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PERSPECTIVE

Renaissance of glucocorticoids in critical 
care in the era of COVID-19: ten urging 
questions
Martin S. Winkler1*, Marcin F. Osuchowski2, Didier Payen3, Antoni Torres4, Steffen Dickel1 and Tomasz Skirecki5* 

Abstract 

The 40-year-old experience with glucocorticosteroids (GCs) in the context of severe infections is complex and trou-
blesome. Recently, however, a clear indication for GCs in severe COVID-19 has been established. This may constitute 
a harbinger of a wider use of GCs in critical illnesses. A fundamental prerequisite of such an action is a better under-
standing of the heterogeneity of critical illness and GCs operationalization within the precision medicine approach. 
In this perspective, we formulate ten major questions regarding the use of GCs in critical illness. Answering them will 
likely facilitate a new era of effective and personalized GCs use in modern critical care.
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The application of glucocorticoids (GCs) in sepsis has 
been discussed for decades yet their use remains contro-
versial. Findings from the RECOVERY trial confirmed 
by the REMAP-CAP have revived an interest in GCs as 
a current and effective standard-of-care (SoC) treatment 
of severe SARS-CoV-2 pneumonia (COVID-19) [1–3]. 
In contrast, the current sepsis guidelines feature only a 
weak recommendation for GCs reflecting a poor mecha-
nistic understanding of GCs action and limited evidence 
regarding their therapeutic efficacy in sepsis [4]. In this 
perspective, we formulate ten urgent questions address-
ing the use of GCs in severe infections, answers to which 
will aid in improving the outcomes of critically ill patients 
(Fig. 1).

Know your disease
Why are GCs effective in COVID‑19 but not in bacterial 
sepsis nor severe influenza?
There is a striking contrast of the efficacy of cortico-
therapy between COVID-19 [2], septic shock [4] and 
influenza [5]. Any conclusion regarding clinical improve-
ments by GCs must be examined through a prism of 
specific end-point benefits such as reduction in mortal-
ity, increase in ventilatory-free days, improved hemody-
namic stability, reduced intensity of fibrotic repair. GCs 
reduced 28-day mortality by 30% in mechanically venti-
lated patients, but not in patients without a respiratory 
support requirement [1]. When this endpoint is retro-
spectively applied to previous studies testing GCs in 
ARDS and (non-COVID-19) sepsis, the signal remains 
vague despite an adequate design of those trials. This pro-
vokes a subsequent question on why the benefit observed 
in COVID-19 was not also apparent in influenza-induced 
ARDS nor bacterial sepsis? To answer it, a clear picture of 
molecular mechanisms involved in COVID-19 is needed, 
also accounting for potential differences related to SARS-
CoV-2 versus other types of infecting pathogens. Next, a 
longitudinal study of inflammatory response in presence/
absence of GCs may clarify how GCs perform in COVID-
19 and in other etiologies. The discrepancy in the efficacy 
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of GCs between COVID-19 and influenza can be due to 
differences in: (1) the study design (e.g., administration 
timing/phase, dose, inclusion criteria of patients), (2) 
the nature/clinical course of COVID-19 infection versus 
influenza infection, and (3) the features of SARS-CoV-2 
virus versus influenza viruses. In severe influenza, stud-
ies were typically non-randomized; only few RCTs tested 
high GC doses and they were frequently burdened by 
multiple confounding factors. The existing observa-
tional studies did not demonstrate any GC-dependent 
mortality reduction. Clear differences in the immune 
response to an infection with SARS-CoV-2 compared to 
influenza viruses were revealed and include: (1) weaker 
induction of chemokines, (2) strong activation of T-cells 
and distinct monocytes and (3) hyperactivated neutro-
phils response with a weaker direct epithelial injury by 
SARS-CoV-2 [6–8]. Severe COVID-19 is characterized 
by specific endothelial and immunothrombotic changes 
and patients who succumbed to COVID-19 presented 
with features of pulmonary fibrosis [9]. Although GCs 
are used in the treatment of exacerbations of idiopathic 
pulmonary fibrosis despite poor evidence of benefits 
[10], it is possible that corticotherapy is more effective 
in COVID-19-related fibrosis. This concept is supported 

by a small study demonstrating efficacy of a low-to-
moderate corticotherapy in the fibrotic phase of critical 
COVID-19 but not the earlier alveolitis phase [11]. It 
remains unclear which particular aspect of COVID-19 
pathogenesis is affected by GCs but each of the above-
mentioned constitutes a potential target. Relatively low 
doses of beneficial corticotherapy and their low efficacy 
in alveolitis phase [11] suggest that immunosuppression 
may not be the only mechanism of GCs action. Bene-
fits of a late corticotherapy initiation can be related to a 
paradoxical insensitivity of cells to GCs induced by viral 
infection [12]. Potential COVID-19-specific targets for 
GCs include also a direct interaction with viral proteins 
[13] and specific isoforms of p65 [14].

Is refractory vasoplegia the only viable target for GCs 
treatment in septic shock?
In critically ill patients, the critical illness-related cor-
ticosteroid insufficiency (CIRCI) has been the key indi-
cation for corticotherapy [15]. CIRCI is described as an 
inadequate hormonal stress response for the severity 
of critical illness. Nevertheless, the role of GCs in sep-
tic shock remains unclear. Indeed, a 90-day mortality in 
septic shock patients was lower under corticotherapy in 

