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Psoriasis is a prevalent chronic inflammatory human disease initiated by impaired

function of immune cells and epidermal keratinocytes, resulting in increased cytokine

production and hyperproliferation, leading to skin lesions. Overproduction of Th1- and

Th17-cytokines including interferon (IFN)-γ, tumor necrosis factor (TNF)-α, interleukin

(IL)-23, IL-17, and IL-22, is a major driver of the disease. Glucocorticoids (GCs) represent

the mainstay protocol for treating psoriasis as they modulate epidermal differentiation

and are potent anti-inflammatory compounds. The development of safer GC-based

therapies is a high priority due to potentially severe adverse effects associated with

prolonged GC use. Specific efforts have focused on downstream anti-inflammatory

effectors of GC-signaling such as GC-Induced-Leucine-Zipper (GILZ), which suppresses

Th17 responses and antagonizes multiple pro-inflammatory signaling pathways involved

in psoriasis, including AP-1, NF-κB, STAT3, and ROR-γt. Here we review evidence

regarding defective GC signaling, GC receptor (GR) function, and GILZ in psoriasis. We

discuss seemingly contradicting data on the loss- and gain-of-function of GILZ in the

imiquimod-induced mouse model of psoriasis. We also present potential therapeutic

strategies aimed to restore GC-related pathways.

Keywords: glucocorticoids (GCs), glucocorticoid-induced-leucine-zipper (GILZ/TSC22D3), skin inflammation,

psoriasis, keratinocytes, immune cells, signaling

INTRODUCTION

Endogenous glucocorticoids (GCs) regulate development, metabolism, and immune responses
in mammals (1, 2). In healthy individuals, GCs are synthesized by the adrenal glands and
released to circulation as the final step of a complex cascade governed by the central
hypothalamic–pituitary–adrenal (HPA) axis, with key roles in basal, and stress-related homeostasis
(2). In addition, GCs can be produced locally by multiple tissues including the nervous system,
thymus, and epidermis (3, 4). Synthetic GC counterparts are widely used as the first and most
effective treatment to combat acute and chronic inflammatory pathologies. Both endogenous and
exogenous GCs exert their actions through binding to the GC receptor (GR/NR3C1), a protein of
the superfamily of nuclear hormone receptors that act as ligand-regulated transcription factors (5).

A main mechanism of GR action involves binding to genomic regulatory sequences called
GR response elements to induce or repress target gene expression. GR induces genes encoding
for anti-inflammatory mediators such as GC-Induced-Leucine-Zipper (GILZ), Dual-Specificity
protein Phosphatase 1 (DUSP1), Inhibitor of kappaB alpha (IκBα), and Zinc Finger Protein
36/TrisTetraProlin (ZFP36/TTP) (6). Also, GR represses pro-inflammatory genes induced by the
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NF-κB and Mitogen Activated Protein Kinase (MAPK)/AP-
1 pathways through protein-protein interactions that do not
require GR binding to DNA. These two mechanisms classically
referred to as transactivation and transrepression, respectively,
coexist and are required for the optimal anti-inflammatory
actions of GCs. Notwithstanding their effectivity, GC-based
therapy is accompanied by side-effects of variable severity
(the most extreme including metabolic syndrome, osteoporosis,
and impairment of childhood growth), which may advise to
discontinue treatment (7).

GILZ (encoded by the TSC22D3 gene) was identified more
than 20 years ago as anti-apoptotic in dexamethasone-treated
thymocytes (8). Since then, GILZ expression has been reported in
cell types of immune, and non-immune lineages. Multiple GILZ
isoforms, resulting from alternative transcriptional initiation and
splicing, have been identified with differential activities, and
tissue specific expression patterns (9, 10). As of now, the majority
of studies regarding therapeutic applications have been centered
on the GILZ1 isoform (referred to as GILZ hereafter). GILZ plays
an anti-inflammatory role in macrophages, is crucial to regulate
proliferation, survival, and differentiation in regulatory T (Treg)
and dendritic cells; and contributes to regulation of phagocytosis
in neutrophils andmacrophages, thus putting an additional brake
on chronic inflammation (11–14). GILZ is also expressed in
airway epithelial cells (15), as well as in epidermal keratinocytes.
In keratinocytes, GILZ is rapidly induced byGCs although its role
in this cell type is not yet clarified (16–18).

GC immunosuppressive effects are exerted upon almost all
immune cells including distinct effector lineages of T helper
(Th) cells: Th1, Th2, Th17, or regulatory T (Tregs) (19). GCs
inhibit Th1 development and induce differentiation of Th2 and
Treg cells that limit immune response (20, 21). Th17 cells,
producing interleukin 17 (IL-17) as their signature cytokine,
are critical mediators of immune and inflammatory diseases
including rheumatoid arthritis, asthma, and psoriasis (22). One
key finding was the demonstration that GILZ increased Treg cell
production by enhancing the transforming growth factor (TGF)-
β/SMAD2 signaling pathway leading to induction of Foxp3, a
lineage specific transcription factor responsible for development
and function of these cells (21). GILZ has been shown to
limit pro-inflammatory Th17 cell differentiation by binding to
promoter regions and inhibiting expression of key cytokines, and
classic Th17 transcription factors, like STAT3, and the master
regulator of this cell lineage, retinoic acid-related orphan receptor
(ROR)-γt (23).

Other anti-inflammatory GILZ actions are mediated through
protein-protein interactions with NF-κB and AP-1 transcription
factors precluding nuclear translocation, DNA binding, and
regulation of gene expression (24, 25). Also, GILZ can bind to

Abbreviations: GC, glucocorticoid; GR, glucocorticoid receptor; HPA,
hypothalamic–pituitary–adrenal; GILZ, Glucocorticoid-Induced-Leucine-
Zipper; MAPK, mitogen-activated protein kinase; TGF-β, transforming growth
factor beta; TNF-α, Tumor necrosis factor alpha; IFN, interferon; ROR-γ,
retinoic acid-related orphan receptor gamma; ZFP36/TTP, Zinc Finger Protein
36/TrisTetraProlin.

RAS/RAF, and thus suppress the MAPK pathway by inhibiting
MAP2K/ERK1/2 phosphorylation (26).

In vitro studies in various cell types, including keratinocytes,
showed GILZ downregulation upon treatment with pro-
inflammatory mediators that activate toll-like receptors (TLRs)
or cytokines such as tumor necrosis factor (TNF)-α, IL-1-
β, or interferon (IFN)-γ (12, 15, 16, 27). In several chronic
inflammatory diseases, GILZ expression inversely correlates with
disease severity, suggesting that lower levels may aggravate these
diseases and/or may be part of the pathogenesis [reviewed in
(25, 28)] For instance, GILZ expression negatively correlates with
disease severity in lupus patients, and murine models of this
disease (29, 30). Moreover, GILZ mRNA was downregulated in
white blood cells of sepsis patients (14), in activated macrophages
of individuals with Crohn’s disease (31), in patients with
chronic rhinosinusitis where more pronounced decreases of
GILZ associated with poor response to surgery (32), and in
human psoriatic lesions (33, 34). However, in other instances,
such as in the synovium of patients with active rheumatoid
arthritis, GILZ levels were increased relative to healthy subjects;
nevertheless, among patients being treated with therapeutic GCs,
those able to induce GILZ showed improved disease activity (35).
Overall these data underline that GILZ levels and activity are
likely dependent on the disease type and tissue context.

