontagne, F. D’Aragon, E. Carbonneau, J. Leblond, G. Vazquez-Grande,
Marten, M. Wilson, M. Albert, K. Serri, A. Cavayas, M. Duplaix, V. Williams,
Rochwerg, T. Karachi, S. Oczkowski, J. Centofanti, T. Millen, E. Duan, J. Tsang,
Patterson, S. English, I. Watpool, R. Porteous, S. Miezitis, L. McIntyre,
Brochard, K. Burns, G. Sandhu, I. Khalid, A. Binnie, E. Powell, A. McMillan,
Luk, N. Aref, Z. Andric, S. Cviljevic, R. Dimoti, M. Zapalac, G. Mirkovic,
Barsic, M. Kutlesa, V. Kotarski, A. Vujaklija Brajkovic, J. Babel, H. Sever,
Dragija, I. Kusan, S. Vaara, L. Pettila, J. Heinonen, A. Kuitunen, S. Karlsson,
Vahtera, H. Kiiski, S. Ristimaki, A. Azaiz, C. Charron, M. Godement, G. Geri,
Vieillard-Baron, F. Pourcine, M. Monchi, D. Luis, R. Mercier, A. Sagnier,
Verrier, C. Caplin, S. Siami, C. Aparicio, S. Vautier, A. Jeblaoui, M. Fartoukh,
Courtin, V. Labbe, C. Leparco, G. Muller, M.A. Nay, T. Kamel, D. Benzekri,
Jacquier, E. Mercier, D. Chartier, C. Salmon, P. Dequin, F. Schneider, G. Morel,
S. L'Hotellier, J. Badie, F.D. Berdaguer, S. Malfroy, C. Mezher, C. Bourgoin,

B. Megarbane, S. Voicu, N. Deye, 1. Malissin, L. Sutterlin, C. Guitton, C. Darreau,
M. Landais, N. Chudeau, A. Robert, P. Moine, N. Heming, V. Maxime, I. Bossard,
T.B. Nicholier, G. Colin, V. Zinzoni, N. Maquigneau, A. Finn, G. Kress, U. Hoff,
C. Friedrich Hinrichs, J. Nee, M. Pletz, S. Hagel, J. Ankert, S. Kolanos, F. Bloos,
S. Petros, B. Pasieka, K. Kunz, P. Appelt, B. Schutze, S. Kluge, A. Nierhaus,

D. Jarczak, K. Roedl, D. Weismann, A. Frey, V. Klinikum Neukolln, L. Reill,

M. Distler, A. Maselli, J. Belteczki, I. Magyar, A. Fazekas, S. Kovacs, V. Szoke,
G. Szigligeti, J. Leszkoven, D. Collins, P. Breen, S. Frohlich, R. Whelan,

B. McNicholas, M. Scully, S. Casey, M. Kernan, P. Doran, M. O’Dywer, M. Smyth,
L. Hayes, O. Hoiting, M. Peters, E. Rengers, M. Evers, A. Prinssen, J. Bosch
Ziekenhuis, K. Simons, W. Rozendaal, F. Polderman, P. de Jager, M. Moviat,

A. Paling, A. Salet, E. Rademaker, A.L. Peters, E. de Jonge, J. Wigbers, E. Guilder,
M. Butler, K.A. Cowdrey, L. Newby, Y. Chen, C. Simmonds, R. McConnochie,

J. Ritzema Carter, S. Henderson, K. Van Der Heyden, J. Mehrtens, T. Williams,
A. Kazemi, R. Song, V. Lai, D. Girijadevi, R. Everitt, R. Russell, D. Hacking,

U. Buehner, E. Williams, T. Browne, K. Grimwade, J. Goodson, O. Keet,

O. Callender, R. Martynoga, K. Trask, A. Butler, L. Schischka, C. Young, E. Lesona,
S. Olatunji, Y. Robertson, N. Jose, T. Amaro dos Santos Catorze, T.N.A. de Lima
Pereira, L.M. Neves Pessoa, R.M. Castro Ferreira, J.M. Pereira Sousa Bastos,

