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New insights into the cell- and tissue-specificity
of glucocorticoid actions
Linda Quatrini 1 and Sophie Ugolini2

Glucocorticoids (GCs) are endogenous hormones that are crucial for the homeostasis of the organism and adaptation to the
external environment. Because of their anti-inflammatory effects, synthetic GCs are also extensively used in clinical practice.
However, almost all cells in the body are sensitive to GC regulation. As a result, these mediators have pleiotropic effects, which may
be undesirable or detrimental to human health. Here, we summarize the recent findings that contribute to deciphering the
molecular mechanisms downstream of glucocorticoid receptor activation. We also discuss the complex role of GCs in infectious
diseases such as sepsis and COVID-19, in which the balance between pathogen elimination and protection against excessive
inflammation and immunopathology needs to be tightly regulated. An understanding of the cell type- and context-specific actions
of GCs from the molecular to the organismal level would help to optimize their therapeutic use.
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INTRODUCTION
Glucocorticoids (GCs) are steroid hormones synthesized and
secreted into the bloodstream following HPA (hypothalamic-
pituitary-adrenal) axis activation. Under physiological condi-
tions, endogenous GCs (cortisol in humans and corticosterone in
rodents) are released by the adrenal gland according to a
circadian rhythm dictated by light–dark stimuli received by the
hypothalamus. These hormones promote adaptation to the
external environment by regulating behavioral rhythms, includ-
ing the sleep-wake and feeding cycles.1 The HPA axis is also
activated by stressors (threats to physiological or psychological
integrity), including infections and inflammatory processes, and
GC production contributes to restoring homeostasis. GCs bind to
the glucocorticoid receptor (GR), also called NR3C1, which is a
member of the nuclear receptor superfamily of ligand-
dependent transcription factors. GR is expressed on almost all
cell types in the body and regulates the expression of many
genes by inducing (transactivation) or inhibiting (transrepres-
sion) transcription (Fig. 1). GR target genes are involved in major
physiological processes, including metabolic, developmental,
cognitive and immune processes, and these pathways are
necessary for life after birth.2 The potent immunosuppressive
and anti-inflammatory properties of GCs have led to their
widespread medical use to treat inflammatory disorders (Box 1).
GCs were first used to treat rheumatoid arthritis in the 1940s by
Dr Philip Hench, who was awarded the Nobel Prize in Physiology
or Medicine for this discovery. Many synthetic GCs have since
been developed, some of which are more potent than
endogenous cortisol. Synthetic GCs have prolonged half-lives
and bind with less avidity to serum proteins, thereby diffusing
more rapidly into cells. They are currently among the standard

treatments for reducing inflammation and immune activation in
many inflammatory disorders, including asthma, allergic rhinitis,
dermatological, ophthalmic, neurological and autoimmune
diseases, and in allotransplantation, sepsis and cancer3–6 (Box 1).
However, the therapeutic use of GCs may be limited by the

onset of glucocorticoid resistance, which is defined as a poor
response to GCs. Such resistance is generally acquired but may,
in a small percentage of cases, be congenital due to mutations
in the GR-encoding gene.7 Moreover, adverse effects associated
with GC treatment are frequently reported. These adverse
effects result from the actions of GCs on nonimmune
physiological processes, such as glucose production in the
liver, glucose uptake in skeletal muscle or insulin secretion by
pancreatic β cells (Box 1).
Gene expression analysis in human peripheral blood mono-

nuclear cells (PBMCs) treated with dexamethasone showed that, in
some conditions, GCs can regulate ∼20% of the human genome.8

The general mechanisms underlying the control of gene expres-
sion by GR have been extensively investigated over the last few
decades (Fig. 1) and have been precisely described previously9,10

Here, we highlight the many levels of GR-mediated regulation that
have been identified so far and may help to predict the effect of
GCs from the molecular to the organismal level (Fig. 2). Taking this
complexity into account, we also summarize the pathways
regulated by endogenous and synthetic GCs in lymphocytes
and myeloid cells. Finally, we use sepsis as an example of a
pathological condition for which molecular and cellular studies
can improve predictions regarding the systemic response to GCs.
We stress the need for cell-targeted GC therapy to prevent not
only the well-known adverse effects of GCs but also those effects
that may reduce treatment efficacy.
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Fig. 1 Genomic signaling mediated by GR. Upon binding to GCs, GR is translocated to the nucleus, where it regulates gene expression by
directly binding to DNA or other transcription factors (TFs). (1) The GR homodimer binds to a GC responsive element (GRE) or inverted
repeated negative GRE (nGRE), leading to gene transcription or repression, respectively. (2) The GR monomer binds to half the GRE (hGRE)
close to the binding site of another TF (TFBS), resulting in gene transcription or repression. Without directly binding to DNA, the GR monomer
can physically interact with another TF, thereby influencing its activity (3) or preventing its binding to DNA. (4) GR can also compete with other
TFs for binding to DNA (5) or co-factors (CFs) required for transcription (6)
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THE HPA AXIS AND THE GC RECEPTOR
Upon exposure to stress signals or in response to inflammatory
cytokines, the hypothalamus releases corticotropin-releasing
hormone (CRH), which stimulates the synthesis and secretion of
adrenocorticotropic hormone (ACTH) by the pituitary gland.9