MOUSE MODELS OF INFLAMMATION TO
ASSESS GILZ FUNCTION

GILZ was initially postulated as an alternative to GC therapies
that could mediate GC immune-suppressive actions and anti-
inflammatory effects without producing GC-associated side
effects (11, 12, 25, 36). GILZ-deficient mice were viable and
featured alterations that included male infertility due to impaired
spermatogenesis, and electrolyte alterations (37–41). The lack of
GILZ neither altered the immune response in several diseases
(including arthritis and LPS-induced sepsis) nor decreased the
anti-inflammatory effects of GCs in these models (37, 39, 42).
Given that global GILZ-deficient mice had increased levels of
endogenous GCs and other anti-inflammatory mediators, it is
feasible that these compensatory mechanisms account for the
observed results in vivo (28, 39, 43). In turn, the use of cell-
type specific GILZ KO mouse models, such as macrophage-
specific GILZ KO, which did not exhibit differences in their
serum corticosteroid levels, represent a more adequate setting to
investigate the impact of ablating endogenous GILZ (44).

However, in other settings, downregulation of GILZ during
inflammation led to enhanced pro-inflammatory responses (44).
For instance, the administration of GILZ siRNA enhanced
disease progression in a mouse model of rheumatoid arthritis
(45) and conversely, injection of GILZ-adeno-associated virus
into the joints inhibited disease development to a similar extent
as GC treatment (39). GILZ knockdown also resulted in increased
disease severity in a mouse model of colitis due to pronounced
granulocytic infiltrates and enhanced inflammation (13). GILZ-
deficient macrophages showed increased responsiveness toward
LPS, with augmented expression of pro-inflammatory cytokines
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due to ERK activation, and reduced desensitization to LPS, i.e.,
endotoxin tolerance (28).

In most mouse models of disease, higher levels of GILZ were
protective against inflammation although with a variable degree
of efficacy. The increased expression of GILZ in the SPRET/Ei
mouse strain was shown to be the cause of its resistance to
LPS-induced endotoxemia (46). GILZ overexpression with a
T cell lineage specific promoter induced an anti-inflammatory
Th2-type response in naive CD4T cells (47), and these mice
were less susceptible to a spinal cord injury model (48).
Moreover, the use of GILZ peptides suppressed inflammation in
a mouse model of autoimmune encephalomyelitis (24). Similarly,
mice with generalized overexpression of GILZ (GILZ-Tg) had
better survival rates in the cecal ligation and puncture sepsis
model relative to controls (14). However, in this model, the
protective effects of GILZ were not due to a decrease in
systemic inflammation but linked to increased bacterial clearance
due to more efficient phagocytosis by CD45+ peritoneal cells.
Overall GILZ gain- or loss-of-function in mouse models of
inflammation does not always result in opposite phenotypes. The
cell-type specific mechanisms by which GILZ modulates tissue
function both in normal homeostasis as well as in inflammatory
settings need to be considered. The pleiotropic effects of GCs
are mediated by numerous downstream targets in addition
to GILZ; this biological redundancy likely accounts for the
findings that GILZ deficiency does not always cause major
inflammatory phenotypes.

PSORIASIS

The epidermis is composed of keratinocytes which terminally
differentiate to form a permeability barrier essential for
survival. The balance between keratinocyte proliferation
and differentiation is tightly regulated, with alterations that
affect barrier function leading to common inflammatory skin
pathologies (49). One such disease, psoriasis, is a chronic
relapsing inflammatory condition identified in 1–2% of the
population, whose clinical presentation includes different
symptoms and severity, age of onset, and location of skin lesions
(50). Psoriatic patients typically develop reddish scaly plaques,
and one-third of patients also have affected joints, which may
lead to severe joint destruction (psoriatic arthritis). In addition,
this disease shows high comorbidity with other inflammatory
conditions such as metabolic and cardiovascular diseases (51).

Psoriasis pathophysiology is complex and includes both
genetic and environmental risk factors. Dysregulation of Th1
and Th17 lineages leads to overproduction of various cytokines
including IFN-γ, TNF-α, IL-23, IL-17, and IL-22 resulting in
epidermal hyperproliferation and skin immune infiltrates (52).
ROR-γt is induced during early Th17 differentiation and is a
central driver of the later stages of this process (53). ROR-γt
is present in IL-17-producing Th17 cells in a mouse model of
psoriasis, indicating involvement in the disease, and is currently
being investigated as a therapeutic target for drug design (54,
55). Both keratinocyte and lymphocytes can mediate psoriasis
due to alterations in pro-inflammatory signaling pathways and

transcription factors AP-1 [loss of function; (56–58)], as well as
NF-κB, STAT3, and TGF-β [gain of function; (59, 60)].

Histopathological characterization of psoriatic lesions reveals
epidermal thickening, abnormal epidermal differentiation, and
increased epidermal protrusions (rete-ridges), along with intra-
epithelial neutrophil infiltrates (Munro-like abscesses), and
pronounced immune infiltrates consisting of T cells and dendritic
cells (52). A widely used mouse model of psoriasis consists
of topical applications of imiquimod, a TLR7 agonist, which
induces the IL-23–Th17-cell axis and closely recapitulates the
histopathological, and molecular characteristics of the human
disease (57, 61, 62).

Therapeutic Actions of Glucocorticoids
The symptoms of psoriatic patients can be treated systemically,
topically, or by ultraviolet (UV) phototherapy (63). Classic
treatments include synthetic compounds (GCs, retinoids,
vitamin D derivatives, methotrexate, and cyclosporine) while
novel therapies use antibodies targeting major cytokines
associated with the disease (TNF-α, IL-17, and IL-23). As
psoriasis is a relapsing disease, most patients require long-term
management, which represents an important limitation for many
of these treatments due to poor tolerability and/or cumulative
toxicity (methotrexate and cyclosporine), or increased risk of
non-melanoma skin cancer (phototherapy or TNF inhibitors)
(64). These issues—age, specific symptoms, extent of lesions, and
previous records of diseases—need to be addressed in the clinical
practice to design efficient and safe treatments. While TNF-α
and IL-17 inhibitors avoid many adverse effects of classic drugs,
there are also concerns as these therapies can increase the risk of
systemic infections, and their long-term use may represent an
economic burden (52, 63).