S. Aysel Florescu, D. Stanciu, M.F. Zaharia, A.G. Kosa, D. Codreanu, Y. Marabi,
E. Al Qasim, M. Moneer Hagazy, L. Al Swaidan, H. Arishi, R. Munoz-Bermudez,
J. Marin-Corral, A. Salazar Degracia, F. Parrilla Gomez, M.I. Mateo Lopez,

J. Rodriguez Fernandez, S. Carcel Fernandez, R. Carmona Flores, R. Leon Lopez,
C. de la Fuente Martos, A. Allan, P. Polgarova, N. Farahi, S. McWilliam,

D. Hawcutt, L. Rad, L. O’Malley, J. Whitbread, O. Kelsall, L. Wild, J. Thrush,

H. Wood, K. Austin, A. Donnelly, M. Kelly, S. O’Kane, D. McClintock, M. Warnock,
P. Johnston, L.J. Gallagher, C. Mc Goldrick, M. Mc Master, A. Strzelecka, R. Jha,
M. Kalogirou, C. Ellis, V. Krishnamurthy, V. Deelchand, J. Silversides,

P. McGuigan, K. Ward, A. O’Neill, S. Finn, B. Phillips, D. Mullan, L. Oritz-Ruiz de
Gordoa, M. Thomas, K. Sweet, L. Grimmer, R. Johnson, J. Pinnell, M. Robinson,
L. Gledhill, T. Wood, M. Morgan, J. Cole, H. Hill, M. Davies, D. Antcliffe,

M. Templeton, R. Rojo, P. Coghlan, J. Smee, E. Mackay, J. Cort, A. Whileman,
T. Spencer, N. Spittle, V. Kasipandian, A. Patel, S. Allibone, R.M. Genetu,

M. Ramali, A. Ghosh, P. Bamford, E. London, K. Cawley, M. Faulkner, H. Jeffrey,
T. Smith, C. Brewer, J. Gregory, J. Limb, A. Cowton, J. O’Brien, N. Nikitas,

C. Wells, L. Lankester, M. Pulletz, P. Williams, J. Birch, S. Wiseman, S. Horton,
A. Alegria, S. Turki, T. Elsefi, N. Crisp, L. Allen, I. McCullagh, P. Robinson,

C. Hays, M. Babio-Galan, H. Stevenson, D. Khare, M. Pinder, S. Selvamoni,

A. Gopinath, R. Pugh, D. Menzies, C. Mackay, E. Allan, G. Davies, K. Puxty,

C. McCue, S. Cathcart, N. Hickey, J. Ireland, H. Yusuff, G. Isgro, C. Brightling,
M. Bourne, M. Craner, M. Watters, R. Prout, L. Davies, S. Pegler, L. Kyeremeh,
G. Arbane, K. Wilson, L. Gomm, F. Francia, S. Brett, S. Sousa Arias, R. Elin Hall,
J. Budd, C. Small, J. Birch, E. Collins, J. Henning, S. Bonner, K. Hugill, E. Cirstea,
D. Wilkinson, M. Karlikowski, H. Sutherland, E. Wilhelmsen, J. Woods, J. North,
D. Sundaran, L. Hollos, S. Coburn, J. Walsh, M. Turns, P. Hopkins, J. Smith,

H. Noble, M.T. Depante, E. Clarey, S. Laha, M. Verlander, A. Williams, A. Huckle,
A. Hall, J. Cooke, C. Gardiner-Hill, C. Maloney, H. Qureshi, N. Flint, S. Nicholson,
S. Southin, A. Nicholson, B. Borgatta, I. Turner-Bone, A. Reddy, L. Wilding,

L. Chamara Warnapura, R. Agno Sathianathan, D. Golden, C. Hart, J. Jones,

J. Bannard-Smith, J. Henry, K. Birchall, F. Pomeroy, R. Quayle, A. Makowski,
B. Misztal, I. Ahmed, T. KyereDiabour, K. Naiker, R. Stewart, E. Mwaura, L. Mew,
L. Wren, F. Willams, R. Innes, P. Doble, J. Hutter, C. Shovelton, B. Plumb,