ACTH then acts on the adrenal cortex to induce the release of GCs.
Once in the bloodstream, GCs exert various effects by binding to

GR, which is ubiquitously expressed. In the absence of GCs, GR is
located predominantly in the cytoplasm, in a complex containing
heat shock proteins and other chaperones. Upon ligand binding,
GR undergoes conformational changes, resulting in partial
dissociation from the chaperone complex and nuclear transloca-
tion.10 In the nucleus, GR interacts with DNA and other proteins
(Fig. 1). The best described mechanism for the genomic effects of
GCs is transactivation, an enhancement of gene expression
mediated by the direct binding of GR homodimers to GC response
elements (GREs) and the recruitment of coactivators. Inverted
negative GREs (nGREs) have been reported to repress gene
transcription upon GR binding in a specific manner through the
recruitment of corepressors and histone deacetylases via transre-
pression.11 The second mechanism described for the genomic
effects of GCs involves the binding of monomeric GR and other
transcription factors to DNA, which leads to gene activation or
repression. The third mechanism involves physical interactions
(tethering) between monomeric GR and other transcription factors
without DNA contact to influence the activity of these transcrip-
tion factors.12 This process is considered to be the prevailing
mechanism of transrepression. Transrepression can also occur
through GR-mediated sequestration of transcription factors and
competition for DNA or co-factor binding (Fig. 1).13

GR MECHANISM OF ACTION: A COMPLEX SCENARIO
The anti-inflammatory action of GR depends on its ability to
directly repress proinflammatory transcription factors, modulate
anti-inflammatory genes, and induce lymphocyte apoptosis.14

Upon GC binding, GR inhibits the transcription factors AP-1
(activator protein-1) and NF-κB (nuclear factor kappa B), major
downstream effectors of proinflammatory signaling pathways.10 AP-
1 is a heterodimer of c-Jun and Fos that acts downstream of the
MAPK (mitogen-activated protein kinase) pathway and induces the
transcription of many genes involved in inflammatory and immune
responses. GR inhibits this pathway by both directly interfering with
c-Jun-mediated transcription and inducing MAPK phosphatase 1
(MKP-1), which in turn dephosphorylates and inactivates all
components of the MAPK cascade.15,16 GR inhibits NF-κB mostly
by direct interaction, which prevents NF-κB translocation to the
nucleus17 and represents a mechanism of transrepression/seques-
tration (Fig. 1).18,19 GR can also inhibit NF-κB indirectly by inducing
the expression of TSC22D3, the gene encoding GILZ (glucocorticoid-
induced leucine zipper), in almost all cell types. GILZ lacks DNA
binding activity but can bind NF-κB and suppress its function.20

GR also modulates gene transcription through direct binding to
DNA. However, the presence of GREs in the promoter of a gene is
not sufficient for GR to regulate the expression of that gene. The
genes targeted by the GR differ among cell types. This functional
heterogeneity may be at least partly due to the capacity of cells to
generate dozens of GR isoforms, potentially regulating the
expression of specific sets of genes (Box 2).21 The cell type-
specific activities of GCs depend on many other factors, including
the chromatin accessibility of target genes, which modulates the
availability of DNA sequences for binding to components of the
transcription machinery. The accessibility of chromatin depends
on its condensation state, which is regulated by histone and DNA

BOX 1 Therapeutic use of GCs: benefit/risk ratio
GCs can have major therapeutic benefits, but their administration, particularly if
prolonged and at high doses, is also associated with severe adverse effects,
which constitute the principal factor limiting GC therapy. These adverse effects
include metabolic disorders and tissue dysfunction and are linked to the
pleiotropic effects of GCs, which act on almost all cell types in the body. GC
treatment can also induce skin atrophy and disturb wound healing, as GCs
reduce the proliferation of keratinocytes and dermal fibroblasts.102–105 Moreover,
children on long-term systemic GC therapy commonly experience growth failure
and delayed puberty.106 GCs also have damaging effects on bones in adults,
favoring osteoporosis and increasing fracture risk.107 Other adverse effects
include hypertension, diabetes, dyslipidemia, hyperglycemia, and adrenal
insufficiency leading to iatrogenic Cushing’s syndrome.108 Another complication
of long-term treatment with GCs is GC resistance, resulting in the inability of GCs
to exert the desired effects on target tissues, limiting treatment efficacy.108

