GLUCOCORTICOIDS IN IMMUNITY AND
INFLAMMATION

EDITED BY: Emira Ayroldi, Claude Libert and Alexandra K. Kiemer
PUBLISHED IN: Fronteris in Immunology

,frontiers Research Topics



https://www.frontiersin.org/research-topics/9184/glucocorticoids-in-immunity-and-inflammation
https://www.frontiersin.org/research-topics/9184/glucocorticoids-in-immunity-and-inflammation
https://www.frontiersin.org/research-topics/9184/glucocorticoids-in-immunity-and-inflammation
https://www.frontiersin.org/journals/immunology

:' frontiers

Frontiers eBook Copyright Statement

The copyright in the text of
individual articles in this eBook is the
property of their respective authors
or their respective institutions or
funders. The copyright in graphics
and images within each article may
be subject to copyright of other
parties. In both cases this is subject
to a license granted to Frontiers.

The compilation of articles
constituting this eBook is the
property of Frontiers.

Each article within this eBook, and
the eBook itself, are published under
the most recent version of the
Creative Commons CC-BY licence.
The version current at the date of
publication of this eBook is

CC-BY 4.0. If the CC-BY licence is
updated, the licence granted by
Frontiers is automatically updated to
the new version.

When exercising any right under the
CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or eBook, as
applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of

others may be included in the

CC-BY licence, but this should be

checked before relying on the
CC-BY licence to reproduce those
materials. Any copyright notices
relating to those materials must be
complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed

in any copy, derivative work or
partial copy which includes the
elements in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website
Use and Copyright Statement, and
the applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-88971-743-9
DOI 10.3389/978-2-88971-743-9

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a
pioneering approach to the world of academia, radically improving the way scholarly
research is managed. The grand vision of Frontiers is a world where all people have
an equal opportunity to seek, share and generate knowledge. Frontiers provides
immediate and permanent online open access to all its publications, but this alone
is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access,
online journals, promising a paradigm shift from the current review, selection and
dissemination processes in academic publishing. All Frontiers journals are driven
by researchers for researchers; therefore, they constitute a service to the scholarly
community. At the same time, the Frontiers Journal Series operates on a revolutionary
invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving
the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include some
of the world’s best academicians. Research must be certified by peers before entering
a stream of knowledge that may eventually reach the public - and shape society;
therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting
scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals
Series: they are collections of at least ten articles, all centered on a particular subject.
With their unique mix of varied contributions from Original Research to Review
Articles, Frontiers Research Topics unify the most influential researchers, the latest
key findings and historical advances in a hot research area! Find out more on how
to host your own Frontiers Research Topic or contribute to one as an author by
contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Fronteris in Immunology

1 November 2021 | Glucocorticoids in Immunity and Inflammation


https://www.frontiersin.org/research-topics/9184/glucocorticoids-in-immunity-and-inflammation
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/about/contact
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

GLUCOCORTICOIDS IN IMMUNITY AND
INFLAMMATION

Topic Editors:

Emira Ayroldi, University of Perugia, Italy

Claude Libert, Vlaams Instituut voor Biotechnologie, Belgium
Alexandra K. Kiemer, Saarland University, Germany

Citation: Ayroldi, E., Libert, C., Kiemer, A. K., eds. (2021). Glucocorticoids in
Immunity and Inflammation. Lausanne: Frontiers Media SA.
doi: 10.3389/978-2-88971-743-9

Fronteris in Immunology 2 November 2021 | Glucocorticoids in Immunity and Inflammation


https://www.frontiersin.org/research-topics/9184/glucocorticoids-in-immunity-and-inflammation
https://www.frontiersin.org/journals/immunology
http://doi.org/10.3389/978-2-88971-743-9

Table of Contents

05

17

25

37

56

64

81

93

106

121

134

151

171

Glucocorticoid Receptor-Deficient Foxp3* Regulatory T Cells Fail to
Control Experimental Inflammatory Bowel Disease

Lourdes Rocamora-Reverte, Selma Tuzlak, Laura von Raffay, Marcel Tisch,
Heidi Fiegl, Mathias Drach, Holger M. Reichardt, Andreas Villunger,

Denise Tischner and G. Jan Wiegers

Dynamics of the Type | Interferon Response During Immunosuppressive
Therapy in Rheumatoid Arthritis

Tamarah D. de Jong, Tanja Snoek, Elise Mantel, Conny J. van der Laken,
Ronald F. van Vollenhoven and Willem F. Lems

Glucocorticoid Therapy of Multiple Sclerosis Patients Induces
Anti-inflammatory Polarization and Increased Chemotaxis of Monocytes
Henrike J. Fischer, Tobias L. K. Finck, Hannah L. Pellkofer,

Holger M. Reichardt and Fred Luhder

Extra-Adrenal Glucocorticoid Synthesis in the Intestinal Mucosa: Between
Immune Homeostasis and Immune Escape

Asma Ahmed, Christian Schmidt and Thomas Brunner

Role of Dual-Specificity Phosphatase 1 in Glucocorticoid-Driven
Anti-inflammatory Responses

Jessica Hoppstadter and Alaina J. Ammit

A General Introduction to Glucocorticoid Biology

Steven Timmermans, Jolien Souffriau and Claude Libert

Glucocorticoids Shape Macrophage Phenotype for Tissue Repair

Thibaut Desgeorges, Giorgio Caratti, Rémi Mounier, Jan Tuckermann and
Bénédicte Chazaud

Cdk5 Deletion Enhances the Anti-inflammatory Potential of GC-Mediated
GR Activation During Inflammation

Pauline Pfander, Miray Fidan, Ute Burret, Lena Lipinski and Sabine Vettorazzi
GR Dimerization and the Impact of GR Dimerization on GR Protein
Stability and Half-Life

Ann Louw

Could GILZ Be the Answer to Glucocorticoid Toxicity in Lupus?
Jacqueline K. Flynn, Wendy Dankers and Eric F. Morand

Toll-Like Receptor 2 Release by Macrophages: An Anti-inflammatory
Program Induced by Glucocorticoids and Lipopolysaccharide

Jessica Hoppstadter, Anna Dembek, Rebecca Linnenberger,

Charlotte Dahlem, Ahmad Barghash, Claudia Fecher-Trost,

Gregor Fuhrmann, Marcus Koch, Annette Kraegeloh, Hanno Huwer and
Alexandra K. Kiemer

Glucocorticoids—All-Rounders Tackling the Versatile Players of the
Immune System

Cindy Strehl, Lisa Ehlers, Timo Gaber and Frank Buttgereit

Fighting the Fire: Mechanisms of Inflammatory Gene Regulation by the
Glucocorticoid Receptor

Laura Escoter-Torres, Giorgio Caratti, Aikaterini Mechtidou,

Jan Tuckermann, Nina Henriette Uhlenhaut and Sabine Vettorazzi

Fronteris in Immunology

3 November 2021 | Glucocorticoids in Immunity and Inflammation


https://www.frontiersin.org/research-topics/9184/glucocorticoids-in-immunity-and-inflammation
https://www.frontiersin.org/journals/immunology

188

196

210

219

Implicating the Role of GILZ in Glucocorticoid Modulation of T-Cell
Activation

Lorenza Cannarile, Domenico V. Delfino, Sabrina Adorisio, Carlo Riccardi
and Emira Ayroldi

Mechanisms Underlying the Functional Cooperation Between PPARo. and
GRo to Attenuate Inflammatory Responses

Nadia Bougarne, Viacheslav Mylka, Dariusz Ratman, Ilse M. Beck,
Jonathan Thommis, Lode De Cauwer, Jan Tavernier, Bart Staels,
Claude Libert and Karolien De Bosscher