GCs still represent the mainstay protocol for treating
psoriatic patients with mild disease severity, and are preferably
administered topically to minimize adverse side effects, including
skin atrophy, loss of skin barrier function, increased susceptibility
to infections, and delayed wound healing (65). However, in the
long term, even topical GCs can cause Cushing’s syndrome,
and adrenal insufficiency with serious consequences (66). In
addition, psoriatic patients with initially good responses to GCs
can experience flares due to insensitivity to topical steroids
(67). Downstream anti-inflammatory GC effectors such as ZFP36
and GILZ are attractive therapeutic candidates (36, 42, 68).
Indeed GILZ is ideal as it interferes with multiple levels of pro-
inflammatory signaling, including pathways involved in psoriasis
like AP-1, NF-κB, STAT3, and ROR-γt. However, given the tissue-
and cell type-specific differences in GILZ action it is important
to decipher the impact of therapeutic doses of GILZ not only
on skin immune cells, but also on epidermal keratinocytes, and
dermal fibroblasts.

Impaired Glucocorticoid-Signaling in
Psoriasis
GCs limit skin inflammation by signaling through GR (69).
Consistent with this, GR−/− mice featured dramatically
impaired epidermal differentiation, with decreased expression
of differentiation markers, common features in human psoriasis
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(49, 70). Also, late embryos and newborn mice with epidermal-
specific inactivation of GR featured phenotypic and molecular
alterations similar to those observed in psoriasis, including
enhanced expression of pro-inflammatory markers (71).
However, these alterations resolved spontaneously by yet
uncharacterized mechanisms, and adult GR epidermal KO mice
showed only mild skin defects (71). These data indicate that
besides being the target of a treatment for psoriasis, keratinocyte-
specific loss of GR is involved in the etiopathogenesis of
the disease.

In control adult mouse skin, treatment with imiquimod
strongly downregulated Nr3c1 as well as the closely related
mineralocorticoid receptor (MR/Nr3c2), which also plays anti-
inflammatory roles in this tissue and can be activated by GCs
(69, 72–74). Accordingly, GR- or MR- epidermal KO adult
mice displayed increased susceptibility to imiquimod-induced
psoriasis, and the loss of both receptors had significantly higher
impact on disease severity (72). In the absence of epidermal
GR and/or MR, regulation of downstream targets, like Gilz, is
affected. In cultured keratinocytes, Gilz was induced by GCs
in a GR-dependent manner (16, 17), consistent with a GR-
ChIP sequencing experiment that identified GR-binding sites
downstream of the Tsc22d3 gene (17). Importantly, full induction
of Gilz in response to GCs requires the presence of both
GR and MR and GC-induced binding of GR to the genomic
binding site near Tsc22d3 was diminished in the absence of
MR (17, 73).

In agreement with mouse models, expression of GR, MR,
and GILZ (33, 34, 75, 76) was downregulated in human
psoriatic lesions (Figure 1). Also, it has been reported that GR
nuclear translocation was reduced in psoriatic skin (77, 78).
Importantly, GILZ expression negatively correlated with levels
of pro-inflammatory cytokines IL-17A, IL-23, and IL-22; and
STAT3 in psoriatic lesions (33). In mice and humans, the
expression of other GC-target genes such as ZFP36, FKBP51,
and ZBTB16 was also decreased in psoriasis (34, 72), likely
aggravating disease severity. The findings that ZFP36 destabilizes
GILZ mRNA suggests a mechanism by which GILZ levels are
fine-tuned following exposure to GCs or cytokines that regulate
these genes (44).

Defective Cutaneous Glucocorticoid
Signaling in Psoriasis
Healthy skin is able to synthesize and release GCs through
its own local HPA axis analog (Figure 1); however, the
pathological relevance of local GC production had not been
addressed until recently (4, 75, 76, 79, 80). In line with the
observation that GC-target genes are downregulated in psoriasis,
metabolomics and transcriptomic profiling demonstrated that
cortisol was amongst the most decreased compounds in
psoriatic vs. non-lesional skin (76). It was also shown
that de novo synthesis of GCs was strongly decreased in
psoriatic skin lesions (Figure 1) due to reduced expression of
steroidogenic enzymes including steroidogenic acute regulatory
protein (StAR), 3β-Hydroxysteroid dehydrogenase (3bHSD1),
and the cytochrome P450 proteins CYP11A1, and CYP17

(75). 11-beta hydroxysteroid dehydrogenases type 1 and 2
(HSD11B1/HSD11B2) are responsible for cortisol to cortisone
interconversion (81). Their expression ratio and activity is
important for modulating epidermal differentiation, and have
been reported to be altered in lesional tissue [Figure 1; (75, 76)].
Consistent with this, treatment with TNF-α, IL-17A, and IL-
22 cytokines suppressed HSD11B1 and HSD11B2 expression in
human keratinocytes in a reconstituted skin model (76).

Importantly, psoriatic patients that received topical GCs
treatments not only normalized epidermal differentiation and
skin inflammation but also restored endogenous GC biosynthesis
in this tissue (76). Strikingly, mice exposed to clinically relevant
doses of UVB showed induction of the systemic steroidogenic
pathway, including GC production, indicating communication
between the skin, and central HPA axes (82). This could explain at
least partially why UVB therapy is beneficial for psoriatic patients
and indicates that systemic and local GC levels are vital for
cutaneous homeostasis. Altogether, these findings support that
defective GC signaling in the skin (by keratinocytes and likely
other cell types) is involved in the etiopathogenesis of psoriasis
as it interferes with epidermal differentiation, eliciting sustained
inflammatory responses. In this scenario, restoration of normal
GC signaling represents one major objective, underscoring
the relevance of elucidating the specific role of GILZ
in psoriasis.

GILZ AND MOUSE MODELS OF PSORIASIS

The role of GILZ in the imiquimod-model of psoriasis was
evaluated using gain- and loss-of-function mouse models
(Figure 2). In control mice, besides the cutaneous phenotype,
topical imiquimod also induces systemic effects including
increased circulating cytokines and splenomegaly (61). While
detailed histological evaluation of GILZ−/− skin has not
been published, GILZ−/− mice treated with imiquimod
showed increased severity in disease parameters, including
the macroscopic skin phenotype of scaling and swelling;
pro-inflammatory cytokine production; splenomegaly, and
draining lymph node cellularity (33). The higher susceptibility
to imiquimod-induced inflammation in GILZ−/− mice
was explained by the augment of Th17-inducing cytokines
by dendritic cells (IL-1, IL-23, and IL-6), and increased
proliferation of Th17 cells (33). However, it is important
to note that untreated GILZ−/− mice have increases in
IL-17A and IL-22 producing lymphocytes and that the
contribution of these basal alterations to the disease elicited
in the psoriasis model is unclear. Importantly, while addition
of IL-6 to Th17-promoting cytokines IL-1β/23 increased
T cell proliferation and expression of Th17 genes in vitro,
exogenous delivery of GILZ restored regulation of Th17 cell
proliferation (33). These data confirm that GILZ is key to restrict
pathogenic Th17 responses, which may be relevant for psoriasis
treatments (23, 33).