Fig. 1 Ten emerging questions facilitating corticotherapy in the critical care
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the APROCCHSS trial [16] among others, while some 
other large RCTs showed conflicting results including 
elevated mortality [17]. Summarizing, administration 
of GCs is recommended only in refractory septic shock 
without a synacthen stimulation test [4]. It is speculative 
that administration of GCs can even be harmful in milder 
sepsis manifestations. Since severe vasoplegia is difficult 
to treat, corticotherapy seems justifiable when the risks 
are weighed but alternative drugs (e.g., vasopressin) may 
be more effective. That way, corticotherapy may improve 
vascular response to endogenous catecholamines and 
reduce the synthesis of nitric oxide (vasodilatator). Iden-
tification and precise characterization of sepsis subtypes 
are hoped to enable a predictive enrichment for corti-
cotherapy [18]. However, COVID-19 has taught us that 
there are other indications for corticotherapy in severe 
infections besides refractory shock. Elucidating the GCs 
mechanism-of-action may point to novel indications of 
the low-dose corticotherapy in other critical conditions. 
A prime candidate appears to be a life-threatening hyper-
inflammation and/or endotheliopathy, in which GCs can 
be used as an adjunctive treatment in combination with 
other anti-inflammatory drugs. Specific sites of infection 
(the lungs, abdomen, urinary tract) can also modulate the 
GCs efficacy. An in-depth retrospective investigation of 
the clinical (hemodynamic, respiratory) and laboratory 
(inflammatory, metabolic, cell injury) effects of GCs in 
COVID-19 can unravel specific indications for cortico-
therapy applicable to other conditions.

Are the currently recommended doses of dexamethasone 
in COVID‑19 immunomodulatory?
Understanding of the immunomodulatory effects of 
dexamethasone in COVID-19 is not solely a research 
question; it may also help identifying drugs that syner-
gize with this treatment. A single-cell RNA sequenc-
ing revealed that dexamethasone-treated critically ill 
COVID-19 patients downregulate expression of genes in 
B-cell, plasmablasts and some T-cell subsets [19]. Cor-
ticotherapy inhibited ROS generation in the circulating 
T-cells from the patients [20]. Moreover, patients receiv-
ing GCs had lower  CD4+ counts and downregulated 
HLA-DR on circulating monocytes [21]. Dexamethasone 
treatment reduced circulating neutrophil counts, par-
ticularly the subset with IFN-activated signaling, while 
it increased the immature and immunosuppressive neu-
trophils [19]. Accordingly, plasma proteomics showed a 
suppression of calprotectin and neutrophil serine pro-
tease by GCs [19], both of which support a functional 
modulation of neutrophils. Importantly, the expression 
of the glucocorticoid receptor (GR)-encoding gene in 
the lung-infiltrating neutrophils was inversely correlated 
with COVID-19 severity [22]. A complementary hamster 

study showed an inhibition of the SARS-CoV-2-evoked 
neutrophil alterations in the lung by dexamethasone 
[23]. Dexamethasone also reduced neutrophilic pulmo-
nary inflammation in the mouse model of COVID-19 
and inhibited B-cell responses [24]. Overall, the current 
evidence suggests that steroids modulate neutrophilic, 
T-cell and B-cell mediated pulmonary inflammation in 
COVID-19, which in turn decrease endothelial and epi-
thelial injury. Since GCs suppress the IFN-mediated sign-
aling, it should be investigated whether corticotherapy 
impairs the beneficial antiviral IFN activity. It is specu-
lative that higher GCs doses could be more protective 
for the pulmonary response. The emerging data on the 
immunomodulatory role of GCs in COVID-19 are in 
sharp contrast to the existing knowledge on the effects of 
similar hydrocortisone doses in septic shock. Single-cell 
sequencing techniques supported by a compartment-
specific approaches are needed to explore the effects of 
steroids in septic shock.

Know your patient
How can we identify responders versus non‑responders?
An underestimated problem in the ICU practice is GC 
resistance (GCR) – currently undetectable at the bedside. 
GCR is common in multiple diseases, such as rheumatoid 
arthritis, COPD, hyperinflated ARDS and sepsis [25]. 
An acquired GCR is considered as a pathological host 
response, because endogenous GCs ineffectively control 
inflammation, glucose metabolism and endothelial dys-
function [26]. It is urgent we find ways to identify GC 
responders with the goal of overcoming GCR. Several 
strategies for predictive enrichment are emerging aimed 
at pre-identification of responders by analysis of: (1) cor-
ticosteroid-response genes (e.g., GLCCI1, BHSD1) and 
specific signatures by transcriptomics [27], (2) dynamic 
markers directly assessing response to corticotherapy and 
(3) the inflammatory environment of the host [28]. The 
effects of GCs depend on the inflammatory status (GCs 
were effective only before the experimental TNF chal-
lenge [29] and in septic mice with high circulating IL-6 
[30]). Also, in COVID-19 ARDS patients with the hyper-
inflammatory phenotype, the corticotherapy was more 
effective than in the hypoinflammatory patients [31]. 
Intriguingly, reanalysis of the hydrocortisone trial in sep-
sis showed that corticotherapy was harmful to patients 
with an immunocompetent transcriptomic signature but 
not in those with immunosuppression [32]. It is specu-
lative whether overcoming of GCR brings more ben-
efits in selected patients; currently, a GCs dose increase 
is the only available possibility to overcome this drug 
resistance. Conversely, GC overdosing can be harmful 
in general patients’ population as evidenced by e.g., the 
emergence of mucormycosis [33]. These points clearly 
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show that better understanding of both the pathological 
processes in sepsis and precise action of corticosteroids 
is required for the development of personalized cortico-
therapy. Identification and operationalization of point-of 
care biomarkers rapidly characterizing1 the resistance/
responsiveness to corticotherapy is urgently needed.

