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Abstract

Natural and synthetic glucocorticoids (GCs) are widely
employed in a number of inflammatory, autoimmune
and neoplastic diseases, and, despite the introduction
of novel therapies, remain the first-line treatment for
inducing remission in moderate to severe active Crohn’s
disease and ulcerative colitis. Despite their extensive
therapeutic use and the proven effectiveness, consider-
able clinical evidence of wide inter-individual differences
in GC efficacy among patients has been reported, in
particular when these agents are used in inflammatory
diseases. In recent years, a detailed knowledge of the GC
mechanism of action and of the genetic variants affecting
GC activity at the molecular level has arisen from several
studies. GCs interact with their cytoplasmic receptor,
and are able to repress inflammatory gene expression
through several distinct mechanisms. The glucocorticoid
receptor (GR) is therefore crucial for the effects of these
agents: mutations in the GR gene (NR3C1, nuclear re-
ceptor subfamily 3, group C, member 1) are the primary
cause of a rare, inherited form of GC resistance; in ad-
dition, several polymorphisms of this gene have been
described and associated with GC response and toxicity.
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However, the GR is not self-standing in the cell and the
receptor-mediated functions are the result of a complex
interplay of GR and many other cellular partners. The
latter comprise several chaperonins of the large coopera-
tive hetero-oligomeric complex that binds the hormone-
free GR in the cytosol, and several factors involved in
the transcriptional machinery and chromatin remodeling,
that are critical for the hormonal control of target genes
transcription in the nucleus. Furthermore, variants in
the principal effectors of GCs (e.g. cytokines and their
regulators) have also to be taken into account for a com-
prehensive evaluation of the variability in GC response.
Polymorphisms in genes involved in the transport and/or
metabolism of these hormones have also been suggested
as other possible candidates of interest that could play a
role in the observed inter-individual differences in efficacy
and toxicity. The best-characterized example is the drug
efflux pump P-glycoprotein, a membrane transporter that
extrudes GCs from cells, thereby lowering their intracellu-
lar concentration. This protein is encoded by the ABCB1/
MDR1 gene; this gene presents different known polymor-
phic sites that can influence its expression and function.
This editorial reviews the current knowledge on this topic
and underlines the role of genetics in predicting GC clini-
cal response. The ambitious goal of pharmacogenomic
studies is to adapt therapies to a patient’s specific genetic
background, thus improving on efficacy and safety rates.
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INTRODUCTION

Glucocorticoids (GCs) are a well-accepted therapy for infla-
mmatory, autoimmune and proliferative diseases' . De-
spite the large clinical use, the benefits of these agents are
often narrowed by inter-individual variability. Indeed, some
patients show a poor or absent response, and in these sub-
jects, GCs have to be employed in high doses. The clinical
use of these compounds is associated with a number of
serious complications, including osteoporosis, metabolic
disease and increased risk of cardiovascular disease*®;
therefore, patients, and in particular those who respond
pootly to these agents, are at high risk of side effects. In
addition, besides being a problem for patients and a chal-
lenge to clinicians, inadequate GC therapy also represents
a socio-economic matter because of the consequent con-
siderable impact on health care costs™,

GCs are effective inhibitors of cytokine secretion and
T-cell activation, and are consequently largely employed
in different inflammatory conditions, including inflamma-
tory bowel disease (IBD). In these diseases, GC resistance
or dependence is particularly frequent. Clinical reports
in pediatric IBD patients have shown that up to 90% of
subjects have a rapid improvement of symptoms when
prednisone is given". However, after 1 year, only 55% of
early steroid-treated patients are still in remission and can
be considered steroid-responsive. Around 38% of patients
are not able to discontinue the therapy and experience
an increase in disease activity when the dose is reduced
(steroid-dependent); 7% of subjects are resistant and do
not respond to GC therapy”™'”. Among the adult IBD
population, a prospective analysis has described the 1-year
outcome in patients with Crohn’s disease (CD) treated
with a first oral prednisolone course (40-60 mg/d) and
tapering to a maintenance dose of 10-15 mg/d"". In this
study, prolonged steroid response was obtained in 44%
of patients, 36% of subjects were steroid dependent and
20% steroid resistant, and a high frequency of surgery
was reported within 1 mo after steroid treatment. Similar
results have been obtained in a retrospective American
study: immediate outcomes for CD and ulcerative colitis
(UC) respectively, were complete remission in 58% and
54%, partial remission in 26% and 30%, resistance in 16%
of patientsm]. Outcome at 1 year showed a prolonged
response in 32% of CD patients, GC dependence in 28%,
and surgical intervention in 38%. In UC patients, 1-year
outcomes wete prolonged response in 49%, dependence
in 22%, and surgery in 29% of subjects.

In 1999, a pivotal study by Hearing ez 2/ demonstrated
a poor in vitro response to GCs of circulating lymphocytes
in UC patients who exhibited a reduced or absent clinical
response to these agents. Iz vitro lymphocyte resistance to
GCs has been demonstrated to correlate with clinical out-
come in other inflammatory diseases such as asthma'¥,
systemic lupus erythematosus!”, rheumatoid arthritis™
and renal allograph rejecrionmj. A wide variation in lym-
phocyte steroid sensitivity is evident even in healthy indi-
viduals". This suggests that the observed variability is a
stable inttinsic property of an individual that becomes im-
portant when the subject has to be treated with GCs for
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" and is therefore likely to have

an inflammatory disease
a genetic basis.

Over the past years, significant advances have been
made in understanding the molecular mechanisms by
which GCs act and the basis of such inter-patient variabil-
ity. This editorial describes the mechanisms of GC anti-in-
flammatory action and discusses the molecular and genetic
basis for GC resistance in chronic inflammatory diseases,

especially IBD.