Glucocorticoids and Glucocorticoid-Induced-Leucine-Zipper (GILZ) in
Psoriasis

Lisa M. Sevilla and Paloma Pérez
Steroids, Pregnancy and Fetal Development
Maria Emilia Solano and Petra Clara Arck

Fronteris in Immunology

4 November 2021 | Glucocorticoids in Immunity and Inflammation


https://www.frontiersin.org/research-topics/9184/glucocorticoids-in-immunity-and-inflammation
https://www.frontiersin.org/journals/immunology

1' frontiers
in Immunology

ORIGINAL RESEARCH
published: 18 March 2019
doi: 10.3389/fimmu.2019.00472

OPEN ACCESS

Edited by:
Emira Ayroldi,
University of Perugia, Italy

Reviewed by:

Margarita Dominguez-Villar,
Imperial College London,
United Kingdom

Giuseppe Nocentini,
University of Perugia, Italy

*Correspondence:

Denise Tischner
denise.tischner@googlemail.com
G. Jan Wiegers
jan.wiegers@j-med.ac.at

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Autoimmune and Autoinflammatory
Disorders,

a section of the journal

Frontiers in Immunology

Received: 11 December 2018
Accepted: 21 February 2019
Published: 18 March 2019

Citation:

Rocamora-Reverte L, Tuzlak S,
von Raffay L, Tisch M, Fiegl H,
Drach M, Reichardt HM, Villunger A,
Tischner D and Wiegers GJ (2019)
Glucocorticoid Receptor-Deficient
Foxp3t Regulatory T Cells Fail to
Control Experimental Inflammatory
Bowel Disease.

Front. Immunol. 10:472.

doi: 10.3389/fimmu.2019.00472

Check for
updates

Glucocorticoid Receptor-Deficient
Foxp3™ Regulatory T Cells Fail to
Control Experimental Inflammatory
Bowel Disease

Lourdes Rocamora-Reverte', Selma Tuzlak, Laura von Raffay’, Marcel Tisch’,
Heidi Fiegl?, Mathias Drach?®, Holger M. Reichardt*, Andreas Villunger>¢,
Denise Tischner™ and G. Jan Wiegers ™"

" Division of Developmental Immunology, Biocenter, Medical University Innsbruck, Innsbruck, Austria, 2 Department of
Obstetrics and Gynecology, Innsbruck University Hospital, Innsbruck, Austria, ° Department of Dermatology, University
Hospital Zurich, Zurich, Switzerland, * Institute for Cellular and Molecular Immunology, University Medical Center Géttingen,
Gdttingen, Germany, ®* CeMM Research Center for Molecular Medicine of the Austrian Academy of Sciences, Vienna, Austria,
% Ludwig Boltzmann Institute for Rare and Undiagnosed Diseases, Vienna, Austria

Activation of the immune system increases systemic adrenal-derived glucocorticoid
(GC) levels which downregulate the immune response as part of a negative feedback
loop. While CD4™ T cells are essential target cells affected by GC, it is not known
whether these hormones exert their major effects on CD4+ helper T cells, CD4TFoxp3™
regulatory T cells (Treg cells), or both. Here, we generated mice with a specific deletion
of the glucocorticoid receptor (GR) in Foxp3™ Treg cells. Remarkably, while basal
Treg cell characteristics and in vitro suppression capacity were unchanged, Treg cells
lacking the GR did not prevent the induction of inflammatory bowel disease in an
in vivo mouse model. Under inflammatory conditions, GR-deficient Treg cells acquired
Th1-like characteristics and expressed IFN-gamma, but not IL-17, and failed to inhibit
pro-inflammatory CD4* T cell expansion in situ. These findings reveal that the GR
is critical for Foxp3™ Treg cell function and suggest that endogenous GC prevent
Treg cell plasticity toward a Th1-like Treg cell phenotype in experimental colitis. When
equally active in humans, a rationale is provided to develop GC-mimicking therapeutic
strategies which specifically target Foxp3™ Treg cells for the treatment of inflammatory
bowel disease.

Keywords: glucocorticoid, glucocorticoid receptor, Foxp3, regulatory T cell, transfer colitis, suppression

INTRODUCTION

Regulatory T cells (Treg cells) expressing the transcription factor Foxp3 maintain immune
homeostasis by limiting antigen-specific immune responses and sustaining tolerance to
self-antigens (1). Most Treg cells are generated in the thymus (tTreg cells) as a separate lineage
at the CD4™ single-positive stage of thymocyte development. Peripheral Treg cells (pTreg cells) are
induced from peripheral CD4"Foxp3™ T cells in the presence of TGF-beta, however, the pool size
and function of these pTreg cells is not fully characterized, mainly due to the lack of useful markers
to discriminate tTreg from pTreg cells (2).
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Treg cell function is not mediated by one single common
pathway, as many different mechanisms have been described
including  downregulation of costimulatory molecules
(CD80/CD86) on dendritic cells, secretion of inhibitory
cytokines or metabolic disruption of target cells. Beyond that,
Treg cells seem to have the capacity to adjust their suppressive
mechanism(s) to a particular immune or inflammatory context,
although the signals driving in vivo Treg cell adaptation are not
well-understood (3).

The original view that tTreg cells are terminally differentiated
and phenotypically stable has been recently questioned.
Some Treg cells may lose Foxp3 expression in autoimmune
disease (“ex-Foxp3” cells), others, while maintaining Foxp3
expression, acquire a certain degree of plasticity which
is illustrated by secretion of pro-inflammatory cytokines
and reduced suppressive function (4). The molecular
mechanisms that drive Treg cell plasticity as well as the
functional consequences for autoimmune diseases are
largely unknown.

Glucocorticoids (GC) are best-known for their successful
clinical usage as anti-inflammatory and immunosuppressive
agents, despite their high potential for serious side effects. While
the potency of (synthetic) GC as negative regulators of immune
and inflammatory effector molecules at higher doses is well-
documented, the effects of endogenous GC on the immune
response and T cells in particular are much less clear. GC
suppress T cell activation, both indirectly by inhibiting dendritic
cell function and directly by inhibiting TCR signaling (5). T cell-
specific deletion of the glucocorticoid receptor (GR) revealed T
cells as critical targets for endogenous GC to both limit clinical
disease in an animal model for multiple sclerosis (6) and prevent
lethal immunopathology in an animal model for toxoplasma
infection (7). As both studies utilized the Ick promoter to
drive expression of Cre recombinase for conditional deletion
of the GR, CD8* cytotoxic T cells, CD4" T helper cells, and
Foxp3™ Treg cells were GR-deficient. Treg cell development,
steady-state homeostasis and function may be affected by GC,
although reports are controversial. Administration of GC has
been shown to increase both the proportion and number of
murine CD4+TCD25" Foxp3™ Treg cells in peripheral lymphoid
organs (8). In line with this observation is the finding that
Treg cells are relatively resistant to GC-induced apoptosis
in vitro (9). In contrast, GC dose-dependently reduced both the
proportion and total number of splenic Treg cells after repeated
GC administration (10, 11). Likewise, therapeutic treatment of
MOG-induced EAE with GC slightly reduced splenic Treg cell
number and reduced Foxp3 expression levels (6). Human Treg
cells accumulate relative to conventional T cells (Tcon) upon
treatment of several autoimmune diseases with GC as reported
for multiple sclerosis (12), systemic lupus erythematosus (13) and
rheumatoid arthritis (14).