Given the role of GILZ in suppressing Th17 responses and
its downregulation in psoriatic lesions (33, 34), it was expected
that transgenic mice with generalized overexpression of GILZ
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FIGURE 1 | Defective cutaneous GC signaling in psoriasis. Healthy skin is able to synthesize and release GCs de novo by a hypothalamic–pituitary–adrenal axis

analog. The interconversion between inactive and active GCs by the enzymes 11-beta hydroxysteroid dehydrogenases type 1 and 2 (HSD11B1/HSD11B2) provides

another source of corticosteroids. When local steroidogenesis is stimulated, GC-activated GR regulates gene expression, including that of Gilz. The actions of GCs in

skin limit proliferation and inflammation. In psoriatic skin, de novo synthesis of GCs is strongly decreased and the expression/activity of HSD11B1/2 is impaired;

decreased GC levels have an overall negative impact on epidermal differentiation. The downregulation of GR and downstream anti-inflammatory mediators in psoriatic

lesions likely aggravates disease severity, including increased keratinocyte proliferation, impaired keratinocyte differentiation, and increased inflammation.

[GILZ-Tg mice (18)] would be protected from imiquimod-
induced inflammation. Surprisingly, these animals showed a
dramatic increase relative to controls inmany disease parameters,
including splenomegaly, and increased number and severity
of skin lesions. GILZ-Tg mice showed increased scaling,
abnormal keratinocyte differentiation, neutrophil infiltrates,
and increased induction of molecules associated with the
human disease (Il-17, Il-22, Il-23, Il-6, and Stat3). However,
the systemic response to imiquimod was similar in GILZ-
Tg and control mice (as was also the case in the cecal
ligation, and puncture sepsis protocol in GILZ-Tg mice; (14),
and there were not significant differences in the composition
of skin neutrophil or T cell infiltrates of GILZ-Tg vs.
controls (18).

Also, the pro-inflammatory actions of GILZ overexpression
were specific to skin as neither intestine nor spleen showed
increases in Th17-dependent cytokines relative to controls. The
deleterious effects of GILZ in the psoriasis model were likely
due to its overexpression in epidermis, rather than immune cells,
as TGF-β1 signaling via SMAD2/3 was constitutively activated
in GILZ-Tg keratinocytes. Moreover, GILZ overexpression in
cultured keratinocytes enhanced the induction of the psoriatic
marker S100a8 in response to IL-17A (18). Similar to human
disease, imiquimod-treated control skin showed reduced Gilz

expression (18). In contrast, as Gilz was not downregulated in
GILZ-Tg skin, it is feasible that the resolution of inflammation
requires reduced levels of GILZ, and that continuous expression,
and/or relatively high levels of this GC-target gene can exert
pro-inflammatory actions.

CONCLUSION

Despite their efficacy, topical administration of GCs to psoriatic
patients is accompanied by adverse effects including loss of skin
barrier function and increased susceptibility to inflammation
and infections. Also, later stages of inflammatory diseases
are characterized by a vicious circle of decreased response
to GCs, resulting in lower production of anti-inflammatory
mediators like GILZ and further loss of control of inflammation.
Given these limitations, there is need of improving GC-based
therapies for psoriasis and the delivery of GILZ appears as an
attractive possibility. There is an inverse correlation between
GILZ expression and psoriatic lesions; however, it is unclear
whether lower levels aggravate the disease or are part of
the pathogenesis. Also, the findings in mice that both gain-
and loss of function of GILZ result in higher susceptibility
to imiquimod-induced psoriasis raise questions about the
therapeutic potential of exogenous GILZ for this skin pathology.
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FIGURE 2 | Impact of GILZ in skin psoriatic lesions: Phenotypes of GILZ−/− and GILZ-overexpressing mice. (Left) Cell type-specific contributions to cutaneous

alterations in psoriatic lesions induced by the imiquimod mouse model in WT mice. Epidermal thickening (bracket), abnormal differentiation of keratinocytes

(arrowhead), and intra-epidermal neutrophil infiltrates (asterisk) are indicated. Dysregulation of both immune cells and keratinocytes leads to cytokine overproduction,

resulting in immune infiltrates, epidermal hyperproliferation, and abnormal epidermal differentiation. Arrows represent communication between cell types. (Right)

Summary of phenotypes in GILZ−/− (34) and GILZ-overexpressing (GILZ-Tg; 18) mice. Briefly, while untreated GILZ−/− mice had increased IL-17A and IL-22 in

immune cells, both GILZ−/−, and GILZ-Tg treated mice showed increased severity of imiquimod-induced psoriatic lesions. GILZ-Tg keratinocytes had constitutively

increased phosphorylation of SMAD2/3, which was further increased by imiquimod. E, epidermis; D, dermis; N, neutrophils; DC, dendritic cells; KC, keratinocytes.

Apparent discrepancies may derive from yet uncharacterized
cell-type specific functions of GILZ such as recently reported
effects on neutrophil and macrophage phagocytosis modulating
bactericidal activity. Also, as an exon common to all isoforms of
Tsc22d3 was deleted in GILZ−/− mice, it is plausible that other
GILZ isoforms play differential roles. Above threshold effects
from overexpression in GILZ-Tg mice may also explain these
seemingly controversial results. Until the physiological role of
GILZ in all skin compartments is better understood, therapies
based on generalized delivery of GILZ seem premature. Based on
the relevance of cutaneous GC-signaling, one may speculate on
future strategies of local delivery of GILZ specifically to immune
cells. It is also feasible that in psoriasis, the ability to produce
GILZ in response to GCs could be used to stratify patients
into two groups: those who upregulate this GC target would be
good candidates for GC therapy and those who do not could be
candidates for GILZ delivery to bypass the resistance.

AUTHOR CONTRIBUTIONS

LS and PP wrote the manuscript and approved this version
for publication.

FUNDING

This work was supported by a grant of MINECO, Spanish
Government grant SAF2017-88046-R.

ACKNOWLEDGMENTS

We thank Grant for Networks of Excellence from MINECO
Nuclear Receptors in Cancer, Metabolism and Inflammation
(NuRCaMeIn) (SAF2017-90604-REDT) for support for
dissemination. We also acknowledge support of the publication
fee by the CSIC Open Access Publication Support Initiative
through its Unit of Information Resources for Research (URICI).

Frontiers in Immunology | www.frontiersin.org 6 September 2019 | Volume 10 | Article 2220

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sevilla and Pérez Glucocorticoids, GILZ, and Psoriasis

REFERENCES

1. Granner DK, Wang J-C, Yamamoto KR. Regulatory actions of glucocorticoid
hormones: from organisms to mechanisms. (New York, NY: Springer), 3–31.