MOLECULAR MECHANISM OF GC

ACTION

Due to their high lipophilicity, exogenous GCs are widely
bioavailable; these agents, as well as the endogenous com-
pound cortisol, are transported in the blood predominant-
ly bound to the corticosteroid-binding globulin and, to a
lesser extent, to albumin”. Free GCs are able to diffuse
passively across plasma membranes and interact specifi-
cally with a cytosolic receptor (GR), expressed in virtually
all tissues. The GC receptor is a member of the nuclear
receptor (NR) superfamily, which includes receptors for
steroid hormones (e.g. corticosteroids, androgens, estro-
gens and progesterone), as well as other hydrophobic mol-
ecules (such as bile acids, vitamins A and D, retinoic acid
and thyroid hormones). All these molecules induce their
actions by the same molecular mechanism: at the basis of
this mechanism stands the physical interaction between
the lipophilic ligand and its own cytosolic/nuclear receptor
that, in turn, activates a multistep signal transduction path-
way to end up in specific genomic transcriptional effects”’.
Receptors belonging to the NR superfamily are highly
homologous to each other and share structural features
with a common modular domain organization: they pres-
ent a transactivation domain at the N-terminal part (NTD),
a central zinc finger DNA-binding domain (DBD) and a
ligand-specific binding domain (LBD) at the C terminus.
The ligand-free GR is not self-standing in the cell, but
exists in heteromeric complex with molecular chaperones
and co-chaperones. In the functionally mature form of
the heterocomplex, the free GR is associated with an
Hsp90 dimer, with p23 and with any of the Hsp90 co-
chaperones, except Hsp70/Hsp90 organizing protein.
Such associations are essential for keeping the receptor
in the correct folding for a hormone-responsive state™.
Upon ligand binding, receptors undergo conformational
changes and expose the DBD, which is otherwise hidden
in the ligand-free conformation. Cytosolic receptors also
provide nuclear localization signals (NLSs) that are com-
prised of a closely spaced arrangement of 5-8 basic amino
acids®™, which co-localize with DBD and, once exposed,
interact with nuclear transport factors (importins).
Nuclear heterocomplex translocation is necessary for
transactivating target genes. Translocation is a tightly regu-
lated process that occurs through nuclear pore complexes
in a ligand- and energy-dependent manner, and is medi-
ated by specific nuclear transport factors that belong to
the evolutionarily conserved importin 3 family of nuclear
transporters” . Among these, importin-13 (IPO13) has
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GR Reduced GR mRNA expression!”
Reduced GC binding affinity*”
Polymorphisms in the NR3C1 gene

GR heterocomplex

[79]

Polymorphisms in the Hsp90 gene

[45]

Altered expression of the chaperones and co-chaperones that make up the heterocomplex

[74-78]

Genetic variations in the STIP1 gene coding for Hop"””

Nuclear transport factors
Transcription machinery

Pro-inflammatory mediators Polymorphisms in the NALP1 gene

TNF-a. promoter SNP correlated with steroid response in several disease

Polymorphisms in the Importin 13 gene’

Lower expression of SMARCBI in resistant leukaemia cells
1721

[97]

[149-154]

IL-10 polymorphisms related with a positive prednisone response in children with ALL"”

P-gp Hyperexpression of P-gp in lymphocytes and epithelial cells from GC-resistant IBD patients

[167]

GR: Glucocorticoid receptor; GC: Glucocorticoid; Hsp: Heat-shock protein; Hop: Hsp70/Hsp90 organization protein; P-gp: P-glycoprotein;

NR3C1: Nuclear receptor subfamily 3, group C, member 1; NALP1: NACHT leucine-rich-repeat protein 1; SNP: Single nucleotide
polymorphism; TNF-a: Tumor necrosis factor o; IL: Interleukin; ALL: Acute lymphoblastic leukemia; IBD: Inflammatory bowel disease.

been functionally characterized as a primary regulator of
the translocation of the GC-bound GR across the nucleat
membrane!

The zinc finger motifs of the DBD allow the interac-
tion of the activated receptor with specific DNA sequenc-
es, termed GC-responsive elements (GRE, 5-GGTA-
CAnnnTGTTCT-3" where n refers to any nucleotide™,
located within regulatory regions of GC-responsive genes.
GR homodimerizes on GRE and recruits transcriptional
co-activators, as well as basal transcription machinery, to
the transcription start site. These co-activators, that include
CREB (cAMP response element-binding) binding protein
(CBP), steroid receptor co-activator-1 (SRC-1), GR-intet-
acting protein (GRP-1), p300 and switching/sucrose non
fermenting chromatin remodeling complex (SW1/ SNF)*,
induce histone acetylation, thus allowing the transactiva-
tion of GC-responsive genes. Although some GC anti-in-
flammatory effects are achieved through induction of anti-
inflammatory genes, such as interleukin (IL)-10, annexin 1
and the inhibitor of nuclear factor (NF)-kB***", transacti-
vation enhances mainly the expression of genes involved
in metabolic processes[zg’zgl, and is therefore, responsible
for the majority of unwanted side effects™,

Although positive GREs mediate transcriptional up-
regulation in response to GCs, negative GREs (5-ATY-
ACnnTnTGATCn-3""") downregulate the transcription
of responsive genes. Indeed, the presence of GR on GRE
might competitively prevent the binding of activator pro-
tein (AP)-1 and NF-kB on the same promoter regions or
might transactivate their inhibitor proteins. Furthermore,
GRE-independent mechanisms of transrepression also ex-
ist: the GR physically interacts with AP-1", NF-xB" and
signal transducers and activators of transcription”. Trans-
repression is believed to be responsible for the majority of
the beneficial anti-inflammatory effects of GCs™*",