While effects of exogenous GC on Treg cells are obvious but
controversial, it is not known whether endogenous GC regulate
Treg cell homeostasis, both under steady state and inflammatory
conditions. Lck-Cre GRfl/fl mice that lack the GR in all T
cells, reportedly have reduced numbers of Treg cells in the
thymus and periphery, but Treg cell function was not tested (15).

Moreover, Treg cell homeostasis may be affected by GR-deficient
conventional T cells that can give rise to pTreg cells.

We therefore generated mice with a specific deletion of the
GR in Foxp3™ Treg cells by crossing GRfl/fl (16) with Foxp3-
Cre mice (17). Remarkably, while Treg cell number, expression of
Treg cell signature molecules, and in vitro suppression capacity
of GR-deficient Treg cells was unchanged, GR-deficient Treg
cells appeared defective in suppressing T cell-driven colitis
in an in vivo mouse model for inflammatory bowel disease
(IBD). This phenotype was associated with the acquisition of
Thl cell-like features in GR-deficient Treg cells. These data
suggest that endogenous GC stabilize Treg cell fate and function
under inflammatory conditions and provide a rationale for the
development of GC therapy for IBD that specifically targets
Treg cells and expectedly reduces the strong side-effects of
these hormones.

RESULTS

Verification of Specific GR Deletion in

Foxp3™* Treg Cells

Mice carrying a specific deletion for the GR in Foxp3™ Treg
cells (Foxp3-YFP-iCre x GRfl/fl mice; dubbed here: Foxp3-Cre
GRfl/fl mice) developed normal and did not show any signs
of disease. Lack of GR in Foxp3™ Treg cells was confirmed
at the protein level both in spleen (Figure1A) and thymus
(Figure S1A). Ectopic recombination by Cre-YFP expressed
under the control of the FoxP3 promoter of some conditional
alleles (Cd28), but not others (R26-RFP), has been reported (18).
However, quantification of the GR in conventional CD4TCD25~
Foxp3™ T cells, CD8™ T cells and B cells revealed no differences
between wild type (WT), Foxp3-Cre and Foxp3-Cre GR{l/fl mice
(Figure S1B), ruling out promiscuous Foxp3-Cre expression in
these lymphocyte subsets. Since endogenous GC have been
shown to regulate T cell numbers (19, 20), we determined
peripheral blood levels of corticosterone in our mouse strains
to check for potential differences. However, this appeared not
to be the case as no differences in corticosterone levels were
found (Figure 1B). Expression levels of Nr3cl (encoding the
GR) by CD4TCD25~ Tcon cells and CD4"Foxp3™ Treg cells
were quantified by gPCR. Splenic Treg cells from heterozygous
Foxp3-Cre GRwt/fl mice expressed Nr3cI at approximately half
of control Treg cells from Foxp3-Cre mice (Figure 1C). Finally,
Treg cells derived from Foxp3-Cre GRfl/fl mice were resistant
to in vitro corticosterone-induced cell death, confirming the
absence of the GR at the functional level (Figure S1C). Thus,
Foxp3-Cre GRfl/fl mice lack the GR specifically in Foxp3™ Treg
cells with no signs of significant recombination in CD4" Tcon
cells or other lymphocyte subsets.

Basic Immune Characteristics of Mice

Lacking the GR in Treg Cells

Foxp3-Cre GRfl/fl mice showed normal CD4"Foxp3™ Treg
(Figure 2A, left panel) and CD4™ Tcon (Figure 2A, right panel)
cell numbers in the thymus and spleen. Next, we examined steady
state expression of Treg cell signature molecules such as Foxp3,
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FIGURE 1 | Physical characterization of GR deletion in Foxp3* Treg cells.
(A) Immunoblotting shows GR protein expression in purified CD8™,
CD41TCD25~ Tcon, and CD4+Foxp3+ Treg cells from Foxp3-Cre GRIl/fl
splenocytes. (B) Serum samples from Foxp3-Cre and Foxp3-Cre GRfl/fl mice
were analyzed for corticosterone content by ELISA. (C) Real time gPCR
analysis of Nr3c7 (GR) mRNA expression in CD41CD25~ Tcon and
CD41Foxp3t Treg cells from Foxp3-Cre, Foxp3-Cre GRwi/fl and Foxp3-Cre
GRfl/fl mice. Nr3c1 mRNA expression levels are referred to mRNA levels of
CD4+ Teon cells from Foxp3-Cre mice according to the AACt relative
quantification method. Data are shown as mean + SEM (n > 3).

CD25, GITR, and CTLA-4 by Treg cells of Foxp3-Cre and Foxp3-
Cre GRfl/fl mice. In both thymus and spleen, expression levels
of these markers were comparable between GR-expressing and
GR-deficient Treg cells, except for thymic GITR that showed
significantly higher expression in Treg cells from Foxp3-Cre
GRfl/fl mice (Figure 2B, left panel). Since GITR expression levels
are critical for Treg cell maturation (21), we further analyzed
CD4*Foxp3™ thymocytes for GITR™ and GITRM8" expressing
subsets. A moderately enhanced frequency of Foxp3+GITRMg?
and a reduction of Foxp3*GITR™ cells in Foxp3-Cre GRfl/fl
mice was observed, as compared to control Foxp3-Cre mice
(Figure 2C). The functional relevance of this observation is
presently unclear, yet this suggests that basal GITR expression in
splenic Treg cells is not dependent on a functional GR. Treg cells
consist of both naive CD44/°"CD62LMe" and CD44hishCDe2LI™
“effector-like” subpopulations, the latter exerting suppressor
activity (22). We therefore analyzed the fractions of both Treg cell
subsets in the context of GR-deficiency and found equal amounts
in both Foxp3-Cre and Foxp3-Cre GRfl/fl mice (Figure 2D).
The transcription factor Helios has been proposed as a marker

to discriminate tTreg from pTreg cells (3). Examination of
both fractions and Helios expression levels, however, revealed
no changes between Treg cells from Foxp3-Cre and Foxp3-Cre
GRfl/fl mice (Figure S2A). Finally, activation of CD4" Tcon and
CD8™ T cells by anti-CD3/anti-CD28 antibodies was comparable
in Foxp3-Cre and Foxp3-Cre GRfl/fl mice regarding induction of
CD44 and production of IFN-gamma (Figure S2B). In summary,
deletion of the GR in Treg cells does not modify their basal cell
number, phenotype or activation competence.

In vivo Survival of Treg Cells Does Not

Depend on GR Expression

To directly assess the impact of GR deletion in Treg cells on
their survival in a competitive setting, we generated heterozygous
female Foxp3-Cre/wt GRfl/fl mice. As Foxp3 is located on the
X chromosome, random inactivation of one allele in these
mice is predicted to produce 50% of Treg cells that use the
WT allele (i.e., GR-sufficient) and 50% of Treg cells that use
the Foxp3-Cre allele (i.e., GR-deficient). In spleen, but not in
thymus, we observed a moderate competitive disadvantage of
Treg cells expressing the Foxp3-Cre allele (Figure 3A), a finding
previously reported by others (23). However, in both thymus
and spleen, equal proportions of WT and GR-deficient Treg cells
were generated and/or survived, suggesting that the GR does
not influence survival of Treg cells in a physiologically normal
setting (Figure 3A). The observation that the Foxp3-Cre allele
may affect peripheral Treg cell survival, together with the finding
that the Foxp3-Cre allele is mildly hypomorph as reported by
others (18), prompted us to determine Foxp3 expression levels
in WT and Foxp3-Cre-expressing mouse strains. In agreement
with Franckaert et al. (18) we found a ~30% reduction of
Foxp3 protein expression in mice expressing the Foxp3-Cre allele
as compared to WT mice (Figure 3B, left panel), whereas all
mouse strains expressing the Foxp3-Cre allele displayed equal
amounts of Foxp3 (Figure 3B, right panel). Since we did not
find deviations produced by the Foxp3-Cre allele other than
those shown in Figure 3, mice expressing this allele were used
as controls in our experiments (Foxp3-Cre mice). Finally, to
test for potential epigenetic changes in critical regions of the
Foxp3 locus we analyzed the methylation status as described
previously (24). However, the degree of methylation of CpG
islands within the Foxp3 locus appeared comparable in WT,
Foxp3-Cre, and Foxp3-Cre GRfl/fl mice (Figure S3), supporting
the finding that Foxp3 expression is unchanged in the absence
of the GR (Figure 3B). Hence, in vivo survival of Treg cells and
expression of their lineage specification factor Foxp3 is, at least
under basal conditions, not dependent on expression of the GR
by these cells.