NEZprprEArrEZE0OR OB ERD


http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref132
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref132
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref132
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref133
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref133
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref133
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref134
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref134
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref135
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref135
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref135
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref135
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref135
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref136
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref136
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref137
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref137
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref137
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref138
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref138
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref138
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref138
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref139
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref139
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref139
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref140
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref140
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref140
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref140
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref141
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref141
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref141
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref141
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref141
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref142
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref142
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref142
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref142
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref142
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref142
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref142
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref142
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref142
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref142
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref142
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref142
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143

S. Bruscoli et al.

[145]

[146]

[147]

[148]

[149]

T. Szakmany, V. Hamlyn, N. Hawkins, S. Lewis, A. Dell, S. Gopal, S. Ganguly,
A. Smallwood, N. Harris, S. Metherell, J.M. Lazaro, T. Newman, S. Fletcher,

J. Nortje, D. Fottrell-Gould, G. Randell, M. Zaman, E. Elmahi, A. Jones, K. Hall,
G. Mills, K. Ryalls, H. Bowler, J. Sall, R. Bourne, Z. Borrill, T. Duncan, T. Lamb,
J. Shaw, C. Fox, J. Moreno Cuesta, K. Xavier, D. Purohit, M. Elhassan,

D. Bakthavatsalam, M. Rowland, P. Hutton, A. Bashyal, N. Davidson, C. Hird,
M. Chhablani, G. Phalod, A. Kirkby, S. Archer, K. Netherton, H. Reschreiter,

J. Camsooksai, S. Patch, S. Jenkins, D. Pogson, S. Rose, Z. Daly, L. Brimfield,
H. Claridge, D. Parekh, C. Bergin, M. Bates, J. Dasgin, C. McGhee, M. Sim, S.

K. Hay, S. Henderson, M.K. Phull, A. Zaidi, T. Pogreban, L.P. Rosaroso, D. Harvey,
B. Lowe, M. Meredith, L. Ryan, A. Hormis, R. Walker, D. Collier, S. Kimpton,

S. Oakley, K. Rooney, N. Rodden, E. Hughes, N. Thomson, D. McGlynn,

A. Walden, N. Jacques, H. Coles, E. Tilney, E. Vowell, M. Schuster-Bruce, S. Pitts,
R. Miln, L. Purandare, L. Vamplew, M. Spivey, S. Bean, K. Burt, L. Moore, C. Day,
C. Gibson, E. Gordon, L. Zitter, S. Keenan, E. Baker, S. Cherian, S. Cutler,

A. Roynon-Reed, K. Harrington, A. Raithatha, K. Bauchmuller, N. Ahmad,

I. Grecu, D. Trodd, J. Martin, C. Wrey Brown, A.M. Arias, T. Craven, D. Hope,
J. Singleton, S. Clark, N. Rae, I. Welters, D.O. Hamilton, K. Williams, V. Waugh,
D. Shaw, Z. Puthucheary, T. Martin, F. Santos, R. Uddin, A. Somerville, K.

C. Tatham, S. Jhanji, E. Black, A. Dela Rosa, R. Howle, R. Tully, A. Drummond,
J. Dearden, J. Philbin, S. Munt, A. Vuylsteke, C. Chan, S. Victor, R. Matsa,

M. Gellamucho, B. Creagh-Brown, J. Tooley, L. Montague, F. De Beaux,
Bullman, I. Kersiake, C. Demetriou, S. Mitchard, L. Ramos, K. White,
Donnison, M. Johns, R. Casey, L. Mattocks, S. Salisbury, P. Dark, A. Claxton,
McLachlan, K. Slevin, S. Lee, J. Hulme, S. Joseph, F. Kinney, H.J. Senya,
Oborska, A. Kayani, B. Hadebe, R. Orath Prabakaran, L. Nichols, M. Thomas,
Worner, B. Faulkner, E. Gendall, K. Hayes, C. Hamilton-Davies, C. Chan,
Mfuko, H. Abbass, V. Mandadapu, S. Leaver, D. Forton, K. Patel,
Paramasivam, M. Powell, R. Gould, E. Wilby, C. Howcroft, D. Banach,
Fernandez de Pinedo Artaraz, L. Cabreros, I. White, M. Croft, N. Holland,
Pereira, A. Zaki, D. Johnson, M. Jackson, H. Garrard, V. Juhaz, A. Roy,
Rostron, L. Woods, S. Cornell, S. Pillai, R. Harford, T. Rees, H. Ivatt, A. Sundara
Raman, M. Davey, K. Lee, R. Barber, M. Chablani, F. Brohi, V. Jagannathan,