When is the patient benefitting the most 
from corticotherapy?
The results from the RECOVERY trial (subsequently 
reasserted by the WHO metanalysis) did not provide 
information on all patient subpopulations, thus, poten-
tial adverse-effects must be taken into account in any 
risk/benefit assessment [1, 34]. Currently, it remains 
unclear whether corticotherapy is similarly beneficial 
in aged patients compared to the younger ones. This is 
a valid question due to the immunosenescence which 
may profoundly impact the host response. Of note, 
the RECOVERY trial reported no efficacy of GCs in 
patients > 70  years. Another recently published study 
demonstrated that mortality rose in patients ≥ 80  years 
[35]. A recent large multicenter observational study in 
the ICU-admitted patients found a survival benefit in 
patients > 60  years [36]. The timing of GCs prescrip-
tion is another valid question: an early administration 
represents other clinical scenarios that could modu-
late the benefits conferred by GCs. Remarkably, in the 
CIBERESUCICOVID study [36], it was revealed that GCs 
increased mortality in the ICU-admitted patients when 

the therapy was initiated < 7  days of symptoms onset. 
Regarding early GC administration in ICU patients, the 
results are controversial; an early administration seemed 
beneficial [37] but patients receiving GCs with a 48  h 
delay were not discarded [36]. It remains unclear what 
the most efficient doses are in specific clinical situations. 
It was clearly demonstrated that in COVID-19, 12  mg 
of dexamethasone was not more efficient (versus 6 mg), 
leading to the recommendation of the low dosage [36]. 
Duration of GC treatment also remains an open ques-
tion. The results of a recent meta-analysis showed that 
treatment for more than 7 days improved survival com-
pared to shorter treatments [38]. The GC treatment in 
the ICU patients for more than 10  days was associated 
with a higher reduction in 90-day mortality [36]. The 
clinical characteristics associated with the efficacy of GCs 
are summarized in Fig. 2. Finally, a similar uncertainty is 
caused by a question whether dose-tapering can reduce 
a lung inflammatory rebound and reduce an extubation 
failure in COVID-19 ARDS patients.

Can a positive response to GCs be boosted in septic 
and COVID‑19 patients?
While much desired, such an effect is difficult to inves-
tigate. COVID-19 pandemic, however, has created a 
unique environment in which such studies can be pur-
sued. Once the GCs became SoC in COVID-19, all RCTs 
tested any given intervention together with dexametha-
sone. Tocilizumab (IL-6 receptor-blocking monoclonal 

Fig. 2 Clinical determinants of the effects of corticotherapy in ICU-treated COVID-19 patients
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antibody) is such an example. Notably, only RCTs com-
bining GC and tocilizumab were beneficial [39]. The bio-
logical mechanism responsible for this synergy remains 
elusive. It can be hypothesized that such a drug com-
bination is also beneficial in sepsis as the IL-6 levels in 
COVID-19 patients are comparable and/or lower than in 
septic shock patients. Another promising anti-cytokine 
drug, anakinra (IL-1R antagonist) was shown to improve 
outcomes of COVID-19 patients with high circulating 
suPAR [40]. Similarly, the majority of anakinra-treated 
patients also received dexamethasone as SoC. Thus, it is 
unclear whether the benefits of anakinra were in any way 
potentiated by steroids. Given that neutrophils from ster-
oid-treated patients showed an increased expression of 
IL-1R2 (a decoy receptor for IL-1) such a synergy is likely. 
The anti-cytokine therapies are especially attractive due 
to their specificity. It has been also suggested that the 
NLRP3 inflammasome inhibitors synergize with GCs to 
control the immunopathology of COVID-19, yet clinical 
data are missing. The Janus-associated tyrosine kinase -1, 
-2 inhibitor- baricitinib also seems to enhance the effects 
of GCs in COVID-19 [41]. Another potential approach 
increasing the response to GCs is an inhaled nitric 
oxide (NO). In porcine endotoxemia, NO was shown 
to increase the expression of GCs receptor and potenti-
ate anti-inflammatory effects of GCs [42]. An alternative 
pathway relies on selective GR agonists and modulators 
favoring GR monomers and/or dimers [43]. Although 
purely speculative in COVID-19, the anti-inflammatory 
synergism between GCs and antithrombotic drugs has 
also been demonstrated in  vitro [44]. In the context of 
viral infections, the potential interaction between GCs 
and recombinant interferons is of special interest.

Know your drug and its targets
What are the molecular and spatial dependencies 
that modulate effects of GCs in various cells and tissues?
Both natural steroids and synthetic GCs bind to the con-
stitutively and ubiquitously expressed GR and thereby 
regulate up to 20% of existing gene families [45]. How-
ever, this regulation is not uniform and the spatial con-
figuration of the GC-GR complexes (either homodimeric 
or monomeric) appears to determine their downstream 
action. The current understanding is that the GC-GR 
homodimer up-regulates gene expression directly as a 
transcription factor (TF) via so-called transactivation 
[46]. In contrast, the GC-GR monomer complex prevents 
other TFs (e.g., NF-κB) from binding to their target genes 
and represses gene expression in a process described as 
transrepression [46]. These various GC-GR configura-
tions may often generate opposite effects. For example, 
homodimeric GC-GR configuration generally favors anti-
inflammatory effect [45] and GR binding to DNA-bound 

STAT3 was shown to inhibit STAT3 gene expression, 
whereas STAT3 binding to DNA-bound GR resulted in 
transcriptional synergy [47]. Additionally, there are at 
least 8 alternative splicing variants of the GR and these 
GR isoforms differ significantly in their relative presence 
among cells; e.g., GRα-C was higher in the pancreas and 
lung compared to the liver [48]. This generates a unique 
cell-specific genomic signal by those individual isoforms 
(either induction or repression) that is independent 
from the gene pool commonly regulated by all isoforms 
(approx. 20%). In critical illness, the expression profiles 
of key regulators of local glucocorticoid action (e.g., 
GILZ, FKBP51) vary between tissues [49]. For example, 
there was strong expression difference of those regula-
tors between circulating neutrophils (suppressed) and 
monocytes, whereas mouse sepsis indicated an unequal 
GC availability among tissues. Importantly, GCs can also 
exert their action via non-genomic signaling (e.g., mem-
brane lipids properties, mitochondrial function) but its 
modulatory role in the GCs-dependent effects is virtually 
unknown.