Antinuclear Antibody Prevalence Is
Increased in Foxp3-Cre GRfl/fl Mice

Since both Treg cell number and function change with age,
we analyzed 13 months old Foxp3-Cre and Foxp3-Cre GRfl/fl
mice for splenic Treg cell number and found no major changes
between these genotypes (Figure 4A; Figure S4). Scurfy mice,
who are deficient for regulatory T cells, develop antinuclear
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FIGURE 2 | Immune characteristics of Foxp3-Cre GRfl/fl mice. (A) Thymi and spleens from Foxp3-Cre and Foxp3-Cre GRfl/fl mice were analyzed for cellularity of
CD4+Foxp3t Treg (left panel) and CD4TCD25~ Teon cells (right panel). (B) Treg cell signature marker expression by thymic (left panel) and splenic (right panel)
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antibodies (ANA) and lupus-like disease (25, 26). When sera of
GR-deficient Treg cell mice were investigated for the presence of
ANA, it appeared that higher fractions were positive as compared
to Foxp3-Cre mice (Figures 4B,C). This observation appeared to
be sex independent. Accordingly, Treg cell-intrinsic expression
of the GR seems to prevent loss of tolerance to these autoantigens
with age.

Defective Function of GR-Deficient Treg

Cells in vivo but not in vitro

The increased presence of ANA in our GR-deficient Treg cell
mice prompted us to study the suppressive capacity of their
Treg cells, first tested in an in vitro assay. Naive CD4" Tcon
cells from Foxp3-Cre control mice were stimulated with anti-
CD3 mAb in the presence of irradiated antigen presenting
cells (APCs) and co-cultured with different Treg cell numbers
derived from Foxp3-Cre or Foxp3-Cre GRfl/fl mice. Proliferation
of Tcon cells, assessed after 3 days, was potently suppressed

by Treg cells, however, Foxp3-Cre and Foxp3-Cre GRfl/fl
Treg cells exhibited an equal inhibitory capacity (Figure 5A).
Similar results were obtained when Treg cells from Foxp3-
Cre or Foxp3-Cre GRfl/fl mice were compared for their
ability to inhibit proliferation of CD4*CD44"CD62L~ memory
T cells (Figure S5A).

Since many autoimmune-prone mouse strains carrying Treg
cell specific mutations have normal Treg cell suppressor
function in wvitro (3), we set out for in vivo functional
testing of GR-deficient Treg cells in a mouse model for
inflammatory bowel disease, ie., T «cell transfer colitis
in RAG1™/~ mice (27). These mice produce no mature

T cells or B cells and develop colitis upon transfer
of Treg cell-depleted CD4%Foxp3~CD25~CD45RBMg"
Tcon cells (WT-Tcon only; Figure5B). Co-transfer of

CD4"Foxp3tCD25TCD45RBY  Treg cells from Foxp3-
Cre mice (WT-Tcon + Foxp3-Cre Treg) prevented, as expected,
the development of disease. Strikingly, Treg cells derived
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from Foxp3-Cre GRfl/fl mice were largely ineffective under
these experimental conditions (WT-Tcon + Foxp3-Cre GRfl/fl
Treg; Figure 5B).

The failure of GR-deficient Treg cells to protect against
colitis was also evident from histological assessment of
intestinal inflammation (Figure S5B). Blinded grading of colonic
inflammation revealed complete protection in mice treated
with control Treg cells whereas suppression of intestinal
inflammation in mice treated with GR-deficient Treg cells
was incomplete.

Analysis of the Tcon:Treg cell ratio in spleens of RAG1 ™/~
mice sacrificed after 4 weeks revealed a striking 8-fold
higher ratio in mice receiving Treg cells from Foxp3-
Cre GRfl/fl, as compared to Foxp3-Cre mice (Figure5C,
left panel), indicating strong relative expansion of Tcon
cells in the presence of GR-deficient Treg cells (Figure 5C,
right panel).

Since expansion of Tcon cells is consistent with a pro-
inflammatory phenotype, we next studied pro-inflammatory
cytokine expression by splenic Tcon and Treg cells. The fraction
of Tcon cells producing IFN-gamma after 4 weeks was highest
in mice with the strongest disease symptoms, i.e., those receiving
either Tcon cells (WT-Tcon only) or those co-injected with Tcon
cells plus Treg cells from GR-deficient Treg cell mice (WT-Tcon
+ Foxp3-Cre GRfl/fl Treg; Figure 5D). Remarkably, significantly
more Treg cells producing IFN-gamma (Figure 5D), but not IL-
17 (Figure 5E), were present in mice that were treated with GR-
deficient Treg cells than in mice receiving control Treg cells.
Treg cell signature marker expression levels were similar between
control and GR-deficient Treg cells (Foxp3, GITR and CD25),
with the exception of CTLA-4 which was significantly elevated
on GR-deficient Treg cells (Figure 5F and Figure S5C). Analysis
of IFN-gamma producing Treg cells for Foxp3 expression levels
revealed no significant differences between GR-deficient and
GR-proficient Treg cells (Figure S5D).

Further in depth analysis of Treg cell markers and subsets
was performed on splenic Treg cells that were used in the
transfer colitis experiments, i.e., CD4"Foxp3tCD45RBY cells
(for gating, see Figure S6A) derived from Foxp3-Cre and
Foxp3-Cre GRfl/fl mice, revealing no differences regarding
expression levels of Foxp3, CD25, Latency Associated Peptide
(LAP), Lymphocyte-activation gene 3 (LAG-3), PD-1 and GITR
(Figure S6A, right panel). Fractions of CD4* Foxp3* CD45RB*"
cells expressing these markers were also similar in both mouse
strains with the exception of a reduction in PD-1 expressing
cells (Figure S6A, middle panel). We next analyzed the presence
of two recently described Treg cell subsets, i.e., GITRMS'PD-
1highCD25high (TripleMish) Treg cells, which reportedly control
in vivo lymphocyte proliferation, and GITRI®VPD-1°"CD25°"
(Triple!®¥) Treg cells, which have been shown to limit colitis
(28). Interestingly, while the fraction of Triple"8" Treg cells
appeared reduced in Foxp3-Cre GRfl/fl mice, Triple!®™ Treg cells
were not significantly changed as compared to Foxp3-Cre mice
(Figure S6B, lower left panel). In addition, mean expression
levels of GITR, PD-1, and CD25 were similar between both
mouse strains (Figure S6B, lower right panel).

A different Treg cell subset which may suppress colitis has
the phenotype Foxp3'°"CD25~ GITR™, designated GITR single-
positive cells (29). A comparison of this subset in spleens from
Foxp3-Cre and Foxp3-Cre GRfl/fl mice revealed, however, no
significant differences (Figure S6C).