M. Clark, S. Purvis, B. Wetherill, A. Dushianthan, R. Cusack, K. de Courcy-Golder,
S. Smith, S. Jackson, B. Attwood, P. Parsons, V. Page, X.B. Zhao, D. Oza,

J. Rhodes, T. Anderson, S. Morris, C. Xia Le Tai, A. Thomas, A. Keen, S. Digby,
N. Cowley, L. Wild, D. Southern, H. Reddy, A. Campbell, C. Watkins, S. Smuts,
O. Touma, N. Barnes, P. Alexander, T. Felton, S. Ferguson, K. Sellers, J. Bradley-
Potts, D. Yates, 1. Birkinshaw, K. Kell, N. Marshall, L. Carr-Knott, C. Summers,
Effect of hydrocortisone on mortality and organ support in patients with severe
COVID-19: the REMAP-CAP COVID-19 corticosteroid domain randomized clinical
trial, JAMA 324 (13) (2020) 1317-1329.

L. Corral-Gudino, A. Bahamonde, F. Arnaiz-Revillas, J. Gomez-Barquero,

J. Abadia-Otero, C. Garcia-Ibarbia, V. Mora, A. Cerezo-Hernandez, J.

L. Hernandez, G. Lopez-Muniz, F. Hernandez-Blanco, J.M. Cifrian, J.M. Olmos,
M. Carrascosa, L. Nieto, M.C. Farinas, J.A. Riancho, G. investigators,
Methylprednisolone in adults hospitalized with COVID-19 pneumonia: an open-
label randomized trial (GLUCOCOVID), Wien. Klin. Woche 133 (7-8) (2021)
303-311.

P.F. Dequin, N. Heming, F. Meziani, G. Plantefeve, G. Voiriot, J. Badie,

B. Francois, C. Aubron, J.D. Ricard, S. Ehrmann, Y. Jouan, A. Guillon, M. Leclerc,
C. Coffre, H. Bourgoin, C. Lengelle, C. Caille-Fenerol, E. Tavernier, S. Zohar,

B. Giraudeau, D. Annane, A. Le Gouge, C.C.T. Group, C.-T.N. the, Effect of
hydrocortisone on 21-day mortality or respiratory support among critically Il
patients with COVID-19: a randomized clinical trial, JAMA 324 (13) (2020)
1298-1306.

B.M. Tomazini, I.S. Maia, A.B. Cavalcanti, O. Berwanger, R.G. Rosa, V.C. Veiga,
A. Avezum, R.D. Lopes, F.R. Bueno, M. Silva, F.P. Baldassare, E.L.V. Costa, R.A.
B. Moura, M.O. Honorato, A.N. Costa, L.P. Damiani, T. Lisboa, L. Kawano-
Dourado, F.G. Zampieri, G.B. Olivato, C. Righy, C.P. Amendola, R.M.L. Roepke, D.
H.M. Freitas, D.N. Forte, F.G.R. Freitas, C.C.F. Fernandes, L.M.G. Melro, G.F.

S. Junior, D.C. Morais, S. Zung, F.R. Machado, L.C.P. Azevedo, C.C.-B.

1. Investigators, Effect of dexamethasone on days alive and ventilator-free in
patients with moderate or severe acute respiratory distress syndrome and COVID-
19: the CoDEX randomized clinical trial, JAMA 324 (13) (2020) 1307-1316.
W.H.O.R.E.Af.C.-T.W. Group, J.A.C. Sterne, S. Murthy, J.V. Diaz, A.S. Slutsky,
J. Villar, D.C. Angus, D. Annane, L.C.P. Azevedo, O. Berwanger, A.B. Cavalcanti,
P.F. Dequin, B. Du, J. Emberson, D. Fisher, B. Giraudeau, A.C. Gordon,

A. Granholm, C. Green, R. Haynes, N. Heming, J.P.T. Higgins, P. Horby, P. Juni,
M.J. Landray, A. Le Gouge, M. Leclerc, W.S. Lim, F.R. Machado, C. McArthur,
F. Meziani, M.H. Moller, A. Perner, M.W. Petersen, J. Savovic, B. Tomazini, V.
C. Veiga, S. Webb, J.C. Marshall, Association between administration of systemic
corticosteroids and mortality among critically Ill patients with COVID-19: a meta-
analysis, JAMA 324 (13) (2020) 1330-1341.