2. Kadmiel M, Cidlowski JA. Glucocorticoid receptor signaling in
health and disease. Trends Pharmacol Sci. (2013) 34:518–30.
doi: 10.1016/j.tips.2013.07.003

3. Taves MD, Gomez-Sanchez CE, Soma KK. Extra-adrenal glucocorticoids and
mineralocorticoids: evidence for local synthesis, regulation, and function. Am
J Physiol Metab. (2011) 301:E11–24. doi: 10.1152/ajpendo.00100.2011

4. Slominski AT, Manna PR, Tuckey RC. Cutaneous
glucocorticosteroidogenesis: securing local homeostasis and the skin
integrity. Exp Dermatol. (2014) 23:369–74. doi: 10.1111/exd.12376

5. Weikum ER, Knuesel MT, Ortlund EA, Yamamoto KR. Glucocorticoid
receptor control of transcription: precision and plasticity via allostery.Nat Rev
Mol Cell Biol. (2017) 18:159–74. doi: 10.1038/nrm.2016.152

6. Vandevyver S, Dejager L, Tuckermann J, Libert C. New insights into
the anti-inflammatory mechanisms of glucocorticoids: an emerging role
for glucocorticoid-receptor-mediated transactivation. Endocrinology. (2013)
154:993–1007. doi: 10.1210/en.2012-2045

7. Desmet SJ, Bosscher KD, Desmet SJ, Bosscher KD, De Bosscher K.
Glucocorticoid receptors : finding the middle ground. J Clin Invest. (2017)
127:1136–45. doi: 10.1172/JCI88886

8. D’Adamio F, Zollo O, Moraca R, Ayroldi E, Bruscoli S, Bartoli A, et al. A
new dexamethasone-induced gene of the leucine zipper family protects T
lymphocytes from TCR/CD3-activated cell death. Immunity. (1997) 7:803–12.
doi: 10.1016/S1074-7613(00)80398-2

9. Soundararajan R, Wang J, Melters D, Pearce D. Differential activities of
glucocorticoid-induced leucine zipper protein isoforms. J Biol Chem. (2007)
282:36303–13. doi: 10.1074/jbc.M707287200

10. Bruscoli S, Donato V, Velardi E, Di Sante M, Migliorati G, Donato
R, et al. Glucocorticoid-induced leucine zipper (GILZ) and long
GILZ inhibit myogenic differentiation and mediate anti-myogenic
effects of glucocorticoids. J Biol Chem. (2010) 285:10385–96.
doi: 10.1074/jbc.M109.070136

11. Vétillard M, Schlecht-Louf G. Glucocorticoid-induced leucine zipper:
fine-tuning of dendritic cells function. Front Immunol. (2018) 9:1232.
doi: 10.3389/fimmu.2018.01232

12. Hoppstädter J, Diesel B, Linnenberger R, Hachenthal N, Flamini S, Minet M,
et al. Amplified host defense by toll-like receptor-mediated downregulation
of the glucocorticoid-induced leucine zipper (GILZ) in macrophages. Front
Immunol. (2018) 9:3111. doi: 10.3389/fimmu.2018.03111

13. Ricci E, Ronchetti S, Gabrielli E, Pericolini E, Gentili M, Roselletti E, et al.
GILZ restrains neutrophil activation by inhibiting the MAPK pathway. J
Leukoc Biol. (2019) 105:187–94. doi: 10.1002/JLB.3AB0718-255R

14. Ballegeer M, Vandewalle J, Eggermont M, Van Isterdaell G, Dejager L, De Bus
L, et al. Overexpression of gilz protects mice against lethal septic peritonitis.
Shock. (2019) 52:208–14. doi: 10.1097/SHK.0000000000001252

15. Eddleston J, Herschbach J, Wagelie-Steffen AL, Christiansen SC, Zuraw BL.
The anti-inflammatory effect of glucocorticoids ismediated by glucocorticoid-
induced leucine zipper in epithelial cells. J Allergy Clin Immunol. (2007)
119:115–22. doi: 10.1016/j.jaci.2006.08.027

16. Onda K, Nagashima M, Kawakubo Y, Inoue S, Hirano T, Oka K. Mitogen-
activated protein kinase kinase 1/extracellular signal-regulated kinase (MEK-
1/ERK) inhibitors sensitize reduced glucocorticoid response mediated by
TNFα in human epidermal keratinocytes (HaCaT). Biochem Biophys Res

Commun. (2006) 351:266–72. doi: 10.1016/j.bbrc.2006.10.032
17. Sevilla LM, Latorre V, Carceller E, Boix J, Vodák D, Mills IG, Pérez

P. Glucocorticoid receptor and Klf4 co-regulate anti-inflammatory
genes in keratinocytes. Mol Cell Endocrinol. (2015) 412:281–9.
doi: 10.1016/j.mce.2015.05.015

18. Carceller E, Ballegeer M, Deckers J, Riccardi C, Bruscoli S, Hochepied T, et al.
Overexpression of glucocorticoid-induced leucine zipper (GILZ) increases
susceptibility to imiquimod-induced psoriasis and involves cutaneous
activation of TGF-β1. Sci Rep. (2016) 6:38825. doi: 10.1038/srep38825

19. Liberman AC, Budziñski ML, Sokn C, Gobbini RP, Steininger A, Arzt E.
Regulatory andmechanistic actions of glucocorticoids on T and inflammatory
cells. Front Endocrinol. (2018) 9:235. doi: 10.3389/fendo.2018.00235

20. Libert C, Dejager L. How steroids steer T cells. Cell Rep. (2014) 7:938–9.
doi: 10.1016/j.celrep.2014.04.041

21. Bereshchenko O, Coppo M, Bruscoli S, Biagioli M, Cimino M, Frammartino
T, et al. GILZ promotes production of peripherally induced treg cells and
mediates the crosstalk between glucocorticoids and TGF-β signaling. Cell Rep.
(2014) 7:464–75. doi: 10.1016/j.celrep.2014.03.004

22. Lee Y, Kuchroo V. Defining the functional states of Th17 cells. F1000Research.
(2015) 4:132. doi: 10.12688/f1000research.6116.1

23. Yosef N, Shalek AK, Gaublomme JT, Jin H, Lee Y, Awasthi A, et al.
Dynamic regulatory network controlling Th17 cell differentiation. Nature.
(2013) 496:461–8. doi: 10.1038/nature11981

24. Srinivasan M, Janardhanam S. Novel p65 binding GILZ peptide suppresses
experimental autoimmune encephalomyelitis. J Biol Chem. (2011) 286:44799–
810. doi: 10.1074/jbc.M111.279257

25. Ronchetti S, Migliorati G, Riccardi C. GILZ as a mediator of the anti-
inflammatory effects of glucocorticoids. Front Endocrinol. (2015) 6:170.
doi: 10.3389/fendo.2015.00170

26. Ayroldi E, Di Virgilio R, Riccardi C, Zollo O, Bastianelli A, Marchetti
C, et al. GILZ mediates the antiproliferative activity of glucocorticoids by
negative regulation of Ras signaling. J Clin Invest. (2007) 117:1605–15.
doi: 10.1172/JCI30724

27. Hahn RT, Hoppstädter J, Hirschfelder K, Hachenthal N, Diesel B, Kessler
SM, et al. Downregulation of the glucocorticoid-induced leucine zipper
(GILZ) promotes vascular inflammation. Atherosclerosis. (2014) 234:391–400.
doi: 10.1016/j.atherosclerosis.2014.03.028