Taken together, our findings during experimental intestinal
inflammation indicate that GR-deficient Treg cells, while
retaining expression of Treg cell markers, acquired an increased
plasticity toward a Thl-like Treg cell phenotype that was
accompanied by a reduction in the suppressive capacity of
these cells.
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FIGURE 5 | Suppression capacity of GR-deficient Treg cells is defective in vivo but not in vitro. (A) in vitro T cell suppression assay: WT

CD41Foxp3™ CD25~-CD45RBN9N Teon cells were cultured either alone or co-cultured at different ratios with CD4+ FoxpS*CD25+CD45RB'°W Treg cells derived
from Foxp3-Cre or Foxp3-Cre GRfl/fl mice. Data are shown as mean + SEM (n = 5). (B) T cell transfer model of colitis in RAG1~/~ mice. WT

CD41Foxp3~ CD25~CD45RBN9N Teon cells were either transferred alone (WT-Tcon only) or co-transferred with CD4+ FoxpS*CD25+CD45RB'°W Treg cells from
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marker expression by splenic Treg cells taken from mice described in (B). Data are shown as mean + SEM (n > 7).
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DISCUSSION

Here, we show that GR-deficient Treg cells, while displaying no
changes in function under basal conditions, are defective under
inflammatory conditions and gain the ability to produce effector
cytokines that are characteristic for Th1-like Treg cells. In line
with their general inhibitory properties during inflammation,
endogenous GC are apparently required to prevent Treg cell
plasticity that is associated with reduced suppressive function.

The finding that GR-deficient Treg cell mice have normal
numbers of Treg cells in both thymus and spleen differs from
a report by Mittelstadt et al. (15) showing reduced Treg cell
numbers in both organs in mice deficient for the GRin all T cells
(Lck-Cre GRfl/fl mice). However, the lack of the GR in non-Treg
T cells in Lck-Cre GRfl/fl mice may account for this difference.
Supporting the view that GC, at least under basal conditions,
do not influence Treg cell homeostasis are the results of the
competitive experiments in heterozygous female Foxp3-Cre/wt
GRfl/fl mice, clearly showing that in a physiologically normal
environment no differences were observed in development
and/or survival between WT and GR-deficient Treg cells.

GC may regulate T cell number in both thymus and peripheral
lymphoid organs but data from previous studies are conflicting
and Foxp3™ Treg cells were not specifically analyzed. Thymocyte
number and subset distribution in different mouse strains
targeting exon 2 has been shown to be unchanged (30, 31).
Studies conditionally targeting exon 3 of the GR revealed either
no changes in thymocyte numbers (32) or a clear reduction (15)
without a change in major subset composition. Similar results
were found for peripheral T cell numbers in both mouse strains.
It is currently unclear why both mouse models targeting exon 3
display substantial differences with respect to the size of their T
cell pools. Conversely, transgenic mice overexpressing the GR 2-
fold selectively in T cells showed a reduction in both thymocyte
and peripheral T cell numbers (19). Moreover, transfer of bone
marrow cells from mice expressing a gain of function GR
knock-in into irradiated WT mice revealed a strong reduction
of T-cell numbers analyzed ten weeks later, as compared to
irradiated mice that received bone marrow from WT mice
(33). Collectively, these findings suggest that endogenous GC
regulate T cell homeostasis to some extent and such control
may be more pronounced once peripheral GC concentrations are
elevated which reportedly occurs upon activation of the immune
system (34).

Expression of Treg cell signature molecules by Treg cells
were similar between Foxp3-cre and Foxp3-Cre GRfl/fl mice,
with the exception of a small, but significant increase in
frequency of GR-deficient thymic Foxp3™ cells expressing the
TNF receptor superfamily member GITR at high levels. Since
on the one hand GITR regulates Treg cell development and
correlates with TCR signal strength (21, 35) and, on the other
hand, GC reportedly induce GITR in T cell hybridoma cells
(36), this observation seems counterintuitive at first sight.
However, GC were shown to induce very limited upregulation
of GITR in primary CD4" T cells, whereas TCR signaling
appears to be a much stronger inducer of GITR than GC
(37). Moreover, TCR signaling in the presence of GC seems

to reduce GITR expression in these cells as compared to TCR
signaling alone (37). Our observation that GITR expression is
increased in GR-deficient Treg cells suggests that endogenous
GC may inhibit TCR-induced GITR in Foxp3t Treg cells as
well. According to the “mutual antagonism” hypothesis, crosstalk
between GR signaling and TCR signaling leads to survival of
conventional T cells bearing TCRs that build up a repertoire
that is required for a robust adaptive immune response (15,
38). Whether GC also change the TCR repertoire of Treg
cells and, by this means, affect their functional competence,
remains to be established. Our finding that splenic GITRM8PD-
1highCD25MEN Foxp3 T CD45RBIY Treg cells were reduced in
Foxp3cre GR/fl/fl mice does not point to an increased TCR
affinity for self-antigens of these GR-deficient Treg cells, at least
in the periphery.

While Treg cell signature molecule expression and the
suppressive capacity of GR-deficient Treg cells on in vitro Tcon
cell proliferation appeared unaffected, the increased presence
of ANA in Foxp3-Cre GRfl/fl mice at older age provided the
first indication for a potentiating role of the GR in Treg cell
function. Since we did not observe significant changes in both
the percentage and the absolute Treg cell number in our mouse
strains, we assume that the functional competence of Treg cells
decreases with age in the absence of cell-intrinsic GR expression.
Alternatively, in the GR-deficient Treg cell population, we
detected a reduced fraction of GITRM8"PD-1M8hCD25he" Treg
cells, which reportedly inhibit in vivo lymphocyte proliferation
(28). However, whether this observation contributes to the
increased presence of ANA in Foxp3-Cre GRfl/fl mice at older
age is currently not known. The second observation that the GR is
required for full Treg cell function was made in the transfer colitis
model. Our findings suggest that under inflammatory conditions
Treg cells that lack the GR may become unstable regarding their
suppressive regulatory T cell function. Moreover, it seems that
GR-deficient Treg cells gained the ability to produce effector
cytokines that are characteristic for Th1 cells. Such Th1-like Treg
cells producing IFN-gamma (but maintaining Foxp3 expression)
have been reported to be present at an increased frequency in
both mouse models (39) and patients with autoimmune diseases
such as type 1 diabetes (40) or multiple sclerosis (41). The
physiological relevance of the plasticity and instability of helper
T cell-like Treg cells (Thl-, Th2-, and Th17-like Tregs) and
their role in the development of autoimmune diseases has yet
to be clarified. Moreover, the molecular mechanisms and the
environmental signals that trigger the development of helper T
cell-like Treg cells in general and Th1-like Treg cells in particular
are largely unknown (4). Our data suggest that endogenous GC
act as an environmental signal to prevent Treg cell differentiation
into Th1-like Treg cells and maintain Treg cell functionina T cell
transfer model of colitis. The failure of GR-deficient Treg cells
to respond to GC that are produced at increased levels during
immune system activation (34), notably not only by the adrenals
but also locally by the intestine itself (42), most likely leads to
dysfunctional Treg cells in this disease model. Indeed, in another
model of experimental colitis, dextran sodium sulfate (DSS)-
induced colitis, endogenous circulating corticosterone levels were
increased (43).
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The proportion of functionally impaired GR-deficient Treg
cells producing IFN-gamma more than doubled compared
to control Treg cells but retained Foxp3, GITR and CD25
expression, whereas CTLA-4 was higher. IFN-gamma was shown
by others to be involved in a functional defect of IFN-
gamma™ Foxp3™ Treg cells lacking Foxol (44). Foxol-deficient
Treg cells, which display a Thl-like phenotype, did not prevent
disease in the T cell transfer colitis model. However, these Treg
cells were partially protective when Ifng was deleted in addition
to Foxol. Phenotypically, Foxol-deficient Treg cells expressed
similar Foxp3, increased CD25 and marginally reduced CTLA-
4 levels, compared to WT control Treg cells (44). In contrast,
antigen (flagellin)-specific IFN-gamma™ Foxp3™ Treg cells tested
for suppression capacity in the same model of chronic colitis were
found to maintain their regulatory function without reporting
on Treg cell marker expression (45). Hence, it remains to be
clarified on the one hand whether IFN-gamma™*Foxp3™ Treg
cells in general play a pathogenic or protective role in this
setting and on the other hand which environmental signals and
signaling pathways are responsible for driving the induction of
IFN-gamma™ Foxp3™ Treg cells. With respect to GR-deficient
Treg cells, the generation of an animal model where IFN-gamma
would be deleted together with the GR in Foxp3™ Treg cells
(double-deficient Treg cells) would clarify whether Treg cell-
derived IFN-gamma is causal for the dysfunction of GR-deficient
Treg cells in experimental colitis.