The clinical situation determines the choice of the most appropriate GC and
mode of administration, taking the risk/benefit ratio into account. Clinicians also
have to adapt their therapeutic strategies to the individual susceptibilities of
patients, which are difficult to predict, and determine the occurrence and
severity of adverse effects.109 It has become clear that an understanding of how
GCs exert their effects in a cell- and tissue-specific manner is crucial for the
development of novel therapeutic strategies to maximize the beneficial effects
and minimize the adverse effects.
The first attempts to dissociate the desired and undesirable effects of GCs were
based on the assumption that these effects were differentially mediated by
transactivation and transrepression via GR.110 The adverse effects of GC therapy
were thought to be induced by dimer-mediated transactivation because the genes
induced by this mechanism are involved in glucose synthesis and metabolism, for
example. In contrast, the anti-inflammatory effects were mostly attributed to the
monomer-mediated transrepression of transcription factors, such as AP-1 and NFκB.
These observations led to the search for dissociated GR ligands that selectively
induce the formation of GR monomers, known as “SEGRA” (selective GR agonists).110

However, despite initial enthusiasm, these synthetic steroids were found to induce
adverse effects similar to those observed with classic GC therapy.3,111 It was found to
be unrealistic to develop ligands that exclusively mediate a single molecular
mechanism, and it has become clear that there are many more levels of complexity
in the regulation of the GC response than just transrepression and transactivation.
One strategy for minimizing adverse effects would involve the delivery of GCs to
specific cell types at particular time points during the course of inflammatory
disease, but further studies are required to develop such treatments.

Fig. 2 Factors regulating the transcriptional response to GCs in the
cell. The transcriptional program activated in response to GCs results
from the complex integration of signals from within and outside the
cell. This program depends, first and foremost, on the target cell type
and basal expression of target genes. (1) The chromatin accessibility of
the promoter regulates transcriptional machinery recruitment. (2) GR
activity is also regulated by interactions with other transcription
factors (TFs). (3) Finally, the presence of other cells and extracellular
molecules determines the microenvironment, (4) which significantly
affects the response to GCs

BOX 2 GR isoforms
Multiple GR isoforms can be produced from the single GR gene by alternative
splicing of the nascent transcript, alternative translation initiation of the mature
mRNA, and posttranslational modifications of the protein.21 These GR subtypes
have unique expression and gene regulatory profiles. The GRα isoform mediates
GC effects and is highly expressed, whereas the GRβ isoform does not bind GCs
and exerts weak dominant negative activity on GRα. In addition to their genomic
effects, GCs can also exert rapid nongenomic effects mediated by membrane-
associated receptors and second messengers. However, the implications of such
regulation remain unclear and require further investigation.
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modifications. Chromatin accessibility contributes to determining
the quality and magnitude of GC responses.22 Genome-wide
transcriptional responses to GC were recently compared in subsets
of human primary hematopoietic and nonhematopoietic cells
treated with GCs in vitro.23 This study showed that transcriptional
responses to GCs were cell type-dependent due to differences in
the baseline expression and chromatin accessibility of the target
genes (Fig. 2). The study also revealed shared and lineage-
dependent effects. The pathways that were affected strongly and
similarly by GCs in all cell types analyzed were mostly protein
kinase-driven signaling cascades, including the MAPK and
cytokine receptor signaling pathways. However, some pathways
were more strongly affected in hematopoietic cells and others in
nonhematopoietic cells.23 Cell type-specific responses were also
identified. For example, GCs functionally impair BCR (B-cell
receptor) and TLR7 (Toll-like receptor 7) signaling and selectively
upregulate the immunomodulatory cytokine IL-10 and the
terminal differentiation factor BLIMP-1 (B lymphocyte-induced
maturation protein-1) in B cells.23 These findings were confirmed
in B cells that were freshly isolated from healthy volunteers who
received a single intravenous dose of methylprednisolone.23 These
findings may provide a molecular explanation for the efficacy of
GC therapy in antibody-mediated autoimmune diseases.
Moreover, the GR-mediated regulation of target genes depends

on other transcription factors that are available for binding in the
nucleus, as clearly demonstrated by studies of the interplay between
GC and TNF signaling. TNF is an important inducer of glucocorticoid
resistance.24,25 Proteome-wide proximity mapping showed that TNF
signaling antagonizes GR activity not by affecting its nuclear
translocation, dimerization or ability to bind DNA but by strongly
modulating its interactome.26 This study clearly demonstrated that
the various stimuli from the microenvironment received by the cell
reshape the nuclear interactions of GR with its cofactors, altering the
final transcriptional outcome (Fig. 2).
Both in vitro and in vivo studies have been used to decipher the

precise molecular mechanisms regulating GR activity. In vitro studies
are important for identifying the molecular mechanisms of action of
GR in one cell type, whereas in vivo studies shed light on the effects
of multiple integrated pathways at the whole-body level and in
certain physiological and pathological conditions. These two
approaches are complementary in addressing the complexity of
GR regulation. Early studies on the role of GR in vivo involved the
generation of GR-deficient mice. Nr3c1-knockout mice die from
respiratory failure within a few hours of birth because of impaired
lung development.2 These mice have therefore mostly been used
for studies of GR functions during embryonic development. The
GRdim model, which is characterized by a point mutation impairing
dimerization and GRE-dependent transactivation, was then devel-
oped27 (Fig. 1). This mouse model played an important role in
determining which genes were regulated by monomeric versus
dimeric GR. GRdim mice are viable, demonstrating the importance
of the dimerization-independent functions of the GR involving cross-
talk with other transcription factors in vivo. Finally, the Cre/LoxP
system has been used to determine the cell- and tissue-specific role
of GR in mouse models through specific inactivation of the GR gene
in certain cell types. These mouse models made it possible to
delineate cell type-specific GR functions and gene targets.28

The multiple levels of GC-mediated regulation described above
show that, in addition to intrinsic differences between cell types
(e.g., baseline expression of target genes and chromatin
accessibility), extrinsic factors, including signals from the micro-
environment, may affect GR transcriptional regulation (Fig. 2).