Can we make the GCs action more specific?
Administration of GCs, especially protracted, triggers 
adverse various effects. For example, corticotherapy in 
COVID-19 is related with an increased risk of nosoco-
mial pneumonia [36]. Questions regarding (1) cell-type 
specific mechanisms, (2) induced GC receptor (GR) 
configuration and (3) required GC dosing in critically ill 
patients remain unanswered. Due to their broad mecha-
nism-of-action, GCs are largely unspecific “dirty” drugs. 
The dynamics of the GR homo- versus dimerization 
(thereby varying target gene expression; see Q7) can be 
potentially utilized for a more targeted GC use. Consider-
ing the dynamics of cytokines released in sepsis, it should 
be realized that there is a complex interplay and feed-
back between GCs and cytokines; a term “context-specific 
mechanism of GCs action” has been proposed to describe 
this phenomenon [45]. The above-mentioned strategies 
combining GCs with other immunomodulators are a 
prime example that GCs effects depend on the inflamma-
tory environment [29]. The current debate should there-
fore sensitize clinicians to monitoring the inflammatory 
status of patients before prescribing immunomodulators. 
A new approach to increase the specificity of GC activ-
ity is to generate an antibody–drug conjugate as shown in 
CD163 combined with dexamethasone. This drug targets 
activated macrophages and suppresses cytokine release 
after experimental LPS stimulation. This is a powerful 
strategy and the effect is 50-fold higher compared to an 
unbound dexamethasone [50]. The modification of syn-
thetic GCs is another pharmacological method to reduce 
systematic side effects when administered locally or via 
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inhalation. The development of more potent GCs by a 
stronger binding to GR is an alternative option. Potent 
GC application is not only useful for topical application 
but also for systemic use when a strong binding, “war-
head” is desired. This can efficiently boost the GC-GR 
homodimer configuration to maximize anti-inflamma-
tory effects [51].

Does the GCs type matter for sepsis or COVID‑19 
outcomes?
Different doses and types of GCs have been tested 
in ARDS and sepsis, which confounds the published 
analyses. Clinically, the different GCs are often inter-
changeable, and the main difference regards the miner-
alocorticoid activity. However, experimental evidence 
indicates that GCs also differ in modulation of particular 
responses [52]. The COVID-19 pioneer trial RECOV-
ERY tested dexamethasone at 6  mg/day, a choice that 
was not solidly justified. A theoretical pharmacological 
equivalence based on prednisone can be compared; 5 mg 
of prednisone corresponds to: 20  mg of hydrocortisone 
(× 4); 4  mg of methylprednisolone; 0.75  mg of dexa-
methasone (1/6). The COVID-19 SoC dexamethasone 
(6  mg/d) corresponds to 40  mg of prednisone (0.6  mg/

kg/d of prednisone over 10 days) [2]. The efficacy of dexa-
methasone and methylprednisolone in COVID-19 was 
compared only in low-evidence studies and the results 
are ambiguous [53]. Furthermore, a pulse of methyl-
prednisolone in addition to SoC dexamethasone was not 
beneficial in severe COVID-19 [54]. The pharmacoki-
netic of the GCs should also be considered, particularly 
in critical care. The longer the half-life, the higher the 
risk of secondary infections due to immunosuppression. 
Understanding the beneficial GCs mechanisms-of-action 
in COVID-19 could lead to identification of a most suit-
able GCs agent(s). The systemic type and doses of GCs 
were higher in reports on ARDS and sepsis compared to 
COVID-19 studies. However, further evidence is needed 
to elucidate optimal GCs dosing and selection thereof.

How to effectively utilize novel‑ generation GCs?
The mechanism of ICU-acquired GCs resistance is com-
plex, unsolved and depends on the inflammatory envi-
ronment of the host [25]. At least several strategies to 
overcome unwanted side effects of GCs have been devel-
oped. A topical use of GCs is common in this context 
and the drug repertoire has been constantly growing. For 
example, a new non-steroidal GR agonist LEO134310 

Table 1 Ten urging questions about glucocorticosteroids (GCs) in critical care and proposed studies needed to answer them

Question Needed studies

Q1: Why are GCs effective in COVID-19 but not in bacterial sepsis nor 
severe influenza?

1. Molecular characterization of the systemic vs local response to cortico-
therapy in COVID-19, influenza, sepsis
2. Longitudinal study of inflammatory response in presence/absence of 
steroids

Q2: Is refractory vasoplegia the only viable target for GCs treatment in 
septic shock?

1. Efficacy of corticotherapy in specific endotypes of sepsis
2. Retrospective analysis of clinical and laboratory effects of corticotherapy 
in COVID-19

Q3: Are the currently recommended doses of dexamethasone in COVID-
19 immunomodulatory?

1. Influence of GCs on the IFN antiviral response
2. Single-cell resolution and local immunity focused studies on the effects 
of GCs in sepsis

Q4: How can we identify responders versus non-responders? 1. Development of rapid and point-of care available biomarkers of cortico-
therapy resistance/responsiveness

Q5: When is the patient benefitting the most from corticotherapy? 1. Initiation time of the corticotherapy on the clinical effect
2. Optimization of dose-tapering in various patient cohorts

Q6: Can a positive response to GCs be boosted in septic and COVID-19 
patients?

1. Clinical studies of corticotherapy combined with other immunomodula-
tors in sepsis (similarly to COVID-19)
2. Identification of drugs increasing sensitivity to GCs

Q7: What are the molecular and spatial dependencies that modulate 
effects of GCs in various cells and tissues?