C.M.P. Jeronimo, M.E.L. Farias, F.F.A. Val, V.S. Sampaio, M.A.A. Alexandre, G.
C. Melo, 1.P. Safe, M.G.S. Borba, R.L.A. Netto, A.B.S. Maciel, J.R.S. Neto, L.

B. Oliveira, E.F.G. Figueiredo, K.M. Oliveira Dinelly, M.G. de Almeida Rodrigues,
M. Brito, M.P.G. Mourao, G.A. Pivoto Joao, L.A. Hajjar, Q. Bassat, G.A.S. Romero,
F.G. Naveca, H.L. Vasconcelos, M. de Araujo Tavares, J.D. Brito-Sousa, F.T.

M. Costa, M.L. Nogueira, D.C. Baia-da-Silva, M.S. Xavier, W.M. Monteiro, M.V.
G. Lacerda, T. Metcovid, Methylprednisolone as adjunctive therapy for patients
hospitalized with coronavirus disease 2019 (COVID-19; metcovid): a randomized,
double-blind, phase IIb, Placebo-controlled trial, Clin. Infect. Dis. 72 (9) (2021)
e373-e381.

PENEOF>OOE

13

[150]

[151]

[152]

[153]

[154]

[155]
[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

Pharmacological Research 185 (2022) 106511

L. Zha, S. Li, L. Pan, B. Tefsen, Y. Li, N. French, L. Chen, G. Yang, E.V. Villanueva,
Corticosteroid treatment of patients with coronavirus disease 2019 (COVID-19),
Med. J. Aust. 212 (9) (2020) 416-420.

E.J. Cano, X. Fonseca Fuentes, C. Corsini Campioli, J.C. O’Horo, O. Abu Saleh,
Y. Odeyemi, H. Yadav, Z. Temesgen, Impact of corticosteroids in coronavirus
disease 2019 outcomes: systematic review and meta-analysis, Chest 159 (3)
(2021) 1019-1040.

S. Kostorz-Nosal, D. Jastrzebski, M. Chyra, P. Kubicki, M. Zielinski, D. Ziora,

A prolonged steroid therapy may be beneficial in some patients after the COVID-
19 pneumonia, Eur. Clin. Respir. J. 8 (1) (2021), 1945186.

T.P. Warrington, J.M. Bostwick, Psychiatric adverse effects of corticosteroids,
Mayo Clin. Proc. 81 (10) (2006) 1361-1367.

D.J. Brotman, J.P. Girod, A. Posch, J.T. Jani, J.V. Patel, M. Gupta, G.Y. Lip,

S. Reddy, T.S. Kickler, Effects of short-term glucocorticoids on hemostatic factors
in healthy volunteers, Thromb. Res. 118 (2) (2006) 247-252.

A.A. Alangari, Corticosteroids in the treatment of acute asthma, Ann. Thorac.
Med. 9 (4) (2014) 187-192.

D.M. Williams, Clinical pharmacology of corticosteroids, Respir. Care 63 (6)
(2018) 655-670.

A.S. Alzahrani, N. Mukhtar, A. Aljomaiah, H. Aljamei, A. Bakhsh, N. Alsudani,
T. Elsayed, N. Alrashidi, R. Fadel, E. Alqahtani, H. Raef, M.I. Butt, O. Sulaiman,
The impact of COVID-19 viral infection on the hypothalamic-pituitary-adrenal
axis, Endocr. Pract. 27 (2) (2021) 83-89.