GR TARGETS IN LYMPHOCYTES: INHIBITORY
CHECKPOINTS ENTER THE SCENE
GCs have been widely used in the treatment of lymphoproli-
ferative disorders for their proapoptotic effects. Indeed, in the T

cell lineage, GCs are known to cause cell death in immature
thymocytes, as well as T cell tumors.29,30 However, T cell
sensitivity to GC-induced apoptosis depends on intrinsic cellular
factors, such as the degree of activation and the timing of GC
exposure (before, during, or after activation).31 In addition to cell
death, GCs also regulate T cell effector functions by acting on key
transcription factors. For example, GR inhibits T-bet by a
transrepression mechanism, blocking the ability of T-bet to bind
DNA and activate the transcription of target genes, including
Ifng.32 GR can also interfere with GATA-3 signaling in multiple
ways: by reducing chromatin accessibility in the IL-5 gene
promoter region,33 by competing with GATA-3 for importin-
alpha interactions and enabling nuclear localization,34 and by
inhibiting p38 MAPK functions, thus preventing GATA-3 phos-
phorylation.35 The regulation of the Th1/Th2 ratio by GCs has
been extensively studied in asthma models, and GC treatment
has recently been shown to decrease GATA-3 expression by
inhibiting Notch1 signaling, reducing airway responsiveness and
inflammation.36 In this pathological context, the shift toward Th2
or Th1 responses depends on the length of GC treatment: short-
term treatments may be beneficial, resulting in the inhibition of
Th2 cytokine production, while long-term treatments might
induce a shift toward Th2 predominance, increasing the severity
of the allergy.37 Regulation of the Th17 response by GCs is also
context-dependent. In patients with psoriasis, for example, Th17
cells are successfully suppressed by GCs, whereas in patients
with lupus erythematosus, Th17 cells are refractory to GC
treatment.38

Stress hormones control leukocyte trafficking and, in particular,
GCs control diurnal oscillations in T cell distribution and responses
in mice by inducing IL-7R and CXCR4 expression.39 A recent study
also showed that GCs upregulate CXCR4 in mouse B cells and that
GR selectively orchestrates B cell migration between bone marrow
and blood.40 Of note is that in chronic lymphocytic leukemia (CLL)
patients, GC administration causes an increase in blood lympho-
cyte counts,41 although the underlying mechanism has not yet
been elucidated.
A new immunosuppressive mechanism of action of GCs in

cytotoxic lymphocytes has been recently discovered, consisting of
the induction of immune checkpoints, which are inhibitory receptors
that represent the last revolutionary targets in immunotherapy. The
importance of the cellular microenvironment in shaping the GR
transcriptional response, including the induction of an immune
checkpoint, was demonstrated in a study investigating the in vivo
effect of endogenous GCs released upon infection with murine
cytomegalovirus (MCMV).42 In this model, the gene encoding GR
was ablated in lymphocyte subsets expressing NKp46, including
natural killer (NK) cells and type 1 innate lymphoid cells (ILC1s).
Transcriptomics analysis of the main organs associated with viral
replication (spleen and liver) revealed that GC-dependent regulation
of gene expression was both cell type- and tissue-dependent.42 The
gene encoding the inhibitory receptor PD-1 (programmed cell death
protein 1) was indeed induced by the GR pathway only in splenic NK
cells of infected mice. Thus, endogenous GC-mediated regulation of
the host response to pathogens is dependent on the composition of
the cell microenvironment and activation status.42 In this model, GR-
induced PD-1 expression is required to limit immunopathology and
promote resistance to viral infection. More recently, it was
demonstrated that GCs are present at high levels in the pleural
effusions of lung cancer patients and that GCs together with the
cytokines present in the tumor microenvironment induce PD-1
expression on human NK cells.43 The role of GCs in inducing PD-1
expression can thus be beneficial or detrimental depending on the
pathological context (infectious diseases vs cancer). GCs induce PD-1
expression on both mouse and human NK cells, but while this
induction occurs mainly at the transcriptional level in mice, in
human NK cells, PD-1 expression is also indirectly induced by GCs at
the posttranscriptional level.42,43 Species-specific differences in the
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effects of GCs can therefore exist, suggesting that caution is needed
when translating mouse data to humans.
PD-1 upregulation by GCs was also observed in T cells.44,45 In

this cell type, TCR engagement is sufficient to induce PD-1
expression, and GCs can further enhance this induction. In
particular, the transactivation of PD-1 transcription by GR binding
to the PDCD1 promoter was observed in T cells.45 This
transcriptional regulation was initially demonstrated in a T cell
hybridoma model, but PD-1 was subsequently shown to be
upregulated by GCs in primary T cells in vitro and in tumor-
infiltrating CD8+ T cells from tumor-bearing mice treated with
dexamethasone in vivo.45 However, another study showed that
corticosteroid treatment did not modify PD-1 expression on CD8+