28. Hoppstädter J, Kessler SM, Bruscoli S, Huwer H, Riccardi C, Kiemer
AK. Glucocorticoid-induced leucine zipper: a critical factor in
macrophage endotoxin tolerance. J Immunol. (2015) 194:6057–67.
doi: 10.4049/jimmunol.1403207

29. Jones SA, Toh AEJ, Odobasic D, Oudin M-AV, Cheng Q, Lee JPW, et al.
Glucocorticoid-induced leucine zipper (GILZ) inhibits B cell activation
in systemic lupus erythematosus. Ann Rheum Dis. (2016) 75:739–47.
doi: 10.1136/annrheumdis-2015-207744

30. Mohammadi S, Ebadpour MR, Sedighi S, Saeedi M, Memarian A.
Glucocorticoid-induced leucine zipper expression is associated with
response to treatment and immunoregulation in systemic lupus
erythematosus. Clin Rheumatol. (2017) 36:1765–72. doi: 10.1007/s10067-017-
3711-9

31. Berrebi D, Bruscoli S, Cohen N, Foussat A, Migliorati G, Bouchet-
Delbos L, et al. Synthesis of glucocorticoid-induced leucine zipper
(GILZ) by macrophages: an anti-inflammatory and immunosuppressive
mechanism shared by glucocorticoids and IL-10. (2003) 101:729–38.
doi: 10.1182/blood-2002-02-0538

32. Zhang X-H, Lu X, Long X-B, You X-J, Gao Q-X, Cui Y-H, et al. Chronic
rhinosinusitis with and without nasal polyps is associated with decreased
expression of glucocorticoid-induced leucine zipper. Clin Exp Allergy. (2009)
39:647–54. doi: 10.1111/j.1365-2222.2008.03198.x

33. Jones SA, Perera DN, Fan H, Russ BE, Harris J, Morand EF. GILZ
regulates Th17 responses and restrains IL-17-mediated skin inflammation. J
Autoimmun. (2015) 61:73–80. doi: 10.1016/j.jaut.2015.05.010

34. Suárez-FariñasM, Li K, Fuentes-Duculan J, HaydenK, Brodmerkel C, Krueger
JG. Expanding the psoriasis disease profile: interrogation of the skin and
serum of patients with moderate-to-severe psoriasis. J Invest Dermatol. (2012)
132:2552–64. doi: 10.1038/jid.2012.184

35. Eades LE. Glucocorticoid-induced leucine zipper (Gilz) in rheumatoid
arthritis: relationship with disease activity and steroid use. J Rheum Dis Treat.

(2017) 3:47. doi: 10.23937/2469-5726/1510047
36. Ayroldi E, Macchiarulo A, Riccardi C. Targeting glucocorticoid side effects:

selective glucocorticoid receptormodulator or glucocorticoid-induced leucine
zipper? a perspective. FASEB J. (2014) 28:5055–70. doi: 10.1096/fj.14-254755

37. Suarez PE, Rodriguez EG, Soundararajan R, Mérillat A-M, Stehle J-C, Rotman
S, et al. The Glucocorticoid-induced leucine zipper (Gilz/ Tsc22d3-2) gene
locus plays a crucial role in male fertility.Mol Endocrinol. (2012) 26:1000–13.
doi: 10.1210/me.2011-1249

38. Bruscoli S, Biagioli M, Sorcini D, Frammartino T, Cimino M, Sportoletti
P, et al. Lack of glucocorticoid-induced leucine zipper (GILZ) deregulates
B-cell survival and results in B-cell lymphocytosis in mice. Blood. (2015)
126:1790–801. doi: 10.1182/blood-2015-03-631580

Frontiers in Immunology | www.frontiersin.org 7 September 2019 | Volume 10 | Article 2220

https://doi.org/10.1016/j.tips.2013.07.003
https://doi.org/10.1152/ajpendo.00100.2011
https://doi.org/10.1111/exd.12376
https://doi.org/10.1038/nrm.2016.152
https://doi.org/10.1210/en.2012-2045
https://doi.org/10.1172/JCI88886
https://doi.org/10.1016/S1074-7613(00)80398-2
https://doi.org/10.1074/jbc.M707287200
https://doi.org/10.1074/jbc.M109.070136
https://doi.org/10.3389/fimmu.2018.01232
https://doi.org/10.3389/fimmu.2018.03111
https://doi.org/10.1002/JLB.3AB0718-255R
https://doi.org/10.1097/SHK.0000000000001252
https://doi.org/10.1016/j.jaci.2006.08.027
https://doi.org/10.1016/j.bbrc.2006.10.032
https://doi.org/10.1016/j.mce.2015.05.015
https://doi.org/10.1038/srep38825
https://doi.org/10.3389/fendo.2018.00235
https://doi.org/10.1016/j.celrep.2014.04.041
https://doi.org/10.1016/j.celrep.2014.03.004
https://doi.org/10.12688/f1000research.6116.1
https://doi.org/10.1038/nature11981
https://doi.org/10.1074/jbc.M111.279257
https://doi.org/10.3389/fendo.2015.00170
https://doi.org/10.1172/JCI30724
https://doi.org/10.1016/j.atherosclerosis.2014.03.028
https://doi.org/10.4049/jimmunol.1403207
https://doi.org/10.1136/annrheumdis-2015-207744
https://doi.org/10.1007/s10067-017-3711-9
https://doi.org/10.1182/blood-2002-02-0538
https://doi.org/10.1111/j.1365-2222.2008.03198.x
https://doi.org/10.1016/j.jaut.2015.05.010
https://doi.org/10.1038/jid.2012.184
https://doi.org/10.23937/2469-5726/1510047
https://doi.org/10.1096/fj.14-254755
https://doi.org/10.1210/me.2011-1249
https://doi.org/10.1182/blood-2015-03-631580
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sevilla and Pérez Glucocorticoids, GILZ, and Psoriasis

39. Ngo D, Beaulieu E, Gu R, Leaney A, Santos L, Fan H, et al. Divergent effects of
endogenous and exogenous glucocorticoid-induced leucine zipper in animal
models of inflammation and arthritis. Arthritis Rheum. (2013) 65:1203–12.
doi: 10.1002/art.37858

40. Romero Y, Vuandaba M, Suarez P, Grey C, Calvel P, Conne B,
et al. The glucocorticoid-induced leucine zipper (GILZ) is essential for
spermatogonial survival and spermatogenesis. Sex Dev. (2012) 6:169–77.
doi: 10.1159/000338415

41. Rashmi P, Colussi G, Ng M, Wu X, Kidwai A, Pearce D, et al. Glucocorticoid-
induced leucine zipper protein regulates sodium and potassium balance in
the distal nephron. Kidney Int. (2017) 91:1159–77. doi: 10.1016/j.kint.2016.
10.038