The molecular mechanisms of GC action are further
complicated by the realization that these hormones can
also induce rapid non-genomic effects within the cyto-
plasm; for example, they induce the release of Stc kinase
from the GR heterocomplex, which results in lipocortin
activation and inhibition of arachidonic acid release™

and altered cytoplasmic ion content!™,
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MOLECULAR MECHANISM OF GC
RESISTANCE IN IBD

The phenomenon of GC resistance in chronic inflamma-
tory diseases is, as stated above, quite common, however
the precise molecular mechanism is still unclear. First of
all, it should be separated from the rare familial condition
of primary generalized GC resistance, for which the name
of Chrousos syndrome has been recently proposed'.
This is a rate, sporadic or familiar syndrome caused by
mutations in the nuclear receptor subfamily 3, group C,
member 1 (NR3C1, Nuclear Receptor Nomenclature
Committee, 1999) gene. The disease is characterized by
target tissue insensitivity to GCs due to reduction or lack
of functional GC receptors and by compensatory eleva-
tion in adrenocorticotropic hormone (ACTH). This re-
sults in an increased secretion of cortisol, albeit in the ab-
sence of signs of Cushing syndrome, as well as of other
adrenal hormones with mineralocorticoid and androgenic
activities, which is responsible for the main symptoms
(hypertension and signs of hyperandrogenism). As stated
above, this syndrome is, however, extremely rare, and no
cases in IBD patients have been described in the literature.
In consideration of the complexity of GC mechanisms
of action (Figure 1), the most common forms of resistance
observed in chronic inflammatory conditions, and in IBD
in particular, may occur at several levels, and some candi-
date areas have been identified (Tables 1 and 2): (1) the GR
receptor heterocomplex and proteins involved in nuclear
translocation and transcription; (2) the pro-inflammatory
mediators in the downstream signaling pathway of the GC-
GR complex; and (3) P-glycoprotein (P-gp) and other pro-
teins involved in the extrusion and metabolism of GCs.

The GR heterocomplex and proteins involved in nuclear
translocation and transcription

The GR is an interesting candidate for GC resistance in IBD,
and a significant lower expression of GR mRNA has been
reported in the intestinal mucosa in patients with steroid-
resistant UC™™; in addition, GC binding affinity in mononu-
clear cells is reduced in patients with GC resistant diseases'™
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GR Significantly lower expression of GR mRNA in the intestinal mucosa in patients with GC-resistant IBD"*?

In colonic biopsies of UC patients, significantly more GR positive cells in the resistant group than in the GC sensitive control group
Significantly higher frequency of Bcll polymorphism in GC-responsive IBD patients

[60]

[61]

Pro- TNF-0, G-308A polymorphism significantly associated with steroid resistance and requirement for surgery!™!
inflammatory ~ Association between this polymorphism and steroid dependency in a large population of CD patients"”
mediators Higher probability of non-response to GCs in pediatric IBD patients carriers of the NALP1 variant genotype”
P-gp Hyperexpression of P-gp in circulating lymphocytes and epithelial cells from patients with GC resistant IBD"""

Association between GC refractory CD and P-gp intronic polymorphisms
C3435T polymorphism in pediatric IBD Italian patients treated with GC not associated with response to therapy

[173)

[152]

GR: Glucocorticoid receptor; GC: Glucocorticoid; UC: Ulcerative colitis; IBD: Inflammatory bowel disease; TNF-o: Tumor necrosis factor o; NALP1: NACHT

leucine-rich-repeat protein 1; P-gp: P-glycoprotein; CD: Crohn’s disease.
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Figure 1 Mechanism of glucocorticoid resistance in inflammatory diseases. GR: Glucocorticoid receptor; GC: Glucocorticoid; FKBP5: FK506-binding protein 5;
GRE: Glucocorticoid responsive elements; hGRa.: Human glucocorticoid receptor o; Hsp: Heat-shock protein; Hop: Hsp70/Hsp90 organization protein; IPO13: Impor-
tin 13; P-gp: P-glycoprotein; SWI/SNF complex: Switching/sucrose non-fermenting chromatin remodeling complex.

GR: The human GR gene NR3Cl1 is located on chromo-
some 5q31.3 and includes nine exons™. Polymorphisms,
that is, variations in the DNA sequence with a frequency
of more than 1% in the healthy population, of the human
GR gene may impair the formation of the GC-GR com-
plex and subsequently alter transactivation and/or transtre-
pression processes.

A large number of polymorphisms in this gene have
been described: according to the dbSNP build 130 data-
base of National Center for Biotechnology Information
(NCBI), 1152 entties are known at the moment, but only
a few ate functionally relevant. The T#III1 (£s10052957),
ER22/23EK (£s6189/ts6190), N363S (£s6195), B/l
(rs41423247) and GR-9f (1s6198) polymorphisms have
been the most studied and have been associated with dif-
ferences in metabolic parameters and body composition,

(4 9

Boishidengs  WIG | www.wjgnet.com

and with autoimmune and cardiovascular disease. These
genetic variants have been also related with changes in GC
sensitivity or altered cortisol level™ and may therefore ac-
count for the variability in the response to GC therapy.

Three polymorphisms are associated with a reduced
sensitivity to endogenous and exogenous GCs.

T#pIII is a restriction fragment length polymorphism
(RFLP) caused by a C>T change in the GR gene promot-
er region; it is located in a large intron of approximately
27 kb, 3807 bp upstream of the GR start site™. The
polymorphism has been associated with elevated diurnal
cortisol levels™ and with a reduced cortisol response to
1 mg dexamethasone (DEX), as well as lower insulin and
cholesterol levels”.