T cells in vivo.46 This discrepancy may be explained by the
inoculation of mice with different types of tumors, which induced
different microenvironments, or by differences in the GC regimen
and dose. However, even if this last study showed no direct effect
of GCs on immune checkpoint expression, the findings suggested
that corticosteroids could impair the antitumor effects of immune
checkpoint blockade. Indeed, in mice challenged with tumors
expressing neoantigens, GC treatment inhibited the response and
proliferation of low-affinity memory CD8+ T cells by suppressing
fatty acid metabolism, which is essential for memory T cells.46

Moreover, an analysis of melanoma patients treated by CTLA4
blockade showed that survival rates were reduced for those
receiving corticosteroids.46

In a mouse model in which GR was selectively ablated in cells
expressing Lck, endogenous GCs released upon prolonged
psychological stress due to physical confinement were found to
upregulate the expression of another immune checkpoint, the
inhibitory receptor TIGIT (T cell immunoreceptor with Ig and ITIM
domains), on innate-like T cells.47

Altogether, these studies may have important implications for
the therapeutic use of GCs in patients. The modulation of immune
checkpoint receptor expression and/or function in cytotoxic
lymphocytes should be more systematically monitored in different
pathological contexts. This regulation may have beneficial effects
for the treatment of inflammatory diseases/autoimmunity, for
example. Conversely, the benefit/risk of GC treatment in cancer
patients should be carefully evaluated.

MYELOID CELLS ARE THE MAIN TARGETS OF GCS FOR
RESTORING HOMEOSTASIS IN INFLAMMATORY CONDITIONS
HPA axis activation by inflammatory cytokines is involved in the
downregulation of immune responses via a negative feedback
loop to restore homeostasis. Monocytes and macrophages are
among the most effective producers of proinflammatory media-
tors. As such, these cells are major targets of GCs for limiting
overwhelming and sustained inflammation. In vitro, GCs down-
regulate the cytokines IL-1β, IL-6, IL-12, TNF-α, and GM-CSF and
the chemokines RANTES, MCP-1, and IL-848–50 in myeloid cells. GCs
also inhibit the synthesis of enzymes, such as iNOS and COX-2.51,52

In particular, the reduction in iNOS levels is dependent on p38
MAPK dephosphorylation by the GR target MKP-1.53 Interestingly,
it was recently demonstrated in mouse primary macrophages that
the cyclin-dependent kinase 5 (Cdk5) deletion induces the
expression of MKP-1.54 Therefore, GC-dependent inhibition of
iNOS can be enhanced by simultaneously targeting Cdk5.54 These
data should be confirmed in mouse models to verify whether GCs
combined with specific Cdk inhibitors may have a synergistic
immunosuppressive effect. Low-dose GCs in combination with
Cdk inhibitors may indeed replace high-dose GC therapy, which
has severe side effects, in the treatment of inflammatory diseases.
In vivo, the action of GCs has been studied in monocytes,

macrophages and granulocytes from mice with myeloid-specific
deletion of GR (GRLysM-Cre).55 In septic shock models, the lack of
control of TNF, IL-6 and IL-1β production via GR in LysM+ cells is

correlated with increased lethality56,57 The role of GR in dendritic cells
(DCs) has also been reported in the context of cancer. Moreover,
by inducing Tsc22d3 expression, GCs block type I interferon
production by DCs, reducing the efficacy of anticancer treatments
in subjects under psychological distress.58 In mice, the overexpres-
sion of Tsc22d3 via a transgene in DCs abolished the efficacy of
immunogenic chemotherapy, whereas conditional knockout of
Tsc22d3 in DCs was sufficient to abrogate the GC-induced
impairment in the response to immunogenic chemotherapy.58

Even if GCs are mainly used as immunosuppressive agents, their
effects can be very complex. As already mentioned, GR can bind
many different target genes and transcription factors, and GCs can
also exert proinflammatory effects in some conditions.9,59,60 For
example, GCs can prime macrophages for the immediate early
response by inducing the tetraspan protein MS4A4A, which is
important for signaling and localization in lipid rafts associated
with the N-glycan receptor Dectin 1.61 This regulatory process was
essential in vivo for dectin-1-dependent activation of NK cells and
resistance to metastasis.61 Moreover, MS4A4A transcript levels
were shown to increase in circulating monocytes from Grave’s
disease patients upon acute exposure to methylprednisolone.61

Therefore, it is now clear that GCs represent a specific “alert” signal
for immune cells rather than a general “shut down” signal.62,63