M. Jensterle, R. Herman, A. Janez, W.A. Mahmeed, K. Al-Rasadi, K. Al-Alawi,
M. Banach, Y. Banerjee, A. Ceriello, M. Cesur, F. Cosentino, M. Galia, S.Y. Goh,
S. Kalra, P. Kempler, N. Lessan, P. Lotufo, N. Papanas, A.A. Rizvi, R.D. Santos, A.
P. Stoian, P.P. Toth, V. Viswanathan, M. Rizzo, The relationship between COVID-
19 and hypothalamic-pituitary-adrenal axis: a large spectrum from glucocorticoid
insufficiency to excess-the CAPISCO international expert panel, Int. J. Mol. Sci.
23 (13) (2022).

Y. Mao, B. Xu, W. Guan, D. Xu, F. Li, R. Ren, X. Zhu, Y. Gao, L. Jiang, The adrenal
cortex, an underestimated site of SARS-CoV-2 infection, Front. Endocrinol. 11
(2020), 593179.

1. Chifu, M. Detomas, U. Dischinger, O. Kimpel, F. Megerle, S. Hahner,

M. Fassnacht, B. Altieri, Management of patients with glucocorticoid-related
diseases and COVID-19, Front. Endocrinol. 12 (2021), 705214.

D. Clarisse, F. Offner, K. De Bosscher, Latest perspectives on glucocorticoid-
induced apoptosis and resistance in lymphoid malignancies, Biochim. Biophys.
Acta Rev. Cancer 1874 (2) (2020), 188430.

S. De Iudicibus, R. Franca, S. Martelossi, A. Ventura, G. Decorti, Molecular
mechanism of glucocorticoid resistance in inflammatory bowel disease, World J.
Gastroenterol. 17 (9) (2011) 1095-1108.

E.F. van Rossum, J.W. Koper, N.A. Huizenga, A.G. Uitterlinden, J.A. Janssen, A.
O. Brinkmann, D.E. Grobbee, F.H. de Jong, C.M. van Duyn, H.A. Pols, S.

W. Lamberts, A polymorphism in the glucocorticoid receptor gene, which
decreases sensitivity to glucocorticoids in vivo, is associated with low insulin and
cholesterol levels, Diabetes 51 (10) (2002) 3128-3134.

T. Vanderhaeghen, S. Timmermans, D. Watts, V. Paakinaho, M. Eggermont,

J. Vandewalle, C. Wallaeys, L. Van Wyngene, K. Van Looveren, L. Nuyttens,

S. Dewaele, J. Vanden Berghe, K. Lemeire, J. De Backer, L. Dirkx, W. Vanden
Berghe, G. Caljon, B. Ghesquiere, K. De Bosscher, B. Wielockx, J.J. Palvimo,

R. Beyaert, C. Libert, Reprogramming of glucocorticoid receptor function by
hypoxia, EMBO Rep. 23 (1) (2022), e53083.

J. Vandewalle, S. Timmermans, V. Paakinaho, L. Vancraeynest, L. Dewyse,

T. Vanderhaeghen, C. Wallaeys, L. Van Wyngene, K. Van Looveren, L. Nuyttens,
M. Eggermont, S. Dewaele, T.R. Velho, L.F. Moita, S. Weis, C. Sponholz, L.A. van
Grunsven, M. Dewerchin, P. Carmeliet, K. De Bosscher, J. Van de Voorde, J.

J. Palvimo, C. Libert, Combined glucocorticoid resistance and hyperlactatemia
contributes to lethal shock in sepsis, Cell Metab. 33 (9) (2021) 1763-1776 (e5).
F. Rubino, S.A. Amiel, P. Zimmet, G. Alberti, S. Bornstein, R.H. Eckel,

G. Mingrone, B. Boehm, M.E. Cooper, Z. Chai, S. Del Prato, L. Ji, D. Hopkins, W.
H. Herman, K. Khunti, J.C. Mbanya, E. Renard, New-onset diabetes in Covid-19,
N. Engl. J. Med. 383 (8) (2020) 789-790.

A. Fernandez-Cruz, B. Ruiz-Antoran, A. Munoz-Gomez, A. Sancho-Lopez, P. Mills-
Sanchez, G.A. Centeno-Soto, S. Blanco-Alonso, L. Javaloyes-Garachana, A. Galan-
Gomez, A. Valencia-Alijo, J. Gomez-Irusta, C. Payares-Herrera, I. Morras-Torre,
E. Sanchez-Chica, L. Delgado-Tellez-de-Cepeda, A. Callejas-Diaz, A. Ramos-
Martinez, E. Munez-Rubio, C. Avendano-Sola, A retrospective controlled cohort
study of the impact of glucocorticoid treatment in SARS-CoV-2 infection
mortality, Antimicrob. Agents Chemother. 64 (9) (2020).