42. Cheng Q, Morand E, Yang YH. Development of novel treatment strategies for
inflammatory diseases-similarities and divergence between glucocorticoids
and GILZ. Front Pharmacol. (2014) 5:1–10. doi: 10.3389/fphar.2014.
00169

43. Vago JP, Tavares LP, Garcia CC, Lima KM, Perucci LO, Vieira ÉL,
et al. The role and effects of glucocorticoid-induced leucine zipper in
the context of inflammation resolution. J Immunol. (2015) 194:4940–50.
doi: 10.4049/jimmunol.1401722

44. Hoppstädter J, Kiemer AK. Glucocorticoid-induced leucine zipper (GILZ)
in immuno suppression: master regulator or bystander? Oncotarget. (2015)
6:38446–57. doi: 10.18632/oncotarget.6197

45. Beaulieu E, Ngo D, Santos L, Yang YH, Smith M, Jorgensen C,
et al. Glucocorticoid-induced leucine zipper is an endogenous
antiinflammatory mediator in arthritis. Arthritis Rheum. (2010) 62:2651–61.
doi: 10.1002/art.27566

46. Pinheiro I, Dejager L, Petta I, Vandevyver S, Puimège L, Mahieu T, et al.
LPS resistance of SPRET/Ei mice is mediated by Gilz, encoded by the
Tsc22d3 gene on the X chromosome. EMBO Mol Med. (2013) 5:456–70.
doi: 10.1002/emmm.201201683

47. Cannarile L, Fallarino F, Agostini M, Cuzzocrea S, Mazzon E, Vacca C,
et al. Increased GILZ expression in transgenic mice up-regulates Th-2
lymphokines. Blood. (2006) 107:1039–47. doi: 10.1182/blood-2005-05-2183

48. Esposito E, Bruscoli S, Mazzon E, Paterniti I, Coppo M, Velardi E,
et al. Glucocorticoid-induced leucine zipper (GILZ) over-expression in T
lymphocytes inhibits inflammation and tissue damage in spinal cord injury.
Neurotherapeutics. (2012) 9:210–25. doi: 10.1007/s13311-011-0084-7

49. Schmuth M, Blunder S, Dubrac S, Gruber R, Moosbrugger-Martinz V.
Epidermal barrier in hereditary ichthyoses, atopic dermatitis, and psoriasis.
JDDG J Ger Soc Dermatol. (2015) 13:1119–24. doi: 10.1111/ddg.30_12827

50. Boehncke W-H, Schön MP. Psoriasis. Lancet. (2015) 386:983–94.
doi: 10.1016/S0140-6736(14)61909-7

51. Takeshita J, Grewal S, Langan SM, Mehta NN, Ogdie A, Van Voorhees AS,
et al. Psoriasis and comorbid diseases: epidemiology. J Am Acad Dermatol.

(2017) 76:377–90. doi: 10.1016/j.jaad.2016.07.064
52. Boehncke W-H, Brembilla NC. Unmet needs in the field of psoriasis:

pathogenesis and treatment. Clin Rev Allergy Immunol. (2018) 55:295–311.
doi: 10.1007/s12016-017-8634-3

53. Sandquist I, Kolls J. Update on regulation and effector functions of Th17 cells.
F1000Research. (2018) 7:205. doi: 10.12688/f1000research.13020.1

54. Massot B, Michel M-L, Diem S, Ohnmacht C, Latour S, Dy M, et al. TLR-
induced cytokines promote effective proinflammatory Th17 cell responses. J
Immunol. (2014) 192:5635–42. doi: 10.4049/jimmunol.1302089

55. Tang L, Yang X, Liang Y, Xie H, Dai Z, Zheng G. Transcription factor retinoid-
related orphan receptor γt: a promising target for the treatment of psoriasis.
Front Immunol. (2018) 9:1210. doi: 10.3389/fimmu.2018.01210

56. Zenz R, Eferl R, Kenner L, Florin L, Hummerich L, Mehic D, et al.
Psoriasis-like skin disease and arthritis caused by inducible epidermal
deletion of Jun proteins. Nature. (2005) 437:369–75. doi: 10.1038/nature
03963

57. Wagner EF, Schonthaler HB, Guinea-Viniegra J, Tschachler E. Psoriasis: what
we have learned from mouse models. Nat Rev Rheumatol. (2010) 6:704–14.
doi: 10.1038/nrrheum.2010.157

58. Pasparakis M, Courtois G, Hafner M, Schmidt-Supprian M, Nenci A, Toksoy
A, et al. TNF-mediated inflammatory skin disease in mice with epidermis-
specific deletion of IKK2.Nature. (2002) 417:861–6. doi: 10.1038/nature00820

59. Sano S, Chan KS, Carbajal S, Clifford J, Peavey M, Kiguchi K, et al. Stat3
links activated keratinocytes and immunocytes required for development
of psoriasis in a novel transgenic mouse model. Nat Med. (2005) 11:43–9.
doi: 10.1038/nm1162

60. Li AG, Wang D, Feng X-H, Wang X-J. Latent TGFb1 overexpression in
keratinocytes results in a severe psoriasis-like skin disorder. EMBO J. (2004)
23:1770–81. doi: 10.1038/sj.emboj.7600183

61. van der Fits L, Mourits S, Voerman JSA, Kant M, Boon L, Laman
JD, et al. Imiquimod-induced psoriasis-like skin inflammation in mice
is mediated via the IL-23/IL-17 axis. J Immunol. (2009) 182:5836–45.
doi: 10.4049/jimmunol.0802999

62. Gudjonsson JE, Johnston A, Dyson M, Valdimarsson H, Elder JT.
Mouse models of psoriasis. J Invest Dermatol. (2007) 127:1292–308.
doi: 10.1038/sj.jid.5700807

63. Gisondi P, Del Giglio M, Girolomoni G. Treatment approaches tomoderate to
severe psoriasis. Int J Mol Sci. (2017) 18:2427. doi: 10.3390/ijms18112427

64. Belge K, Brück J, Ghoreschi K. Advances in treating psoriasis. F1000Prime

Rep. (2014) 6:2–9. doi: 10.12703/P6-4
65. Arbiser JL, Elsey J. Targeting the plasticity of psoriasis. J Invest Dermatol.

(2018) 138:734–6. doi: 10.1016/j.jid.2017.11.030
66. Paragliola RM, Papi G, Pontecorvi A, Corsello SM. Treatment with synthetic

glucocorticoids and the hypothalamus-pituitary-adrenal axis. Int J Mol Sci.