Other studies on the effect of GCs on myeloid cells have
suggested that the release of endogenous GCs during inflamma-
tion is also an important mechanism that shifts the amplification
phase of inflammation toward resolution. A study of global gene
expression in GC-treated human monocytes revealed that GCs not
only suppress the inflammatory functions of monocytes but also
induce a shift to an anti-inflammatory activated phenotype,
including enhanced phagocytic properties, migratory behavior
and protection against apoptosis.64 Moreover, GCs have been
shown to induce IL-10 production by human monocytes65 and
murine primary peritoneal and bone marrow macrophages.66 In a
model of colitis induced by dextran sulfate sodium (DSS) using the
GRLysM-Cre mouse model, it was shown that GR signaling in
myeloid cells is required to resolve inflammation.67 GCs also
upregulate the expression of CD163, a scavenger receptor that is a
marker of alternatively activated macrophages, in human mono-
cytes and macrophages68,69 and increase the ability of human
macrophages to engulf apoptotic cells via phagocytosis, thereby
contributing to the resolution of inflammation.70,71

GCs can also affect antigen presentation. High cortisol levels in
patients with sepsis are associated with the downregulation of
major histocompatibility complex (MHC) class II expression on
circulating monocytes.72 GC-induced MHC II downregulation has
also been observed in murine macrophages in vitro73 and can
reduce the capacity of monocytes to induce effector T cell activation.
These findings demonstrate that GCs stimulate monocytes/

macrophages to optimize the clearance of cellular debris and
dying neutrophils, leading to the resolution of inflammation.74 The
effects of GCs on the myeloid cells described above show that
specific immunoregulatory mechanisms work together during
inflammation, preparing the immune system to respond effec-
tively to a stressor and then shutting down the immune response
and restoring homeostasis. It is therefore reasonable to assume
that the timing of GC treatment in systemic inflammatory diseases
(such as sepsis) may be a crucial determinant of clinical outcome.

GC REGULATION FROM THE MOLECULAR TO THE
ORGANISMAL LEVEL: THE EXAMPLE OF SEPSIS
Host resistance to infection requires a delicate balance between
resistance mechanisms that induce pathogen elimination and
tolerance mechanisms that protect the tissues. GCs play a key role
in controlling this balance. Sepsis is a life-threatening condition
characterized by exaggerated and protracted systemic inflammation
in response to infection.75 Sepsis can lead to severe tissue injury,
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maladaptive repair of vital organs and, eventually, multiple organ
failure and death.75 As mentioned previously, some inflammatory
cytokines released upon infection, including IL-6, TNF-α, and IL-1,
activate the HPA axis and induce the production of endogenous
GCs.76,77 This pathway has been shown to be protective in mouse
models of sepsis.78 Sepsis is commonly studied in vivo by injecting
mice with LPS (lipopolysaccharide) to mimic infection with Gram-
negative bacteria. The injection of a single high dose of LPS leads to
the overproduction of inflammatory cytokines, which play important
roles in mounting effective immune responses to pathogens but
may nevertheless cause death by mimicking the hyperinflammation
observed during sepsis. However, mice exposed to sublethal doses
of LPS are more resistant to a subsequent lethal LPS challenge.79 This
treatment induces a temporary state of hyporesponsiveness in the
innate immune system, which is associated with increased endotoxin
tolerance.80–83 This endotoxin tolerance process plays a key role in
protecting the host against the deleterious effects of the excessive
inflammatory response observed during septic shock. However, this
tolerance also induces a refractory state that can increase host
susceptibility to infection with other pathogens. A similar refractory
state associated with endotoxin tolerance in patients with sepsis has
been observed in noninfectious systemic inflammatory response
syndrome (SIRS) caused by trauma, surgery or cardiac arrest.84

Recent studies in mice with selective deletion of GR in immune
cell subsets have dissected the role of GC regulation in establish-
ing the delicate balance between pathogen elimination and
tolerance mechanisms to prevent excessive tissue damage.85,86

Studies of GR deletion in DCs revealed that GC signaling in DCs
downregulated IL-12 production, protecting against LPS-induced
septic shock by reducing inflammatory cytokine production,
hypothermia, and mortality.86 Moreover, this study showed that
this signaling pathway is responsible for the establishment of
endotoxin tolerance, which is characterized by the reprogram-
ming of myeloid cells toward an anti-inflammatory phenotype.
The role of GC signaling in endotoxin tolerance has also been
investigated in NK cells.85 It was shown that the endogenous GC-
mediated inhibition of IFNγ production in NKp46+ cells is required
for the development of endotoxin tolerance. This study revealed
that endogenous GCs act on NK cells, decreasing their IFNγ
production. This regulatory pathway indirectly favors the estab-
lishment of an immunosuppressive state characterized by high
serum concentrations of the anti-inflammatory cytokine IL-10.85