1. Organ-and cell-specific distribution of the GC receptor complexes
2. Non-genomic effects of GCs in sepsis

Q8: Can we make the GCs action more specific? 1. Evaluation of context-specific action of GCs in septic patients
2. Identification of the relevant cell target in sepsis to test specific antibody-
GC conjugate

Q9: Does the GCs type matter for sepsis and COVID-19 outcomes? 1. Comparison of the biological effect of different GC preparations in septic 
shock and COVID-19
2. Pharmacokinetic studies of GCs in septic shock

Q10: How to effectively utilize novel- generation GCs? 1. Evaluation of the novel short-acting GC receptor agonists and liposomal 
formulations in severe infections
2. Comparison of parental versus inhaled corticotherapy in pulmonary 
infections
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has been recently characterized with an advantage of a 
rapid deactivation in the blood [55]. In addition, inhaled 
GCs have been SoC in asthma and COPD for many 
years. Interestingly, the local anti-inflammatory pulmo-
nary effects are also beneficial in COVID-19 and pre-
vent hospital admissions and death [56]. However, a trial 
comparing parenteral versus inhaled GCs in COVID-19 
is missing. Other strategies aim at increasing GC speci-
ficity by an antibody binding [50] and association with 
long-circulating liposomes [45]. Moreover, modification 
of singular GC-induced proteins such as GILZ may also 
induce anti-inflammatory effects [45], albeit these strat-
egies are still experimental. In contrast, Fosdagrocorat is 
a selective GR Dissociated Glucocorticoid Receptor Ago-
nist (SEGRA) beneficial in rheumatoid arthritis [57]. The 
development of SEGRAs is based on a paradigm assum-
ing that the GR conformation favors transcriptional 
(homodimer) or transactivational (monomer) effects 
[43]. A potential beneficial anti-inflammatory effect of 
selective GR agonists is an appealing option which com-
bines an effective suppression of the host-response and 
simultaneous reduction in negative effects [43].

Conclusion
Potent biological actions of GCs continue to position 
them as attractive drugs in critical care. The tremendous 
research effort during COVID-19 pandemic has estab-
lished a clear new indication for GCs and has shed some 
light on their mechanism-of-action. A better understand-
ing of the heterogeneity of the critical illness syndromes, 
the mode of GCs actions and employment of the preci-
sion medicine concepts in the ICU, will further enhance 
the overall utility of corticotherapy in critical care. The 
ten questions we postulated above aim at paving the road 
toward that achievable goal (Table 1).

Acknowledgements
Not applicable

Author contributions
All authors contributed to the preparation of the manuscript and agree with 
its content. All authors read and approved the final manuscript.

Funding
MSW received unrestricted funding of SARTORIUS (Göttingen, Germany) lung 
research and GRIFOLS (Barcelona, Spain), Advisory Board for GILEAD Science 
and AMOMED. AT: Advisory Board or paid lectures for Pfizer, MSD, Menarini, 
and Janssen. TS: Polish National Science Centre grant no: UMO-2020/01/0/
NZ6/00218 and the Polpharma Scientific Foundation’s Grant 2/XX/2022.

Availability of data and materials
Not applicable.

Declarations

Ethical approval
Not applicable.

Competing interests
None declared.

Author details
1 Department of Anaesthesiology and Intensive Care Medicine, University 
Medical Center, Georg-August University of Göttingen, Robert-Koch-Str. 40, 
37075 Göttingen, Germany. 2 Ludwig Boltzmann Institute for Traumatology 
Ludwig Boltzmann Institute for Trauma in Cooperation with the AUVA, Vienna, 
Austria. 3 Emeritus Professor of Anesthesiology and Critical Care, University 
of Paris 7, Cité, Sorbonne, Paris, France. 4 Servei de Pneumologia, Hospital 
Clinic IDIBAPS, Universitat de Barcelona, Centro de Investigación Biomedica 
En Red-Enfermedades Respiratorias, Instituto de Salud Carlos III, Madrid, Spain. 
5 Department of Translational Immunology and Experimental Intensive Care, 
Centre of Postgraduate Medical Education, Marymoncka 99/103, 01-813 War-
saw, Poland. 

Received: 3 August 2022   Accepted: 21 September 2022

References
 1. Group RC, Horby P, Lim WS, Emberson JR, Mafham M, Bell JL, Linsell L, Sta-

plin N, Brightling C, Ustianowski A, et al. Dexamethasone in hospitalized 
patients with Covid-19. N Engl J Med. 2021;384(8):693–704.

 2. Corticosteroids for COVID-19. https:// www. who. int/ publi catio ns/i/ item/ 
WHO- 2019- nCoV- Corti coste roids- 2020.1.

 3. Angus DC, Derde L, Al-Beidh F, Annane D, Arabi Y, Beane A, van Bentum-
Puijk W, Berry L, Bhimani Z, Bonten M, et al. 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. 2020;324(13):1317–29.

 4. Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM, French C, 
Machado FR, McIntyre L, Ostermann M, Prescott HC, et al. Surviving sepsis 
campaign: international guidelines for management of sepsis and septic 
shock 2021. Intensive Care Med. 2021;47(11):1181–247.

 5. Ni YN, Chen G, Sun J, Liang BM, Liang ZA. The effect of corticosteroids on 
mortality of patients with influenza pneumonia: a systematic review and 
meta-analysis. Crit Care. 2019;23(1):99.

 6. Schuurman AR, Reijnders TDY, Saris A, Ramirez Moral I, Schinkel M, de 
Brabander J, van Linge C, Vermeulen L, Scicluna BP, Wiersinga WJ, et al. 
Integrated single-cell analysis unveils diverging immune features of 
COVID-19, influenza, and other community-acquired pneumonia. Elife. 
2021;10:e69661.