(2017) 18:e2201. doi: 10.3390/ijms18102201
67. Uva L, Miguel D, Pinheiro C, Antunes J, Cruz D, Ferreira J, et al. Mechanisms

of action of topical corticosteroids in psoriasis. Int J Endocrinol. (2012)
2012:561018. doi: 10.1155/2012/561018

68. Andrianne M, Assabban A, La C, Mogilenko D, Salle DS, Fleury S, et al.
Tristetraprolin expression by keratinocytes controls local and systemic
inflammation. JCI Insight. (2017) 2:e92979. doi: 10.1172/jci.insight.92979

69. Sevilla LM, Pérez P. Roles of the glucocorticoid and mineralocorticoid
receptors in skin pathophysiology. Int J Mol Sci. (2018) 19:1906.
doi: 10.3390/ijms19071906

70. Bayo P, Sanchis A, Bravo A, Cascallana JL, Buder K, Tuckermann J,
et al. Glucocorticoid receptor is required for skin barrier competence.
Endocrinology. (2008) 149:1377–88. doi: 10.1210/en.2007-0814

71. Sevilla LM, Latorre V, Sanchis A, Pérez P. Epidermal inactivation of
the glucocorticoid receptor triggers skin barrier defects and cutaneous
inflammation. J Invest Dermatol. (2013) 133:361–70. doi: 10.1038/jid.2012.281

72. Bigas J, Sevilla LM, Carceller E, Boix J, Pérez P. Epidermal glucocorticoid
and mineralocorticoid receptors act cooperatively to regulate epidermal
development and counteract skin inflammation article. Cell Death Dis. (2018)
9:588. doi: 10.1038/s41419-018-0673-z

73. Boix J, Sevilla LM, Sáez Z, Carceller E, Pérez P. Epidermal mineralocorticoid
receptor plays beneficial and adverse effects in skin and mediates
glucocorticoid responses. J Invest Dermatol. (2016) 136:2417–26.
doi: 10.1016/j.jid.2016.07.018

74. Jaisser F, Farman N. Emerging roles of the mineralocorticoid receptor in
pathology: toward new paradigms in clinical pharmacology. Pharmacol Rev.

(2016) 68:49–75. doi: 10.1124/pr.115.011106
75. Hannen R, Udeh-Momoh C, Upton J, Wright M, Michael A, Gulati

A, et al. Dysfunctional skin-derived glucocorticoid synthesis is a
pathogenic mechanism of psoriasis. J Invest Dermatol. (2017) 137:1630–7.
doi: 10.1016/j.jid.2017.02.984

76. Sarkar MK, Kaplan N, Tsoi LC, Xing X, Liang Y, Swindell WR, et al.
Endogenous glucocorticoid deficiency in psoriasis promotes inflammation
and abnormal differentiation. J Invest Dermatol. (2017) 137:1474–83.
doi: 10.1016/j.jid.2017.02.972

77. Man XY, Li W, Chen JQ, Zhou J, Landeck L, Zhang KH, et al. Impaired
nuclear translocation of glucocorticoid receptors: novel findings from
psoriatic epidermal keratinocytes. Cell Mol Life Sci. (2013) 70:2205–20.
doi: 10.1007/s00018-012-1255-3

78. Pang X, Zhang P, Zhu S, Guo G. Expression of glucocorticoid receptor-α in the
epidermis of patients with psoriasis vulgaris. Exp Ther Med. (2015) 10:419–22.
doi: 10.3892/etm.2015.2522

79. Slominski AT, Brozyna AA, Tuckey RC. Cutaneous glucocorticoidogenesis
and cortisol signaling are defective in psoriasis. J Invest Dermatol. (2017)
137:1609–11. doi: 10.1016/j.jid.2017.04.004

Frontiers in Immunology | www.frontiersin.org 8 September 2019 | Volume 10 | Article 2220

https://doi.org/10.1002/art.37858
https://doi.org/10.1159/000338415
https://doi.org/10.1016/j.kint.2016.10.038
https://doi.org/10.3389/fphar.2014.00169
https://doi.org/10.4049/jimmunol.1401722
https://doi.org/10.18632/oncotarget.6197
https://doi.org/10.1002/art.27566
https://doi.org/10.1002/emmm.201201683
https://doi.org/10.1182/blood-2005-05-2183
https://doi.org/10.1007/s13311-011-0084-7
https://doi.org/10.1111/ddg.30_12827
https://doi.org/10.1016/S0140-6736(14)61909-7
https://doi.org/10.1016/j.jaad.2016.07.064
https://doi.org/10.1007/s12016-017-8634-3
https://doi.org/10.12688/f1000research.13020.1
https://doi.org/10.4049/jimmunol.1302089
https://doi.org/10.3389/fimmu.2018.01210
https://doi.org/10.1038/nature03963
https://doi.org/10.1038/nrrheum.2010.157
https://doi.org/10.1038/nature00820
https://doi.org/10.1038/nm1162
https://doi.org/10.1038/sj.emboj.7600183
https://doi.org/10.4049/jimmunol.0802999
https://doi.org/10.1038/sj.jid.5700807
https://doi.org/10.3390/ijms18112427
https://doi.org/10.12703/P6-4
https://doi.org/10.1016/j.jid.2017.11.030
https://doi.org/10.3390/ijms18102201
https://doi.org/10.1155/2012/561018
https://doi.org/10.1172/jci.insight.92979
https://doi.org/10.3390/ijms19071906
https://doi.org/10.1210/en.2007-0814
https://doi.org/10.1038/jid.2012.281
https://doi.org/10.1038/s41419-018-0673-z
https://doi.org/10.1016/j.jid.2016.07.018
https://doi.org/10.1124/pr.115.011106
https://doi.org/10.1016/j.jid.2017.02.984
https://doi.org/10.1016/j.jid.2017.02.972
https://doi.org/10.1007/s00018-012-1255-3
https://doi.org/10.3892/etm.2015.2522
https://doi.org/10.1016/j.jid.2017.04.004
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sevilla and Pérez Glucocorticoids, GILZ, and Psoriasis

80. Terao M, Katayama I. Local cortisol/corticosterone activation in
skin physiology and pathology. J Dermatol Sci. (2016) 84:11–6.
doi: 10.1016/j.jdermsci.2016.06.014

81. Chapman K, Holmes M, Seckl J. 11β-Hydroxysteroid dehydrogenases:
intracellular gate-keepers of tissue glucocorticoid action.
Physiol Rev. (2013) 93:1139–206. doi: 10.1152/physrev.00020.
2012

82. Skobowiat C, Slominski AT. UVB activates hypothalamic–pituitary–
adrenal axis in C57BL/6 Mice. J Invest Dermatol. (2015) 135:1638–48.
doi: 10.1038/jid.2014.450

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Sevilla and Pérez. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 9 September 2019 | Volume 10 | Article 2220

https://doi.org/10.1016/j.jdermsci.2016.06.014
https://doi.org/10.1152/physrev.00020.2012
https://doi.org/10.1038/jid.2014.450
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Glucocorticoids and Glucocorticoid-Induced-Leucine-Zipper (GILZ) in Psoriasis
	Introduction
	Mouse Models of Inflammation to Assess GILZ Function
	Psoriasis
	Therapeutic Actions of Glucocorticoids
	Impaired Glucocorticoid-Signaling in Psoriasis
	Defective Cutaneous Glucocorticoid Signaling in Psoriasis

	GILZ and Mouse Models of Psoriasis
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