No pharmacological treatment with proven efficacy is currently
available for sepsis, other than appropriate antibiotic agents, fluids
and vasopressors as needed. Synthetic steroids have been used as
an adjuvant therapy for septic shock for more than 40 years.
However, uncertainties remain about their safety and efficacy, and it
is still not clear whether the clinical benefits of GC therapy outweigh
the side effects, as clinical trials have yielded conflicting results.75

Randomized controlled trials conducted in the 1980s reported an
association between the use of high doses of methylprednisolone
and rates of morbidity and mortality that were higher than those of
untreated controls.87,88 Two subsequent randomized controlled
trials reported opposite results for the effect of low-dose
hydrocortisone on mortality in patients with septic shock, although
both studies reported a reversal of shock earlier in patients treated
with hydrocortisone than in control subjects.89,90 Two recent studies
(Adjunctive Corticosteroid Treatment in Critically Ill Patients with
Septic Shock91 and Activated Protein C and Corticosteroids for
Human Septic Shock92) constitute the largest comprehensive
analyses to date on the effects of hydrocortisone in critically ill
patients with septic shock who were treated medically or surgically.
These studies reported conflicting results of the effect of GCs on 90-
day survival, but both studies reported beneficial effects of
hydrocortisone on secondary outcomes such as shock reversal
and the duration of mechanical ventilation.
Current clinical practice guidelines recommend the use of

hydrocortisone in patients with septic shock if adequate fluid

resuscitation and vasopressors do not restored hemodynamic
stability.93 However, despite the highly beneficial effects of GCs in
cases of serious systemic inflammation, the sustained administration
of these drugs throughout the course of disease can lead to
postseptic immunosuppression and a loss of reactivity in circulating
leukocytes, which are associated with an increased risk of
succumbing to opportunistic infections.94 Given the uncertainties
about the efficacy of this treatment, specific strategies should be
developed for each group of patients.
The data from the in vivo mouse studies described above85,86

suggest that agonizing or antagonizing GC actions in specific cell
types at particular times during the course of the inflammatory
response may prevent shock damage while restoring a functional
immune response. For example, GCs could be conjugated to
antibodies specific for certain immune cell types.95 However, the
clinical efficacy of such approaches has yet to be assessed.

GCS IN COVID-19
A cytokine storm similar to that caused by bacterial sepsis is
induced by the novel coronavirus, namely, severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV2).96 This virus has caused
a global pandemic since its outbreak in December 2019 in China,
leading to a public health emergency that is still ongoing at the
time of this review. The disease called Coronavirus disease 2019
(COVID-19) leads to the development of severe respiratory illness
in ~20% of patients, and 5% of patients require intensive care.
Some of the earliest analyses of COVID-19 patients suggested that
severe disease and death were dependent not only on the
damage induced in the lungs by the virus but also the high levels
of cytokines, particularly IL-6, detected in the blood of critically ill
patients due to an overreactive immune response.97,98 As in
sepsis, GC treatment for acute respiratory distress syndrome is
questionable because such treatment broadly suppresses the
immune system and may actually hamper the body’s ability to

BOX 3 Effects of GC therapy on nonimmune cells
Given the pleiotropic effects of GCs, previously unappreciated consequences of
GC administration involving nonimmune cells must also be considered when GCs
are used in clinical practice. For instance, the beneficial effects of GC treatment in
asthma result from not only anti-inflammatory effects on immune cells but also
the regulation of nonimmune cell functions. Asthma is one of the most prevalent
inflammatory diseases worldwide, and synthetic GCs continue to be among the
most effective types of drugs for the long-term control of clinical symptoms.6 It
has been shown in a mouse model of allergic airway inflammation that immune
cell GR expression is dispensable for successful GC therapy.112 Bone marrow
chimeras and cell-targeted GR knockout were used to show that cells of
nonhematopoietic origin were essential for GC-mediated relief from symptoms.
In particular, GC signaling in surfactant protein C-producing epithelial cells
decreased bronchoconstriction and mucus hyperproduction.112