The ER22/23EK polymorphisms are located in the
N-terminal transactivation domain of the GR and involve
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two nucleotide changes in codon 22 and 23 of exon 2
(GAG AGG to GAA AAG), which are changing the
amino acid sequence from glutamic acid-arginine (E-R)
to glutamic acid-lysine (E-K). Since the polymorphism
is located in the transactivation domain, the amino acid
change might affect the tertiary structure of the receptor,
which influences the transactivational and/or transrepres-
sional activity on target genes™. A relative GC resistance,
with a reduction of GR transcriptional activity in trans-
fected COS-1 cells and in peripheral blood mononuclear
leukocytes of homozygous cartiers, has been described™.
In vive, an association with higher post-DEX cortisol lev-
els as well as less cortisol suppression after a 1 mg DEX
suppression test in ER22/23EK carriers, has also been
shown. In addition, the polymorphism is associated with a
better metabolic and cardiovascular health profile and an
increased survival™”'!

The GR-9B polymorphism is located in the 3’-untrans-
lated region (UTR) of exon 9B, where an ATTTA sequence
is changed into GTTTA. This polymorphism was first
characterized by Derijk e al and functional studies have
revealed a stabilizing effect on the mRNA of the GRf
isoform, which leads to enhanced expression of the in-
active GRp protein. GR is one of several GR protein
isoforms and is generated through an alternative splic-
ing pathway that links further downstream sequences of
exon 9, termed exon 9P, to the end of exon 8. In contrast
to the functionally active and most abundant isoform
GRa™, GRp is unable to bind ligand, is transcription-
ally inactive, and exerts a dominant negative effect on
transactivation by interfering with the binding of GRa, to
the DNA®. Honda ez 4" have reported GRpB-specific
mRNA expression in lymphocytes of 83% of patients
with steroid-resistant UC, compared to only 9% in re-
sponsive subjects and 10% in healthy controls and chronic
active CD patients. This observation has recently been
confirmed by Fujishima ez al® who have found, in colonic
biopsies of UC patients, significantly more GRB-positive
cells in the resistant group than in the GC sensitive and
control groups. However, in IBD, GRf is expressed 100-
1000 times less than GRa, and this challenges its role in
the genesis of steroid resistance in this disease.

Only a few studies, so far, have evaluated the role of
the T#II1, ER22/23EK and GR-9 polymorphisms in
the response to exogenous GCs in IBD or in other dis-
eases. In 119 pediatric patients with IBD, no association
has been found between the ER22/23EK polymorphism
and GC response’®’. In addition, the polymorphism did
not appear to confer protection against the occurrence of
respiratory distress syndrome in 62 preterm infants born
to mothers treated with a complete course of betametha-
sone™ or to play a role in the toxicity induced by GCs in
36 children with acute lymphoblastic leukemia (ALL)",
The three polymorphisms have been also studied in hap-
lotype: in 646 patients with multiple sclerosis treated with
GCs, the haplotype consisting in T#III1, ER22/23EK,
and 9B-G was associated with GC resistance, with a more
rapid disease progression. However this seemed to result
from the presence of ER22/23EK, and not from the

other two polymorphisms'.
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Two single nucleotide polymorphisms (SNPs) in the
NR3CT gene, the N363S and Bell polymorphisms, are as-
sociated with an increased sensitivity to GCs.

The N363S polymorphism is located in exon 2 and
consists of an AAT>AGT nucleotide change at position
1220, which results in an asparagine to serine change in
codon 363. A significantly higher transactivating capacity
of the mutant has been described 7z vitro in human pe-
ripheral blood mononuclear cells® and is associated with
an increased sensitivity to GCs vivd™. Few studies have
investigated the role of this polymorphism in the tesponse
to exogenous GCs. Szab6 e al*" have investigated whether
variants of the NR3C7 gene may contribute to steroid-in-
duced ocular hypertension. In 102 patients who underwent
photorefractive keratectomy and received topical steroids as
part of postoperative therapy, a significant correlation was
found between N363S heterozygosity and ocular hyperten-
sion. Furthermore, in 48 patients with Duchenne muscular
dystrophy treated with prednisolone or deflazacort, the
N363S carriers showed a trend towards a later age at loss
of ambulation in comparison with non-cartier patients'®!
Only one study so far has evaluated the role of this poly-
morphism in GC response in IBD: but no relation was
observed between the presence of this SNP and response
to GCs in a population of 119 pediatric patjents[m].

As extensively reported in the literature, the most clini-
cally relevant polymorphism of the NR3C7 gene is the
Bel SNP. Initially described as a polymorphic restriction
site inside intron 2, the nucleotide alteration was subse-
quently identified as a C>G substitution, 646 nucleotides
downstream from exon 2. This polymorphism is also
associated with hypersensitivity to GCs in both heterozy-
gous and homozygous carriers of the G allele. An asso-
ciation with unfavorable metabolic characteristics, such as
increased body mass index and insulin resistance has been
also described”"".

The Bell SNP has been studied in 119 pediatric pa-
tients with IBD (64 with CD, and 55 with UC). Patients
were divided into two groups based on their response to
GC treatment: GC dependence (45 patients) was defined
by an initial response to prednisone with relapse on dose
reduction, not allowing steroid discontinuation, and GC-
responsiveness (67 patients), equivalent to therapeutic
success, was defined as GC withdrawal without the need
for steroids for at least 1 year. A significantly higher fre-
quency of Be/l mutated genotype was observed in the
GC-responsive patients than in the GC-dependent group,
which confirms an increased sensitivity to GCs in subjects
with the Be/l mutated genotypem. These results have been
subsequently confirmed in a larger cohort of young pa-
tients with IBD"™.

GR heterocomplex: The integrity of the mature GR
heterocomplex is required for optimal ligand binding and
subsequent activation of the transcriptional response, and
abnormalities in the chaperones and co-chaperones that
make up the heterocomplex may contribute to altered GC
responsivenessm.