The molecular mechanisms of how GR signaling prevents
Treg cell plasticity and functional instability in transfer colitis
are presently unknown. GC have been shown to upregulate
Foxp3 mRNA in CD4™ T cells of asthmatic patients (46) and in
murine splenic CD4tCD25Mgh cells (11). Furthermore, the GR
has been shown to interact with Foxp3 at the protein level as part
of large multiprotein complexes (47). Conversely, Foxp3 binds
the Nr3cl locus (47) and increases Nr3cI mRNA expression in
thymic Treg cells (48), suggesting that both Foxp3 and GR are
able to mutually regulate each other’s expression levels and likely
also their downstream targets. Supporting the view that the GR
enhances Treg cell function is the observation that GC treatment
of patients suffering from myasthenia gravis or multiple sclerosis
not only improved clinical disease symptoms but also enhanced
Treg cell function (12, 49) and inhibitory cytokine production
(12), as compared to untreated patients.

Despite being defective under inflammatory conditions
in vivo, the inhibitory potency of GR-deficient Treg cells in
the in vitro suppression assays was not affected, irrespective of
whether naive Tcon or Tmem cells were used as target cells.
The apparently contrasting results between in vitro and in vivo
Treg cell functional assays have been previously reported in
several other mouse models carrying a Treg cell specific deletion
or mutation of a given gene (3). To explain this discrepancy,
the current view is that Treg cells do not use one particular
mechanism by which they exert their suppressor function, but
rather use several pathways simultaneously, especially in vivo (3).

Collectively, our findings demonstrate that the GR is
critical for Treg cell function under inflammatory conditions.
Endogenous GC levels are typically increased in the course of
immune and inflammatory responses and may, by GR signaling,

counterregulate the acquisition of Thl cell-like characteristics
by Treg cells, such as the production of IFN-gamma, that
would reduce their potency to suppress inflammation. Future
studies will determine whether the loss of GR in Treg cells also
accounts for increased Treg cell plasticity in other inflammatory
and autoimmune disease models. If that would be the case, it
may be justified to develop GC therapies for autoimmune and
inflammatory disorders that specifically target Treg cells in order
to reduce the strong side-effects of these hormones.

MATERIALS AND METHODS

Mice

GRfl/fl mice (16) were bred on a C57BL/6 background to
mice expressing Foxp3-YFP/Cre as a knocked-in YFP/iCre-
recombinase fusion protein from the Foxp3 locus (17) to generate
mice with GR-deficient Treg cells (Foxp3-YFP-Cre GRfl/fl
mice). Foxp3-YFP-Cre mice were used as littermate controls
for Foxp3-YFP-Cre GRfl/fl mice. Animals were housed in the
Central Laboratory Animal Facilities of the Medical University
of Innsbruck under standard light cycles and temperatures,
and food and tap water were available ad libitum. C57BL/6
Foxp3-GFP reporter mice (50) were purchased from Jackson
Labs (Bar Harbor, ME, USA) and served as CD41 Tcon cell
donors for the T cell transfer colitis experiments. RAG1~/~
mice were a kind gift from A. Moschen, Department of
Internal Medicine II, Medical University Innsbruck. All animal
experiments were performed in accordance with the Austrian
“Tierversuchsgesetz” (BGBL Nr. 501/1988 i.d.F. 162/2005) and
have been granted by the Bundesministerium fiir Bildung,
Wissenschaft und Kultur (bm:bwk).

Flow Cytometry

Cell suspensions were prepared in KDS-BSS buffer containing
10% FCS. Cells were stained with combinations of the following
antibodies for 20min at 4°C: anti-CD4-PerCP/Cy5.5 (clone
RM4-5) and anti-PD-1-PE (anti-CD279, clone J43) (both from
eBiosciences, CA, USA); anti-CD8-PECy7 or anti-CD8-AF647
(clone 53-6.7), anti-B220-APC/Cy7 (clone RA3-6B2), anti-
CD25-PE (clone 3C7) or CD25-BV421 (clone PC61), GITR-
PE/Cy7 (clone YGITR765), CD45Rb-AF647 (clone C363-16A),
LAP-PE (clone TW7-16B4), and CD223(LAG-3)-BV421 (clone
C9B7W) (all from Biolegend, CA, USA); CD62L-PE (clone MEL-
14) and CD44-BV510 (clone IM-7) (both from BD Biosciences;
San Jose, CA). DAPI and Annexin-V (eBiosciences, CA, USA)
were used to quantify or gate out apoptotic or dead cells.

For Foxp3 intracellular staining Foxp3/Transcription Factor
Buffer set and anti-Foxp3-eF660 (clone FJK-16s) (both from
eBiosciences) were used according to the manufacturer’s
instructions. For GR intracellular staining we used BD Cytofix
and BD Cytoperm reagents (BD Pharmingen, CA, USA)
and stained with anti-GR (clone D6H2L) (Cell Signaling,
MA, USA), followed by a secondary antibody (goat anti-
rabbit IgG AF647 (Invitrogen, OR, USA)). The same buffer
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set was used for cytokine staining using anti-IFN-gamma-
PE (clone XMG1.2), IL-17-AF647 (clone TC11-18H10.1), anti-
CTLA-4-PE (clone UC10-4B9Y; all from BioLegend), anti-IL-10-
PE (clone JESS-16E3) and anti-Helios-APC (clone 22F6; both
from eBiosciences).

Cell Sorting

To  obtain naive conventional T  cells (Tcon),
CD4 " Foxp3~ (GFP~)CD25~ CD45RBMgh cells were
sorted from spleen and/or mesenteric lymph nodes
from Foxp3-GFP reporter mice. Memory T (Tmem)

cells (CD4*Foxp3~ (YFP~)CD44+tCD62L~ CD45RBMigh)
were sorted from splenocytes from Foxp3-YFP-Cre mice.
CD4 % Foxp3 ™t (YFP+)CD25T CD45RB!° Treg cells were isolated
from Foxp3-YFP-Cre and Foxp3-YFP-Cre GRfl/fl mice. Cell
sorting was performed using a FACSAria III cell sorter (Becton
Dickinson) and purity of isolated cell populations was routinely
at least 98%.