 7. Lee JS, Park S, Jeong HW, Ahn JY, Choi SJ, Lee H, Choi B, Nam SK, Sa M, 
Kwon JS, et al. Immunophenotyping of COVID-19 and influenza high-
lights the role of type I interferons in development of severe COVID-19. 
Sci Immunol. 2020;5(49):eabd1554.

 8. Stolting H, Baillon L, Frise R, Bonner K, Hewitt RJ, Molyneaux PL, Gore 
ML, Breathing Together C, Barclay WS, Saglani S, et al: Distinct airway 
epithelial immune responses after infection with SARS-CoV-2 compared 
to H1N1. Mucosal Immunol. 2022;15(5):952–63.

 9. Osuchowski MF, Winkler MS, Skirecki T, Cajander S, Shankar-Hari M, 
Lachmann G, Monneret G, Venet F, Bauer M, Brunkhorst FM, et al. The 
COVID-19 puzzle: deciphering pathophysiology and phenotypes of a 
new disease entity. Lancet Respir Med. 2021;9(6):622–42.

 10. Raghu G, Collard HR, Egan JJ, Martinez FJ, Behr J, Brown KK, Colby TV, 
Cordier JF, Flaherty KR, Lasky JA, et al. An official ATS/ERS/JRS/ALAT state-
ment: idiopathic pulmonary fibrosis: evidence-based guidelines for diag-
nosis and management. Am J Respir Crit Care Med. 2011;183(6):788–824.

 11. Chen Q, Yang Q, Fang Y, Chen G, Lv X. Potential benefits of precise 
corticosteroid therapy for critical COVID-19. Respir Physiol Neurobiol. 
2022;297:103813.

 12. Papi A, Contoli M, Adcock IM, Bellettato C, Padovani A, Casolari P, Stanciu 
LA, Barnes PJ, Johnston SL, Ito, K et al: Rhinovirus infection causes steroid 
resistance in airway epithelium through nuclear factor kappaB and c-Jun 
N-terminal kinase activation. J Allergy Clin Immunol. 2013;132(5):1075–85 
e1076.

 13. Sarker H, Panigrahi R, Hardy E, Glover JNM, Elahi S, Fernandez-Patron 
C. Glucocorticoids Bind to SARS-CoV-2 S1 at Multiple Sites Causing 

https://www.who.int/publications/i/item/WHO-2019-nCoV-Corticosteroids-2020.1
https://www.who.int/publications/i/item/WHO-2019-nCoV-Corticosteroids-2020.1


Page 8 of 9Winkler et al. Critical Care          (2022) 26:308 

Cooperative Inhibition of SARS-CoV-2 S1 Interaction With ACE2. Front 
Immunol. 2022;13:906687.

 14. Spinelli G, Biddeci G, Artale A, Valentino F, Tarantino G, Gallo G, Gianguzza 
F, Conaldi PG, Corrao S, Gervasi F, et al. A new p65 isoform that bind the 
glucocorticoid hormone and is expressed in inflammation liver diseases 
and COVID-19. Sci Rep. 2021;11(1):22913.

 15. Annane D, Pastores SM, Arlt W, Balk RA, Beishuizen A, Briegel J, Carcillo 
J, Christ-Crain M, Cooper MS, Marik PE, et al. Critical illness-related 
corticosteroid insufficiency (CIRCI): a narrative review from a Multispe-
cialty Task Force of the Society of Critical Care Medicine (SCCM) and the 
European Society of Intensive Care Medicine (ESICM). Intensive Care Med. 
2017;43(12):1781–92.

 16. Annane D, Renault A, Brun-Buisson C, Megarbane B, Quenot JP, Siami 
S, Cariou A, Forceville X, Schwebel C, Martin C, et al. Hydrocortisone 
plus Fludrocortisone for Adults with Septic Shock. N Engl J Med. 
2018;378(9):809–18.

 17. Venkatesh B, Finfer S, Cohen J, Rajbhandari D, Arabi Y, Bellomo R, Billot L, 
Correa M, Glass P, Harward M, et al. Adjunctive glucocorticoid therapy in 
patients with septic shock. N Engl J Med. 2018;378(9):797–808.

 18. Antcliffe DB, Gordon AC. Why understanding sepsis endotypes is impor-
tant for steroid trials in septic shock. Crit Care Med. 2019;47(12):1782–4.

 19. Sinha S, Rosin NL, Arora R, Labit E, Jaffer A, Cao L, Farias R, Nguyen AP, 
de Almeida LGN, Dufour A, et al. Dexamethasone modulates immature 
neutrophils and interferon programming in severe COVID-19. Nat Med. 
2022;28(1):201–11.

 20. Siska PJ, Decking SM, Babl N, Matos C, Bruss C, Singer K, Klitzke J, Schon 
M, Simeth J, Kostler J, et al. Metabolic imbalance of T cells in COVID-19 
is hallmarked by basigin and mitigated by dexamethasone. J Clin Invest. 
2021;131(22):e148225.

 21. Cour M, Simon M, Argaud L, Monneret G, Venet F. Effects of dexametha-
sone on immune dysfunction and ventilator-associated pneumonia in 
COVID-19 acute respiratory distress syndrome: an observational study. J 
Intensive Care. 2021;9(1):64.

 22. Park JH, Lee HK. Re-analysis of single cell transcriptome reveals that the 
NR3C1-CXCL8-neutrophil axis determines the severity of COVID-19. Front 
Immunol. 2020;11:2145.

 23. Wyler E, Adler JM, Eschke K, Teixeira Alves G, Peidli S, Pott F, Kazmierski J, 
Michalick L, Kershaw O, Bushe J, et al. Key benefits of dexamethasone and 
antibody treatment in COVID-19 hamster models revealed by single-cell 
transcriptomics. Mol Ther. 2022;30(5):1952–65.