Although no study has considered the role of these
abnormalities in IBD, altered levels of Hsp90 have been
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found in peripheral blood mononuclear cells from indi-
viduals with steroid-resistant forms of asthma'™ multiple
sclerosis™, and idiopathic nephrotic syndrome™. Kojika
et al””" have shown that alteration in Hsp90 and Hsp70
is associated with decreased sensitivity to GCs in hu-
man leukemia cells. However, no relationship has been
found between Hsp90 mRNA and resistance to GCs in
spare bone marrow or peripheral blood samples taken
from ALL patients at diagnosis[7gl. SNPs in the Hsp90
genes (HSPCA encoding hsp90-1a,, HSPCB encoding
hsp90-1B) have been recently described; however, in an
adult asthmatic population, no correlation was found
between SNPs in the HSPCA (3-UTR+307, £s3736807,
54906178, rs38093806, promoter -32) or HSPCB (rs504697
and 1s3757286) genes and response to treatment’ .
Generally, steroid receptors display functional insta-
bility when deprived of chaperones. FKBP51, coded
by the FKBP5 gene, is a negative regulator of GC ac-
tion and reduces GR binding affinity"™”. However, when
GCs binds to the GR, the receptor complex is activated
and FKBP51 is replaced by FKBP52 (coded by FKBP4
gene), a positive regulator of GR signaling®™*”. The rela-
tive levels of FKBP51 and FKBP52 have been shown
to be important determinants of GC cellular sensitivity
in various systems. One recent study has investigated the
role of FKBP5 genetic variants in the response to GCs in
asthmatic patients’”, however the studied polymorphisms
(rs3800373, rs9394309 938525, 1s9470080, rs9368878
and rs3798346) were not correlated with response. In this
study, genetic variations in the STIP7 gene, which codes
for the co-chaperone Hsp70/Hsp90 organizing protein, on
the contrary, seemed to have a role in identifying asthmatic
subjects who were more responsive to GC therapy v,

Nuclear transport factors: Importins represent impor-
tant players in GC pharmacology, as they mediate nuclear
translocation through nuclear pore complexes. Impot-
tin 13 (IPO13) has been functionally characterized as a
primary regulator of GC-bound GR across the nuclear
membrane®”. TPO13 was first discovered as a GC induc-
ible gene that is important in lung development , there-
fore, its functional characterization has been performed
in airway epithelial cells and lung-derived transformed cell
lines™. Inhibition of lung epithelial cell TPO13 produc-
tion reduces the nuclear translocation of GR from the
cytoplasm, and subsequent GC- rnediated silencing of
inflammatory cytokine production which suggests that
the normal anti-inflammatory response induced by GCs
is dependent on normal IPO13 expression levels or activ-
ity. Therefore, irregular GC-GR signaling, ascribable to
IPO13 variation, might affect the therapeutic responsive-
ness to GCs. IPO13 is expressed in other tissues as well,
such as fetal brain, heart, kidneys and intestine™*, there-
fore, it is feasible to hypothesize that dysregulation of
IPO13-mediated processes might account for the variable
response to GCs also in other diseases, such as IBD.
Importins are interesting candidates for pharmacoge-
nomic studies, although little is known about their genetic
variants. Recently, the association of 10 IPO13 polymor-
phisms with responsiveness to inhaled GCs, measured by

(4 9
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change in methacoline dose required for a 20% drop in
FEV1, has been investigated in children with mild to mod-
erate asthma®™”, Unexpectedly, the genetic effects conferred
by IPO13 variants were clinically significant in subjects who
were randomized to placebo and nedocromil treatment
(control group), rather than those treated with the inhaled
GC budenoside, either in single SNP or in haplotype analy-
sis. No other study on IPO13 genetic variants is available
to date, therefore, these results require confirmation and
further investigations are needed to shed light on the puta-
tive role of IPO13 mutants in GC-resistant or GC-hyper-
responsive cases in other chronic inflammatory diseases.

Transcription machinery: In eukaryotic cells, gene tran-
scription is inhibited by condensed chromatin structure,
which prevents the interaction between gene-specific tran-
scription factors and their DNA recognition sequences,
thus blocking the access of the transcriptional machinery
to DNA®™. Dynamic chromatin remodeling is therefore
a fundamental mechanism in mediating genomic effects,
and a large family of protein complexes that promote
chromatin restructuring in an ATP-dependent manner, by
disrupting histone-DNA contacts, has been described' sk

Among these, the highly conserved mammalian S\X/I/
SNF chromatin remodeling complex is the one recruited
during GC-dependent gene activation”"™. The complex
is composed of several subunits”*] including a catalytic
ATPase subunit (either SMARCA4/BRG1 or SMAR-
CA2/BRM) and Brahma-telated gene 1 (BRG1)-associated
proteins[%l, such as the SWI/SNF-related, matrix-associat-
ed, actin-dependent regulators of chromatin (SMARC)CI,
SMARCC2, SMARCD1-3, SMARCE1, SMARCB1 and
ACTLG6-A-B™.