Cell Culture

For the GC sensitivity test, single cell suspension of splenocytes
(1 x 10%cells/mL) was incubated in flat bottom 96-well plates
with corticosterone (Sigma, MO, USA) at 125 or 625nM for
48h and then analyzed for cell death as decribed (51). For
TCR activation experiments, T cells (enriched by MACS) were
seeded in anti-CD3 coated (5pg/mL) 96-well round bottom
plates and treated with soluble anti-CD28 (1ng/mL; both
antibodies from Biolegend) in the presence of 100 U/ml IL-2
(PreproTech, USA) in RPMI medium (supplemented with 50
uM beta-Mercaptoethanol, 100 U/mL Penicillin/Streptomycin,
2mM L-Glutamine, 1 mM Na-Pyruvate, and non-essential amino
acids), cultured for 48 h and then analyzed for activation status
and cytokine production. For the in vitro T cell suppression
assay, single cell suspensions were prepared from spleens and
mesenteric lymph nodes from Foxp3-YFP-Cre and Foxp3-YFP-
Cre GRfI/fl mice. 2 x 10°/mL Tcon cells or Tmem were
stained with a cell proliferation dye (CPD-eF450) (eBioscience)
and cultured together with irradiated (30Gy) splenocytes (8
x 10° cells/mL) in RPMI complete medium in 96-well round
bottom plates. To induce cell proliferation, anti-CD3 (Biolegend,
CA, USA) 0.5pg/mL was added to the medium. In the
indicated cases, different Treg cell concentrations were added
to obtain Treg:Tcon ratios of 1:1, 1:2, 1:5, and 1:10. Cells were
incubated for 72h at 37°C and 5% CO; and then analyzed
for cell proliferation by Flow cytometry. For cytokine staining
experiments, splenocytes were stimulated with 50 ng/mL PMA
(Fluka Biochemika) and 1 mg/mL Ionomycin (Sigma) for
4h. During the last 3h of cell culture Monensin (Biolegend)
was added.

RNA Isolation and Quantitative
RT-PCR (gPCR)

Total RNA was isolated from 1 x 10° sorted cells using Quick-
RNA MicroPrep kit (Zymo Research, CA, USA) and cDNA
was synthesized using iScript cDNA Synthesis Kit (BioRad,
CA, USA), according to the manufacturers instructions. Real
time PCR was performed using the following TagMan Gene

Expression Assays: GR (Nr3cl; Mm00433833_mH) and Actin-
beta (Actb; Mm00607939_s1) and Luminaris Color Probe Master
Mix (all from Thermo Fischer Scientific, MA, USA). Quantitative
RT-PCR was analyzed using the StepOnePlus system (Applied
Biosystems, Thermo Fischer Scientific, MA, USA) according to
the manufacturer’s instructions. The results were normalized
to Actb expression and evaluated using the AACt relative
quantification method.

Antinuclear Antibodies (ANA) Detection

For detection of ANA we used Kallestad HEp-2 cell line 12-well
slides from Bio-Rad (Hercules, California). Serum samples were
diluted 1:50 and 1:100 and incubated on the slides according to
the manufacturer’s instructions. Fluorescence-labeled antibody
AF488 donkey anti-mouse (Jackson ImmunoResearch Inc,
West Baltimore Pike, West Grove, PA, USA) was used as a
secondary antibody and slides were analyzed using a fluorescence
microscope. Serum samples from MRL/Ipr mice were used as
positive controls for ANA detection.

T Cell Transfer Model of Colitis
CD4*Foxp3~CD25~ CD45RBMg" Tcon cells were sorted from
congenic C57BL/6 Foxp3-GFP mice and injected i.p. into 6 to
15-weeks-old C57BL/6 RAG1~/~ immunodeficient recipients (3
x 10° cells/mouse). 1.5 x 10> Foxp3-YFP-Cre or Foxp3-YFP-
Cre GRfl/fl Treg cells (CD4*Foxp3*CD25t CD45RB°V) were
co-injected i.p. where indicated. Mice were monitored every
second day for wasting disease. Mice were sacrificed either when
having lost >15% of their initial body weight or 4 weeks after
cell transfer.

Histology of Intestinal Inflammation

Samples of mid-colon were fixed in buffered 4% formalin
solution. Three millimeter paraffin-embedded sections were cut
and stained with hematoxylin and eosin. Tissues were evaluated
semi-quantitatively and assigned a grade of 0 to 4 in a blinded
fashion. Grade 0: no changes observed, grade 1: discrete increased
inflammatory cells in the lamina propria with granulocytes in the
lamina epithelialis, grade 2: as grade 1 with scattered erosions of
the mucosa, grade 3: increased inflammatory cells in the lamina
propria and scattered crypt abscesses, grade 4: all signs of grade 3
plus more than 3 crypt abscesses per colon circumference in the
scanning magnification.

Western Blot

Cellular subsets (3.5 x 10° cells/subset) were resuspended in
Laemmli sample buffer and heated in boiling water for 5min.
Total proteins were loaded on 10% Bis-Tris acryl-amide gels
and blotted on AmershamTM HybondTM-ECL nitrocellulose
membranes (GE Healthcare, Little Chalfont, UK). Rabbit anti-
mouse GR (clone D6H2L) (Cell Signaling, MA, USA) and rabbit
anti-mouse AKT (Cell signaling Technology, Danvers, MA)
were used for protein detection. All primary antibodies were
diluted in 5% BSA in PBST and blots were incubated overnight
at4°C.
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ELISA for Serum Corticosterone

Serum samples from Foxp3-YFP-Cre and Foxp3-YFP-Cre GRfl/fl
mice were collected between 9 and 10a.m. and analyzed for
corticosterone content by ELISA (Enzo Life Sciences, CH)
according to the manufacturer’s instructions.

DNA Methylation Analysis

Genomic DNA was isolated from sorted
CD47CD25~ CD45RBM&"  conventional T cells as well as
CD41Foxp3tCD25" Treg cells sorted from WT Foxp3-GFP
reporter, Foxp3-YFP-Cre mice and Foxp3-YFP-Cre GRfl/fl
mice using the DNeasy blood and tissue kit (Qiagen, Hilden,
Germany). Bisulfite modification was performed using the EZ
DNA Methylation-Gold Kit (ZymoResearch). MethyLight PCR
analysis and the calculation of the percentage of methylated
reference (PMR) were done as described previously (52, 53).
Two Foxp3 assays (one reaction for DNA methylation analysis
and one for internal reference, with a mean distance of —2.226
base pairs, or —3.866 base pairs respectively, to the transcription
start site) were determined with the assistance of the computer
program Primer Express version 2.0.0 (Applied Biosystems,
Foster City, CA, USA). Primers used have been described
previously (53).

Statistics

Estimation of statistical differences between groups was carried
out using the unpaired Student’s t-test or two-way ANOVA
test, where appropriate. A chi-square test was used to
test for differences between groups regarding prevalence of
ANA. P < 0.05 were considered to indicate statistically
significant differences. ™p > 0.05 *p < 0.05; *p < 0.01;
¥p < 0.001; and ***p < 0.0001.
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Objective: The type | interferon (IFN) response in rheumatoid arthritis (RA) has
been extensively studied in relation to therapy with biological DMARDs (bDMARDS).
However, the effect of conventional synthetic (cs)DMARDs and glucocorticoids (GCs)
on IFN response gene (IRG) expression remains largely unknown, even though
csDMARDS are used throughout all disease phases, including simultaneously with
biologic therapy. This study was aimed to determine the dynamics of IFN response upon
immunosuppressive treatment.

Methods: Whole blood was collected in PAXgene tubes from 35 RA patients who
received either COBRA therapy (combination of prednisone, initially 60 mg, methotrexate
and sulfasalazine) (n = 14) or COBRA-light therapy (prednisone, initially 30 mg, and
methotrexate) (n = 21). Expression of 10 IRGs was determined by real-time PCR at
baseline (TO), after 4 weeks (T4), and 13 weeks (T13) of treatment. IRG selection was
based on the differential presence of transcription factor binding sites (TFBS), in order to
study the therapy effect on different pathway components involved in IFN signaling.