GCs are also widely used to treat cancers. They are used, for example, in
metastatic breast cancer, to combat the side effects of chemotherapy and treat
the symptoms of advanced cancer. It has recently been suggested that GCs
should be used with care in the treatment of patients with breast cancer who
have developed cancer-related complications.113 Endogenous GC levels have
been shown to increase during breast cancer progression, and distant metastases
have high levels of GR activity. The transplantation of GC-treated tumor cells in
mice leads to an increase in metastatic colonization and worsened survival. This
effect is dependent on the direct effects of GC on tumor cells.114 Proteomics
analysis revealed that GR activation induced signaling networks and protein
kinases involved in cancer progression. In particular, the authors found that GR
activation led to increased colonization mediated by ROR1 (receptor tyrosine
kinase like orphan receptor 1), a kinase responsible for epithelial–mesenchymal
transition (EMT) that has been implicated in metastasis development.114 This
study also revealed that GR activation decreases the efficacy of paclitaxel, a
chemotherapeutic drug widely used to treat breast cancer. The authors were able
to exclude the possibility that the hormones were being synthesized by the
cancer cells themselves and to demonstrate the activation of the HPA axis in the
context of cancer development.113 Overall, these findings suggest that efforts
should be made to determine whether stress hormones can affect metastasis
and the treatment response in tumors other than breast cancer. In such
conditions, antagonizing the effects of GR on tumor cells may be more efficient
than treating patients with systemic corticosteroids to prevent metastasis.
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Fig. 3 New targets for GCs in immune and nonimmune cells. Recently identified target molecules of GR are shown. The cell- and context-
specificity of GC regulation is mediated by the pathological condition and the cell type in which the GC targets are located. The consequences
of such regulation, which are dependent on context, and the reference numbers are also reported
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keep the virus in check. Nevertheless, given the widespread
availability of dexamethasone and some promising results from
steroid treatment in previous outbreaks, it was considered
important to test this treatment in a rigorous clinical trial. The
Randomized Evaluation of COVid-19 thERapY (RECOVERY) trial
launched in March 2020 is one of the world’s largest randomized
controlled trials for coronavirus treatments, testing a range of
potential therapies. Over 11,500 patients were enrolled from over
175 NHS hospitals in the United Kingdom. The dexamethasone
arm enrolled 2100 participants who received the drug at a low/
moderate dose of 6 mg/day for 10 days, compared to ~4300
people who received standard care for coronavirus infection.
Professor Peter Horby and Professor Martin Landray, chief
investigators of the RECOVERY study, announced their findings
in a press release on 16 June 2020. The most striking result was
that dexamethasone reduced deaths by approximately one-third
in critically ill patients requiring ventilation. Importantly, no
evidence of benefit was found for patients who did not require
oxygen and in those who did not need hospitalization. This
pattern of response to dexamethasone confirms that a hyper-
active immune response contributes more to morbidity and
mortality than the direct effect of the virus in the more severe
forms of the disease. Indeed, people infected with SARS-CoV2 do
not show symptoms until several days after infection, when
collateral damage from the immune response often contributes to
the illness.99 These results are very important for public health
because dexamethasone is the first drug that has been shown to
improve survival in COVID-19 patients, and it is also highly
available and affordable. In addition, in the context of this
pandemic, the benefits of GC treatment in a particular group of
patients confirm that it is extremely important to design GC
therapies that allow for balance between suppressing the
overactive immune response and the spread of the viral infection.

CONCLUDING REMARKS
The therapeutic anti-inflammatory effects of GCs have been known
and used for more than 70 years, but deciphering the complexity of
the organism’s response to GCs remains challenging. The final
outcome is a combination of the different and sometimes opposite
responses of the various cell types (Box 3 and Fig. 3), which depend
on specific transcriptional programs resulting from complex signal
integration. Together, these variables make it very difficult to predict
the therapeutic effects of GCs in a given pathological condition.
Recent studies that took advantage of more specific experimental
approaches than those in the past have contributed to unraveling
this complexity.28 These studies showed that the molecular response
to GCs was cell type- and tissue-specific and was regulated by
the cellular microenvironment, which could shape the GR
interactome.26,42 These findings challenge the common clinical
practice of administering corticosteroids to patients with any type of
inflammatory disorder. For example, inhibitory checkpoints have
been shown to be novel targets in cytotoxic lymphocytes.42–45,47

This discovery opens the question of whether GC treatment is
beneficial or deleterious for the treatment of cancer patients.
Retrospective or prospective studies are thus needed to determine
whether corticosteroid administration interferes with immunother-
apy in cancer. Moreover, it was shown that GC treatment decreases
the inflammatory response responsible for tissue damage in the
context of sepsis, which can lead to immunosuppression.85,86

Endotoxin tolerance is principally mediated by myeloid cells, and
so GR blockade in these cell types after sepsis might restore a
functional immune response and protect patients from subsequent
infections.
The results of these recent studies suggest that the delivery of

GCs to specific target cells and at specific time points during the
course of inflammatory diseases may be an efficient therapeutic
strategy and may replace the current practice of administering

systemic corticosteroids. Developing this promising new approach
may increase treatment efficacy and decrease the adverse effects
of these drugs. In the context of rheumatoid arthritis, for example,
an attempt to improve this therapeutic balance was made by
developing “liposomal GCs”. Liposomes are organic nanoparticles
composed of a phospholipid bilayer, in which synthetic GCs can
be enclosed. It was shown in rat and mouse models that liposomal
GCs preferentially accumulate in inflamed joints, thus inducing
remission in experimental arthritis.100,101 Although promising, this
approach may be efficient for delivering GCs to the site of
inflammation, but it would not be possible to dissociate the
effects of GCs on immune and nonimmune cells. Targeted delivery
could be achieved, for example, by generating antibody- or
peptide-GC conjugates95 and should be context-dependent and
specific for the time and nature of the inflammatory response.
The basis for the development of such new compounds and their
use in clinical practice will require deeper investigation of the
molecular and cellular actions of GCs. Further studies are therefore
required to decipher the cellular and context-specific mechanisms
of GC regulation, optimize and possibly target corticosteroid
therapy and increase its efficacy while limiting adverse effects.
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