Alterations in any component of the SWI/SNF com-
plex might be responsible for GC resistance, if access of
GC-bound GR to DNA is compromised because of an
impaired or suboptimal chromatin remodeling and nucleo-
some disruption. Using a genome-wide approach in pa-
tients with newly diagnosed childhood B-lineage ALL, dif-
ferential expression of a relatively small number of genes
has been shown to be associated with drug resistance and
treatment outcome'. Lower expression of SMARCBI is
related to resistant leukemia cells and, vice versa, higher
levels are associated with GC-sensitive ALL"", Decreased
expression of other core subunits of the SWI/SNF com-
plex, such as SMARCA4 and ARID1A, is also associated
with GC resistance in primary ALL cells™,

To date, only a few studies have addressed the func-
tional effects of SMARC polymorphisms. By using the
human CEPH (Centre d’Etude du Polymorphisme Hu-
main) cell lines from 90 individuals and sequencing the
SMARCB1 promoter region, a regulatory SNP (-228G>T)
has been discovered: the TT genotype has been function-
ally associated with higher SMARCB1 expression at both
mRNA and protein levels”, and a positive association
has been found between the SMARCB1 mRNA level and
prednisolone sensitivity, as evaluated by MTT assay. In
addition, knockdown of SMARCBI1 in human ALL cell
lines has confirmed that reduced SMARCB1 expression
induces GC resistance!”.
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Pro-inflammatory mediators in the downstream
signaling pathway of the GC-GR complex

Inflammation can be seen as a physiological homeostatic
process elicited by the body in response to injurious
agents, to protect tissues and to help in recovery. However,
inflammation itself can potentially lead to tissue damage,
if the organism does not properly control the process.
Endogenous GCs are involved in the regulation of many
physiological functions and assist the innate and adaptive
immunity"""" by balancing pro- and anti-inflammatory
mediators, thus preventing overwhelming inflammation""”.

According to gene expression analysis of human pe-
ripheral blood mononuclear cells from healthy donors,
approximately 20% of genes, particularly those involved
in the immune response, are regulated either positively or
negatively in response to DEX treatment". GCs downregu-
late the expression of pro-inflammatory cytokines [such as
I-1a, IL-lP, 118, interferon (IFN)-o and TFN-B!"*"™],
chemokines" """, adhesion molecules, inflammatory en-
zymes and receptors. At the same time, GCs upregulate the
expression of other cytokines that suppress the production
of inflammatory mediators (such as transforming growth
factor-B3 and 1L-10), thus boosting the anti-inflammatory
effects.

Pro-inflammatory cytokines are involved in the patho-
genesis of several chronic inflammatory diseases such as
theumatoid arthritis, osteoarthritis, asthma and IBD""'*™,
Their excessive expression is generally efficiently counter-
acted by GCs'""". Individuals with steroid-non-responsive
forms often show higher levels of local and/or systemic
pro-inflammatory cytokines""",

Research of the cytokine profile in relation to GC
resistance has been mainly performed in steroid-resistant
asthma, and only a few studies have involved patients with
IBD. Several in vitro data suggest that cytokines modify
GC effects by interference with the GR signaling“m. IL-
la has been reported to inhibit DEX-induced GR trans-
location in mouse fibroblasts"" and to downregulate the
GR in a rat hepatoma cell line"', whereas IL-1f inhibits
GR function in colonic epithelial cells""™. Tumor necrosis
factor (INF)-a decreases corticosensitivity in mono-
cytes by downregulation of GR"" and, in patients with
UC, mucosal levels of this cytokine, as well as of 1L-6
and IL-8 are higher in steroid-resistant patients[m]. Ina
recent study, a large panel of cytokines was studied and
their expression was correlated with steroid response. In
particular, high IL.-10 expression significantly enhanced
steroid action, while IL-2 appeared to have the greatest
antagonistic effect on the antiproliferative activity of ste-
roids"”. ‘This cytokine has been also related to increased
GRp expression“zu], decreased translocation of the GR-
GC complex to the nucleus”| and increased AP-1 levels,
with abnormal interaction with the GR"?. TL-2 and II.-4
reduce GR affinity and T-cell response to GCs vitrd™,
by a mechanism that involves p38 mitogen activated pro-
tein kinase (MAPK) activation' >, GCs inhibit the MAPK
signaling pathway, through the induction of MAPK
phosphatase 1 (MKP1), and this could result in inhibi-

. . . . 124]
tion of expression of various inflammatory genes[ . In
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conclusion, a complex circular interplay between GCs
and cytokines takes place, with GCs downregulating pro-
inflammatory cytokines and cytokines limiting GC action.

Basal cytokine expression levels are fine-tuned by ge-
netic profile. Polymorphisms in the cytokine regulatory
regions determine a “lower/higher cytokine producers”
phenotype that might in part be responsible of inter-
individual variations, in terms of severity of inflammation
and therapy responses. Higher cytokine producers might
become GC-resistant or they might be less responsive at
standard doses, therefore requiring dose adjustment to
overcome the inflammation; however, only a few studies
have focused on the effect of these genetic polymor-
phisms on GC response.

IL-1B: Among the major inflammatory cytokines, I.-1 has
a pivotal role. IL-1 is constituted by two distinct polypep-
tides, IL-1o and IL-1. IL-1 can promote the production
of matrix metalloproteinases and the synthesis of prosta-
glandins“m’uﬂ, as well as the production of other inflam-
matory mediators such as IL-6, IL-8 and TNF-q., thus
amplifying the inflammation cascade™, 1L-1 is therefore
a key player in prompting and maintaining inflamma-
tion"™"*" and polymorphisms in the I1-7B gene might be
of primary relevance in the modulation of GC response.