J.J. Ko, C. Wu, N. Mehta, N. Wald-Dickler, W. Yang, R. Qiao, A comparison of
methylprednisolone and dexamethasone in intensive care patients with COVID-
19, J. Intensive Care Med. 36 (6) (2021) 673-680.

L.P. Maskin, I. Bonelli, G.L. Olarte, F. Palizas Jr., A.E. Velo, M.F. Lurbet,

P. Lovazzano, S. Kotsias, S. Attie, I. Lopez Saubidet, N.D. Baredes, M. Setten, P.
0. Rodriguez, High- versus low-dose dexamethasone for the treatment of COVID-
19-related acute respiratory distress syndrome: a multicenter, randomized open-
label clinical trial, J. Intensive Care Med. 37 (4) (2022) 491-499.

S. Ramakrishnan, D.V. Nicolau Jr., B. Langford, M. Mahdi, H. Jeffers,

C. Mwasuku, K. Krassowska, R. Fox, I. Binnian, V. Glover, S. Bright, C. Butler, J.
L. Cane, A. Halner, P.C. Matthews, L.E. Donnelly, J.L. Simpson, J.R. Baker, N.
T. Fadai, S. Peterson, T. Bengtsson, P.J. Barnes, R.E.K. Russell, M. Bafadhel,
Inhaled budesonide in the treatment of early COVID-19 (STOIC): a phase 2, open-
label, randomised controlled trial, Lancet Respir. Med. 9 (7) (2021) 763-772.
L.J. Finney, N. Glanville, H. Farne, J. Aniscenko, P. Fenwick, S.V. Kemp, M.

B. Trujillo-Torralbo, S.L. Loo, M.A. Calderazzo, J.A. Wedzicha, P. Mallia, N.


http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref143
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref144
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref144
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref144
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref144
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref144
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref144
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref144
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref145
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref145
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref145
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref145
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref145
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref145
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref145
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref146
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref146
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref146
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref146
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref146
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref146
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref146
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref146
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref146
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref147
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref147
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref147
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref147
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref147
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref147
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref147
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref147
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref147
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref148
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref148
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref148
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref148
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref148
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref148
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref148
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref148
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref148
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref148
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref149
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref149
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref149
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref150
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref150
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref150
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref150
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref151
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref151
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref151
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref152
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref152
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref153
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref153
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref153
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref154
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref154
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref155
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref155
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref156
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref156
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref156
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref156
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref157
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref157
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref157
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref157
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref157
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref157
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref157
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref158
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref158
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref158
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref159
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref159
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref159
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref160
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref160
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref160
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref161
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref161
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref161
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref162
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref162
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref162
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref162
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref162
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref163
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref163
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref163
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref163
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref163
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref163
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref164
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref164
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref164
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref164
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref164
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref164
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref165
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref165
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref165
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref165
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref166
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref166
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref166
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref166
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref166
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref166
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref166
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref167
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref167
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref167
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref168
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref168
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref168
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref168
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref168
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref169
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref169
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref169
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref169
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref169
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref169
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref170
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref170

S. Bruscoli et al.

[172]

[173]

[174]

W. Bartlett, S.L. Johnston, A. Singanayagam, Inhaled corticosteroids
downregulate the SARS-CoV-2 receptor ACE2 in COPD through suppression of
type I interferon, J. Allergy Clin. Immunol. 147 (2) (2021) 510-519, e5.