 24. Sefik E, Israelow B, Mirza H, Zhao J, Qu R, Kaffe E, Song E, Halene S, Meffre 
E, Kluger Y, et al. A humanized mouse model of chronic COVID-19. Nat 
Biotechnol. 2022;40(6):906–20.

 25. Yang N, Ray DW, Matthews LC. Current concepts in glucocorticoid resist-
ance. Steroids. 2012;77(11):1041–9.

 26. Dendoncker K, Libert C. Glucocorticoid resistance as a major drive in 
sepsis pathology. Cytokine Growth Factor Rev. 2017;35:85–96.

 27. Cohen J, Blumenthal A, Cuellar-Partida G, Evans DM, Finfer S, Li Q, 
Ljungberg J, Myburgh J, Peach E, Powell J, et al. The relationship between 
adrenocortical candidate gene expression and clinical response to 
hydrocortisone in patients with septic shock. Intensive Care Med. 
2021;47(9):974–83.

 28. Konig R, Kolte A, Ahlers O, Oswald M, Krauss V, Roell D, Sommerfeld O, 
Dimopoulos G, Tsangaris I, Antoniadou E, et al. Use of IFNgamma/IL10 
ratio for stratification of hydrocortisone therapy in patients with septic 
shock. Front Immunol. 2021;12:607217.

 29. Van Bogaert T, Vandevyver S, Dejager L, Van Hauwermeiren F, Pinheiro 
I, Petta I, Engblom D, Kleyman A, Schutz G, Tuckermann J, et al. Tumor 
necrosis factor inhibits glucocorticoid receptor function in mice: a strong 
signal toward lethal shock. J Biol Chem. 2011;286(30):26555–67.

 30. Osuchowski MF, Connett J, Welch K, Granger J, Remick DG. Stratification is 
the key: inflammatory biomarkers accurately direct immunomodulatory 
therapy in experimental sepsis. Crit Care Med. 2009;37(5):1567–73.

 31. Sinha P, Furfaro D, Cummings MJ, Abrams D, Delucchi K, Maddali MV, He 
J, Thompson A, Murn M, Fountain J, et al. Latent class analysis reveals 
COVID-19-related acute respiratory distress syndrome subgroups with 
differential responses to corticosteroids. Am J Respir Crit Care Med. 
2021;204(11):1274–85.

 32. Antcliffe DB, Burnham KL, Al-Beidh F, Santhakumaran S, Brett SJ, Hinds CJ, 
Ashby D, Knight JC, Gordon AC. Transcriptomic signatures in sepsis and a 

differential response to steroids. From the VANISH randomized trial. Am J 
Respir Crit Care Med. 2019;199(8):980–6.

 33. Rocha ICN, Hasan MM, Goyal S, Patel T, Jain S, Ghosh A, Cedeno 
TDD. COVID-19 and mucormycosis syndemic: double health threat 
to a collapsing healthcare system in India. Trop Med Int Health. 
2021;26(9):1016–8.

 34. Group WHOREAfC-TW, Sterne JAC, Murthy S, Diaz JV, Slutsky AS, Villar 
J, Angus DC, Annane D, Azevedo LCP, Berwanger O, et al: Association 
between administration of systemic corticosteroids and mortality 
among critically Ill patients with COVID-19: a meta-analysis. JAMA. 
2020;324(13):1330–41.

 35. Jung C, Wernly B, Fjolner J, Bruno RR, Dudzinski D, Artigas A, Bollen Pinto 
B, Schefold JC, Wolff G, Kelm M, et al. Steroid use in elderly critically ill 
COVID-19 patients. Eur Respir J. 2021;58(4):2100979.

 36. Torres A, Motos A, Cilloniz C, Ceccato A, Fernandez-Barat L, Gabarrus A, 
Bermejo-Martin J, Ferrer R, Riera J, Perez-Arnal R, et al. Major candidate 
variables to guide personalised treatment with steroids in critically ill 
patients with COVID-19: CIBERESUCICOVID study. Intensive Care Med. 
2022;48(7):850–64.

 37. van Paassen J, Vos JS, Hoekstra EM, Neumann KMI, Boot PC, Arbous SM. 
Corticosteroid use in COVID-19 patients: a systematic review and meta-
analysis on clinical outcomes. Crit Care. 2020;24(1):696.

 38. Chaudhuri D, Sasaki K, Karkar A, Sharif S, Lewis K, Mammen MJ, Alexander 
P, Ye Z, Lozano LEC, Munch MW, et al. Corticosteroids in COVID-19 and 
non-COVID-19 ARDS: a systematic review and meta-analysis. Intensive 
Care Med. 2021;47(5):521–37.

 39. Group RC. Tocilizumab in patients admitted to hospital with COVID-19 
(RECOVERY): a randomised, controlled, open-label, platform trial. Lancet. 
2021;397(10285):1637–45.

 40. Kyriazopoulou E, Poulakou G, Milionis H, Metallidis S, Adamis G, Tsiakos 
K, Fragkou A, Rapti A, Damoulari C, Fantoni M, et al. Early treatment of 
COVID-19 with anakinra guided by soluble urokinase plasminogen recep-
tor plasma levels: a double-blind, randomized controlled phase 3 trial. 
Nat Med. 2021;27(10):1752–60.

 41. Perez-Alba E, Nuzzolo-Shihadeh L, Aguirre-Garcia GM, Espinosa-Mora J, 
Lecona-Garcia JD, Flores-Perez RO, Mendoza-Garza M, Camacho-Ortiz 
A. Baricitinib plus dexamethasone compared to dexamethasone for the 
treatment of severe COVID-19 pneumonia: A retrospective analysis. J 
Microbiol Immunol Infect. 2021;54(5):787–93.