A cluster of genes encoding for IL-1q, IL-1j3 and for
the natural receptor antagonist IL-1Ra has been mapped
on chromosome 2q13"**'*, Polymorphisms in this gene
cluster have been associated with a large variety of hu-
man diseases'™” and with altered levels of TL-1"""". So
far, the dbSNP build 130 database of NCBI reports 158
submissions for human I1.-1, among which, several SNPs
are described"”"'™. Two SNPs in the IL-1p promoter re-
gion (C-511T and T-31C) exhibit almost complete linkage
disequilibrium. The C-511T SNP (rs16944) results in the
loss of AP-2 binding site, while the T-31C (rs1143627)
results in the loss of the first T in TATA box. The latter
SNP appears to cause a paradoxical increase in IL-1f3 in
the presence of steroids'™”, which could be relevant to the
occurrence of GC resistance. Carriers of the haplotype
composed of IL-13 -31C allele and -511T allele showed
higher plasmatic concentrations of the cytokine, com-
pared to subjects with IL-1f wild-type genotype in Cau-
casians'™*""" but decreased mRNA and protein levels in
Japanese subjects'™. A recent report from this laboratory
has investigated the role of the C-511T polymorphism in
the response to GCs in 154 young IBD patients, but no
relation with GC resistance (14 patients) or dependence (54
patients) was found"”,

IL-1p is released as an inactive precursor (pro 1L-
1B, p35) by monocytes and macrophages in response to
inflammatory stimuli, and is cleaved to the active mature
form (p17) by caspase-1""""*". Caspase-1 is part of mul-
tiprotein cytoplasmic complexes, called NACHT leucine-
rich-repeat protein 1 (NALP1) and NALP3 inflamma-
somes. Jin ez al'*""*? have recently shown that variants of
NALP1 are associated with several autoimmune diseases,
and have suggested that mutations in NALP1 gene may
result in deregulated secretion of IL-1f. The rs12150220
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non-synonymous polymorphism, previously reported to
confer susceptibility to autoimmune and autoinflammato-
ry diseases' results in the Leu > His amino acidic varia-
tion in position 155, between the N-terminal pyrin and
NACHT domains of the human NALP1 protein. This
region has been highly conserved through primate evolu-
tion, which suggests a critical role in protein function'*.
Data from our laboratory have shown that pediatric IBD
patients, carriers of the NALP1 homozygote rs12150220
variant genotype, exhibit a higher probability of non-
response to GC therapym.

TNF-o: TNF-q is a potent pro-inflammatory cytokine
released by cells of the immune system upon stimulation,
and is almost not detectable in resting conditions' . The
gene encoding TNF-q is located in the class Il region of
the major histocompatibility complex within the human
leukocyte antigen (HL.A) on chromosome 6p21.3""*. This
part of the genome is one of the most polymorphic in
humans and contains many genes that encode proteins
involved in inflammatory and immune responses'*’.

The G-308A (rs1800629) is one of the best documented
polymorphisms of the TNF-o gene'*”. This SNP lies in a
binding site for the transcription factor AP-1 and the A al-
lele has been shown to have higher transcriptional activity
than the G allele, increasing TNF-o production iz vitro™*"
The A allele carriers show an enhanced susceptibility to
several autoimmune and inflammatory disorders, such as
systemic lupus erythematosus, celiac disease! ", Alzheimer
disease™"*) IBD", asthma™” and rheumatoid arthritis">".

The polymorphism has been correlated also with ste-
roid response in several diseases. In a cohort of 386 pe-
diatric IBD patients, the mutated allele was significantly
associated with steroid resistance and requirement for sut-
gery in the subset of 200 CD patients'*”. In addition, pre-
vious evidence in a large population of CD patients has
shown that this polymorphism is more frequent in steroid-
dependent subjects; possibly as a consequence of a more
intense TNF-q-driven inflammatory reaction at the mu-
cosal level™. The AA genotype has been associated with
reduced response to steroids also in other diseases, such
as idiopathic nephrotic syndrome'™, rejection episodes in
HLA-DR mismatched transplant patients'”” and solid and

lymphoid malignancies ™"\

IL-10: IL-10, known as human cytokine synthesis inhibi-
tory factor, is a cytokine that is produced primarily by
monocytes and to a lesser extent by lymphocytes. IL-10
has pleiotropic effects in immunoregulation and inflam-
mation'*"'*”!, Tt inhibits the production of inflammatory
mediators, and can be considered as a natural immunosup-
pressant of TNF!'”, GCs upregulate the expression of
IL-10"", and conversely, I1.-10 acts synergistically with
GCs, improving the ability of DEX to reduce IL-6 secre-
tion in whole-blood cell cultures. In addition, the cytokine
increases the concentration of DEX-binding sites in these
cells, with no effect on the binding affinity""”. The human
IL-10 gene is located on chromosome 1q31-q32. Previous
studies have demonstrated that an A>G polymorphism at
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nucleotide position -1082 within the IL-10 gene promoter
region (rs1800896) influences the cytokine plasma levels,
which are significantly higher in patients homozygous for
the G allele’™. No data exist on the role of IL.-10 poly-
morphisms in GC response in IBD, however, the mutated
genotype is related to a positive prednisone response in
childhood ALL™. In accordance, Marino and co]leagues[“]
have found a better response to GC remission induction
therapy in Italian pediatric ALL patients with the mutated
allele. In patients affected by rheumatoid arthritis, the high
I1-10 producer genotype (-1082GG) is also associated with

a favorable outcome, specifically to prednisone therapyﬂw.

The multidrug resistance gene and other proteins
involved in the pharmacokinetics of GCs

Cellular extruding pumps and metabolizing enzymes are
the two key pathways involved in the elimination of many
drugs. P-gp is one of the major transporters that extrude
xenobiotics and drugs out of the cells. The cytochrome
P450 (CYP) enzyme superfamily, that catalyzes phase |
reactions, is active in the metabolism of many exogenous
and endogenous compounds. P-gp and CYP3A are ex-
pressed in the intestinal epithelial cells, in lymphocytes and
in the liver and have been reported to be involved in the
transport and metabolism of GCs.