S. Sarkar, P. Khanna, K.D. Soni, Are the steroids a blanket solution for COVID-19?
A systematic review and meta-analysis, J. Med. Virol. 93 (3) (2021) 1538-1547.
S. Ramiro, R.L.M. Mostard, C. Magro-Checa, C.M.P. van Dongen, T. Dormans,
J. Buijs, M. Gronenschild, M.D. de Kruif, E.H.J. van Haren, T. van Kraaij, M.P.
G. Leers, R. Peeters, D.R. Wong, R.B.M. Landewe, Historically controlled
comparison of glucocorticoids with or without tocilizumab versus supportive care
only in patients with COVID-19-associated cytokine storm syndrome: results of
the CHIC study, Ann. Rheum. Dis. 79 (9) (2020) 1143-1151.

M. Edalatifard, M. Akhtari, M. Salehi, Z. Naderi, A. Jamshidi, S. Mostafaei, S.
R. Najafizadeh, E. Farhadi, N. Jalili, M. Esfahani, B. Rahimi, H. Kazemzadeh,
M. Mahmoodi Aliabadi, T. Ghazanfari, M. Sattarian, H. Ebrahimi Louyeh, S.

R. Raeeskarami, S. Jamalimoghadamsiahkali, N. Khajavirad, M. Mahmoudi,

A. Rostamian, Intravenous methylprednisolone pulse as a treatment for

14

[175]

[176]

Pharmacological Research 185 (2022) 106511

hospitalised severe COVID-19 patients: results from a randomised controlled
clinical trial, Eur. Respir. J. 56 (6) (2020).

T. Chroboczek, M. Lacoste, C. Wackenheim, T. Challan-Belval, B. Amar,

T. Boisson, J. Hubac, D. Leduc, C. Masse, V. Dechaene, L. Touhiri-Maximin,

S. Megessier, C. Lassale, Beneficial effect of corticosteroids in severe COVID-19
pneumonia: a propensity score matching analysis, medRxiv (2020)
(2020.05.08.20094755).

A. Granholm, M.W. Munch, S.N. Myatra, B.K.T. Vijayaraghavan, M. Cronhjort, R.
R. Wahlin, S.M. Jakob, L. Cioccari, M.N. Kjaer, G.K. Vesterlund, T.S. Meyhoff,
M. Helleberg, M.H. Moller, T. Benfield, B. Venkatesh, N.E. Hammond, S. Micallef,
A. Bassi, O. John, V. Jha, K.T. Kristiansen, C.S. Ulrik, V.L. Jorgensen, M. Smitt, M.
H. Bestle, A.S. Andreasen, L.M. Poulsen, B.S. Rasmussen, A.C. Brochner, T. Strom,
A. Moller, M.S. Khan, A. Padmanaban, J.V. Divatia, S. Saseedharan, K. Borawake,
F. Kapadia, S. Dixit, R. Chawla, U. Shukla, P. Amin, M.S. Chew, C.A. Wamberg,
C. Gluud, T. Lange, A. Perner, Dexamethasone 12 mg versus 6 mg for patients
with COVID-19 and severe hypoxaemia: a pre-planned, secondary Bayesian
analysis of the COVID STEROID 2 trial, Intensive Care Med. 48 (1) (2022) 45-55.


http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref170
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref170
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref170
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref171
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref171
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref172
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref172
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref172
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref172
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref172
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref172
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref173
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref173
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref173
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref173
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref173
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref173
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref173
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref174
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref174
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref174
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref174
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref174
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref175
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref175
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref175
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref175
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref175
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref175
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref175
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref175
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref175
http://refhub.elsevier.com/S1043-6618(22)00457-1/sbref175

	Glucocorticoids and COVID-19
	1 Introduction
	2 Anti-inflammatory mechanisms of GCs
	3 Use of GCs in inflammatory diseases
	3.1 GCs and the circadian clock
	3.2 Adverse events of GCs
	3.3 Use of GCs in respiratory diseases and acute lung injury (ALI)
	3.4 Use of GCs in (auto)immune and (auto)inflammatory disorders

	4 Inflammation and COVID-19
	5 GC treatment for COVID-19
	6 Conclusions
	CRediT authorship contribution statement
	Declarations of interest
	Data Availability
	Acknowledgement
	References