 42. Da J, Chen L, Hedenstierna G. Nitric oxide up-regulates the glucocorti-
coid receptor and blunts the inflammatory reaction in porcine endotoxin 
sepsis. Crit Care Med. 2007;35(1):26–32.

 43. De Bosscher K, Beck IM, Ratman D, Berghe WV, Libert C. Activation of the 
Glucocorticoid Receptor in Acute Inflammation: the SEDIGRAM Concept. 
Trends Pharmacol Sci. 2016;37(1):4–16.

 44. Zimmermann GR, Avery W, Finelli AL, Farwell M, Fraser CC, Borisy AA. 
Selective amplification of glucocorticoid anti-inflammatory activity 
through synergistic multi-target action of a combination drug. Arthritis 
Res Ther. 2009;11(1):R12.

 45. Vandewalle J, Luypaert A, De Bosscher K, Libert C. Therapeutic Mecha-
nisms of Glucocorticoids. Trends Endocrinol Metab. 2018;29(1):42–54.

 46. Hayashi R, Wada H, Ito K, Adcock IM. Effects of glucocorticoids on gene 
transcription. Eur J Pharmacol. 2004;500(1–3):51–62.

 47. Langlais D, Couture C, Balsalobre A, Drouin J. The Stat3/GR interaction 
code: predictive value of direct/indirect DNA recruitment for transcrip-
tion outcome. Mol Cell. 2012;47(1):38–49.

 48. Lu NZ, Cidlowski JA. Translational regulatory mechanisms generate 
N-terminal glucocorticoid receptor isoforms with unique transcriptional 
target genes. Mol Cell. 2005;18(3):331–42.

 49. Teblick A, Van Dyck L, Van Aerde N, Van der Perre S, Pauwels L, Derese 
I, Debaveye Y, Wouters PJ, Vanhorebeek I, Langouche L, et al. Impact of 
duration of critical illness and level of systemic glucocorticoid availability 
on tissue-specific glucocorticoid receptor expression and actions: A 
prospective, observational, cross-sectional human and two translational 
mouse studies. EBioMedicine. 2022;80:104057.

 50. Graversen JH, Svendsen P, Dagnaes-Hansen F, Dal J, Anton G, Etzerodt 
A, Petersen MD, Christensen PA, Moller HJ, Moestrup SK. Targeting 
the hemoglobin scavenger receptor CD163 in macrophages highly 
increases the anti-inflammatory potency of dexamethasone. Mol Ther. 
2012;20(8):1550–8.



Page 9 of 9Winkler et al. Critical Care          (2022) 26:308  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 51. Ryabtsova O, Joossens J, Van Der Veken P, Vanden Berghe W, Augustyns 
K, De Winter H. Novel selective glucocorticoid receptor agonists (SEGRAs) 
with a covalent warhead for long-lasting inhibition. Bioorg Med Chem 
Lett. 2016;26(20):5032–8.

 52. Ottolini MG, Curtis SJ, Porter DD, Mathews A, Richardson JY, Hemming 
VG, Prince GA. Comparison of corticosteroids for treatment of respiratory 
syncytial virus bronchiolitis and pneumonia in cotton rats. Antimicrob 
Agents Chemother. 2002;46(7):2299–302.

 53. Beran A, Ayesh H, Mhanna M, Srour O, Musallam R, Sayeh W, Khokher W, 
Altorok N, Noori Z, Assaly R, et al. Methylprednisolone versus dexametha-
sone in COVID-19: a meta-analysis of nonrandomized studies. Am J Ther. 
2022;29(3):e354–7.

 54. Salvarani C, Massari M, Costantini M, Franco Merlo D, Lucia Mariani G, 
Viale P, Nava S, Guaraldi G, Dolci G, Boni L, et al. Intravenous methylpred-
nisolone pulses in hospitalised patients with severe COVID-19 pneumo-
nia, A double-blind, randomised, placebo-controlled trial. Eur Respir J. 
2022:2200025.

 55. Eirefelt S, Stahlhut M, Svitacheva N, Carnerup MA, Da Rosa JMC, Ewald 
DA, Marstrand TT, Krogh-Madsen M, Dunstl G, Dack KN, et al. Characteri-
zation of a novel non-steroidal glucocorticoid receptor agonist optimized 
for topical treatment. Sci Rep. 2022;12(1):1501.

 56. Griesel M, Wagner C, Mikolajewska A, Stegemann M, Fichtner F, 
Metzendorf MI, Nair AA, Daniel J, Fischer AL, Skoetz N. Inhaled corti-
costeroids for the treatment of COVID-19. Cochrane Database Syst Rev. 
2022;3:CD015125.

 57. Buttgereit F, Strand V, Lee EB, Simon-Campos A, McCabe D, Genet A, 
Tammara B, Rojo R, Hey-Hadavi J. Fosdagrocorat (PF-04171327) versus 
prednisone or placebo in rheumatoid arthritis: a randomised, double-
blind, multicentre, phase IIb study. RMD Open. 2019;5(1):e000889.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Renaissance of glucocorticoids in critical care in the era of COVID-19: ten urging questions
	Abstract 
	Know your disease
	Why are GCs effective in COVID-19 but not in bacterial sepsis nor severe influenza?
	Is refractory vasoplegia the only viable target for GCs treatment in septic shock?
	Are the currently recommended doses of dexamethasone in COVID-19 immunomodulatory?

	Know your patient
	How can we identify responders versus non-responders?
	When is the patient benefitting the most from corticotherapy?
	Can a positive response to GCs be boosted in septic and COVID-19 patients?

	Know your drug and its targets
	What are the molecular and spatial dependencies that modulate effects of GCs in various cells and tissues?
	Can we make the GCs action more specific?
	Does the GCs type matter for sepsis or COVID-19 outcomes?
	How to effectively utilize novel- generation GCs?

	Conclusion
	Acknowledgements
	References