P-gp: P-gp is a 170-kDa transport membrane glycopro-
tein, which is responsible for resistance to a number of
structurally and functionally unrelated drugs in clinical
use. Human P-gp is a phosphorylated and glycosylated
protein that consists of 1280 amino acids and two ho-
mologous and symmetric sequences, each containing six
transmembrane domains and an ATP-binding motif. ATP
hydrolysis provides the energy for active drug transport
against a steep concentration gradient[165]. The protein
plays an important role in the absorption, distribution, and
elimination of drugs that are its substrates, among which
GCs, and P-gp inhibitors reduce cortisol efflux from hu-
man intestinal epithelial cells and T cells"*. The protein is
highly expressed in circulating lymphocytes and epithelial
cells from CD and UC patients with GC-resistant IBD",
however a relationship between GC administration and
P-gp expression has been described in monocytes from
IBD patients[ms]. It remains therefore to be clarified if the
increased expression of P-gp reflects a primary phenome-
non in IBD or a secondary one, influenced by GC therapy.

P-gp is encoded by the ABCB1 (MDR1) gene, located
on human chromosome 7q21.12[1°9], and several studies
have demonstrated that genetic polymorphisms in this
gene lead to functional alterations and phenotypic varia-
tions in P-gp expression[17o‘17l]. The first systematic screen-
ing for ABCB1 polymorphisms was performed in 2000"™";
a synonymous SNP in exon 26 (C3435T) was the first vari-
ation to be associated with altered protein expression. P-gp
expression in the duodenum of individuals with the ho-
mozygous variant T' allele was decreased when compared
with individuals with the C allele (wild-type). Other studies
have shown that SNPs at exons 12 (C1236T), 21 (G2677T/
A) and 1b (T-129C) may also be associated with altered
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transport function or expression“m. A weak association
between GC refractory CD and MDR1 polymorphisms in
introns 13 and 16 has been initially described"™ however,
subsequent studies have not confirmed this observation.
In 2007, Cucchiara and colleagues studied the C3435T
MDR1 polymorphism in 200 pediatric Italian patients with
CD and 186 patients with UC treated with GCs, and dem-
onstrated that this SNP was not associated with response
to medical therapy“szj. In confirmation of these results, a
large study performed on an adult Italian IBD population
did not find any association between the polymorphisms
of the MDR1 gene (C3435T and G26677T/A) and clinical
response to GC therapy' ", Further studies are therefore
needed to clarify if MDR1 polymorphisms play a role in
steroid resistance in IBD.

CYP3A: CYP3A is the primary CYP subfamily in humans
and is responsible for the phase I metabolism of > 50%
of drugs currently in use!™, including GCs'"™. Many drug
substrates of CYP3A4 are also substrates of P-gp, and the
ovetlap between CYP3A4 and P-gp is also emphasized by
the genomic proximity of these genes (7q22.1 and 7q21.1
for CYP3A4 and MDRI1, respectively)''?. The CYP3A
activity of the adult human liver is the sum activity of all
subfamily members, including CYP3A5, which is highly
polymorphic in Caucasians'”", and genetic variants may
play an important role in inter-individual differences in the
pharmacokinetics of drugs metabolized by CYP3A5.

The most frequent and functionally important SNP
in the CYP3A5 gene consists of an A6986G transition
within intron 3 (CYP3A5%3)!"™: this mutation creates
an alternative splice site in the pre-mRNA and results in
production of an aberrant mRNA (SV1-mRNA) that
contains 131 bp of intron 3 sequence (exon 3B) inserted
between exons 3 and 4. The exon 3B insertion turns out
in a frameshift and predicted truncation of the translated
protein at amino acid 102. Additional intronic or exonic
mutations (CYP3AS5*5, *6, and *7) may alter splicing and
result in premature stop codons or exon deletion" ™",

No report is present in the literature about the role of
CYP3A5 polymorphisms in GC resistance in IBD, but
plasma prednisolone concentrations, measured by HPLC
in 95 renal transplant recipients treated with repeated doses
of triple therapy immunosuppression, consisting of pred-
nisolone, tacrolimus and mycophenolate mofetil, have
been recently studied"™”. The AUCo2 of prednisolone in
recipients having both MDR1 3435CC and CYP3A5*3/*3
genotypes tends to be higher than the MDR1 3435TT
plus CYP3A5%3/*3 genotype. The CYP3A5*3 poly-
morphism has also been included in a study to identify
pharmacogenomic predictors of outcome in 70 pediatric
heart transplant patients followed for at least 1 year post-
transplantation, but in this population, no correlation of
the CYP3A5*3 SNP with steroid response after transplan-
tation was observed""".

CONCLUSION

GCs are potent anti-inflammatory drugs and, despite con-
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siderable adverse effects, still remain the first-line therapy
for inducing a rapid remission in moderate to severe active
CD and UC. In addition, high inter-individual variability is
observed when these agents are administered to patients
with IBD and other chronic inflammatory diseases. A
main goal in this area of medicine is therefore to improve
the efficacy and safety of these agents and, when possible,
to reduce steroid exposure and to employ a non-steroid
option. This is particulatly important in patients that do
not respond, who will suffer considerable steroid-depen-
dent morbidity without any clinical gain.
Pharmacogenomics is a relatively novel branch of in-
vestigation and represents an innovative frontier of medi-
cine. Its ambitious goal is to identify genetic determinants
that will help physicians in diagnostic decisions, and supply
reliable genetic tools to adjust treatment a priori. A knowl-
edge of genetic profiles with an impact on drug response
would improve cure rates, avoid inadequate regimens or
time wasting, and reduce overall health-care costs.
Pharmacogenetic research in IBD has witnessed only
modest success; in particular, because treatment response
in this disease is influenced by many factors, such as
disease duration, behavior and severity, and at present,
despite intensive investigation, none of the potential phat-
macogenetic markers is strong enough to be used in clini-
cal practice. Reported genetic associations have not yet
shown consistent or robust results, and for most of the
considered SNPs, results are controversial. More studies
with larger sample size and well-characterized patient co-
horts, uniformly treated and systematically evaluated, ate
therefore needed. These studies should support findings
with greater statistical confidence that should be hopefully
translated into clinical practice in the near future.
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