Results: Seven of the 10 IRGs displayed significant changes during treatment (p <
0.016). These 7 IRGs all displayed a particularly pronounced decrease between TO and
T4 (>1.6-fold, p < 0.0059). The differences between IRG sensitivity to the treatment
appeared related to the presence of TFBS for STAT1 and IRF proteins within the genes.
The extent of the decreases between TO and T4 was similar for the COBRA- and
COBRA-light-treated group, despite the differences in drug combination and doses in
those groups. Between T4 and T13, however, IRG expression in the COBRA-light-treated
group displayed a significant increase, whereas it remained stable or decreased even
further in most COBRA-treated patients (comparison of mean fold changes, p = 0.011).
A significant association between IRG dynamics and clinical response to therapy was
not detected.

in this case
substantially

Conclusions: Immunosuppressive treatment with csDMARDs,
a combination of prednisolone, methotrexate and sulfasalazine,
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downregulates the IFN response in RA patients. The dynamics of this downregulation
were partly dependent on the presence of TFBS within the IRGs and the combination
and dosages of agents, but they were irrespective of the clinical response to therapy.

Keywords: rheumatoid arthritis, interferon, interferon response, biomarker, immunosuppression

INTRODUCTION

Early treatment of rheumatoid arthritis (RA) has proven effective
in decreasing disease activity and limiting joint damage (1, 2).
One treatment strategy which has shown effectiveness in early
RA is COBRA (Dutch acronym for COmbinatietherapy Bij
Reumatoide Arthritis), which is a step-down strategy consisting
of initial high dose prednisolone (60 mg per day), methotrexate
(MTX) and sulfasalazine (SSZ). Due to rheumatologists’ concerns
with respect to the high initial prednisolone dose and the
complexity of the drug schedule, COBRA-light strategy was
introduced, which consists of a lower initial prednisolone dose
(30 mg/day), combined with increasing doses of MTX (10-25 mg
in 9 weeks) and no SSZ. The two strategies have shown to be
similarly effective (3-5).

The use of glucocorticoids (GCs) such as prednisolone and
conventional synthetic disease-modifying anti-rheumatic drugs
(csDMARDs) such as MTX and SSZ is not restricted to early
disease. In fact, these therapies are used throughout all phases of
the disease, either as monotherapy or in combination, including
simultaneously with biologic therapy (6).

With regard to biologic therapy, we have previously
demonstrated that the predictive performance of the type I
interferon (IFN) response gene set for non-response to rituximab
was impaired when patients were using prednisolone at the
moment of blood collection (7). Besides rituximab, IFN response
gene (IRG) expression has also been described as a predictor for
other bDMARDS such as anti-TNF agents and tocilizumab, and
RA onset (8-11).

However, studies on the potential influence of csDMARD and
GC (co-)medication yet remain scarce. Insight into the effect
of these therapies on the IFN response, as well as the potential
relation between IRG expression and the clinical response to
c¢sDMARD and GC therapy, are highly relevant in order to
further understand the role of the IFN response in RA.

In vitro studies have shown that GC signaling could inhibit
type I IEN signaling by competition for the same intracellular
signaling components, i.e., the IFN regulatory factors (IRFs)
(12, 13) and by inhibition of the transcription factor STAT1 (14).
Accordingly, we have observed that RA patients who were treated
with the GC prednisolone indeed displayed lower IRG expression
compared to patients who had not received this treatment (7, 15).
Although this decrease was not observed with methotrexate
(MTX) use and appeared dependent on prednisolone dose, a
causal relation could not be established due to the cross-sectional
nature of the study. Moreover, since the study was performed in
patients who were about to start on biologic therapy, hence who
no longer benefitted from the csDMARD and GC therapies, an
analysis in relation to clinical response to these therapies could
not be made. The present study was focused on exploration of

the IFN response during COBRA and COBRA-LIGHT therapy
in RA. The sample collection within the COBRA and COBRA-
light cohorts enabled us to investigate this in a longitudinal
manner and additionally examine the potential relation with
clinical response.

METHODS

Patients and Treatment

All patients in the current study participated in the COBRA-
light study, a randomized, open, multicenter trial comparing
two treatment schedules for the treatment of early RA (http://
www.controlled-trials.com; ISRCTN55552928). Details of that
study have been reported previously (3). In short, DMARD-
naive Dutch patients with recent-onset RA according to the
1987 revised American College of Rheumatology criteria (16)
were included and randomized to the COBRA-light or COBRA
strategy. Whereas, COBRA therapy consists of initially high-dose
prednisolone (60 mg/day) combined with sulfasalazine (SSZ)
and low-dose methotrexate (MTX) (7.5 mg/week), COBRA-
light consists of a lower initial prednisolone dose (30 mg/day)
but a higher starting dose of MTX (10 mg/week) and
no SSZ.

For this study, 36 patients were selected based on availability of
PAXgene tubes at baseline (TO0), after 4 weeks (T4) and 13 weeks
(T13) at the Amsterdam Rheumatology and Immunology Center,
location Reade, Amsterdam, The Netherlands. Fifteen patients
received COBRA therapy and 21 patients received COBRA-light
therapy. Therapy response was defined as a Disease Activity Score
in 44 joints (DAS) < 2.4 after 26 weeks of treatment. Additionally,
the change in DAS (ADAS) after 13 weeks and 26 weeks was
also assessed.

This study was approved by the medical ethics committee
of VU University Medical Center and Reade, Amsterdam,
The Netherlands, and informed consent was obtained from
all donors.

RNA Isolation and cDNA Synthesis

From each donor, blood was collected into a PAXgene tube
(PreAnalytiX GmbH) at baseline and after 4 weeks and 13
weeks of treatment. The PAXgene tubes were stored at —20°C
until further processing. After overnight thawing at room
temperature, total RNA was isolated using the PAXgene Blood
RNA kit (PreAnalytiX GmbH) according to the manufacturer’s
instructions. Total RNA concentration was measured using the
Nanodrop spectrophotometer (ThermoFisher Scientific Inc.).
From each sample, 250 ng RNA was reverse-transcribed
into cDNA using a Revertaid H-minus cDNA synthesis kit
(ThermoFisher Scientific Inc.).
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TABLE 1 | IFN response gene selection.

TABLE 2 | Cohort characteristics of the COBRA and COBRA-light groups.

Genes Transcription factor binding sites Reason for

selection
IRF proteins STAT1 STAT3 NFkB

INITIAL GENE SELECTION

IFI44L IRF7, IRF8 X X - Technical control

IFI6 IRF7, IRF8, ISRE  — - - IRF-specific

IFITM1 - - - X NFkB-specific

ILTRN - - X - STAT-specific

MX1 IRF7, ISRE X X - Technical control

RSAD2 IRF7 - X - Technical control

ADDITIONAL SELECTION

HERC5 IRF7, ISRE - - - IRF-specific

IFITM2 - - X X IRF- and
STAT1-lacking

LYBE . X X X IRF-lacking

SERPINGT - X X X IRF-lacking

IRGs that contained a binding site for only one type of transcription factor were selected.
Additionally, three other genes were included as technical controls.

“X" indicates that the gene contains a binding site for that transcription factor, whereas
“~" indicates absence of the TFBS in that gene. ISRE; IFN stimulated response element,
binding site of the ISGF3 complex which consists of STAT1, STAT2, and IRF9. Binding is
IRF9-dependent, hence this is considered an IRF-specific binding site.

Interferon Response Gene Selection and
Real-Time PCR

Because GCs have been demonstrated to inhibit the IFN response
in vitro via interaction with specific signaling components such
as IFN regulatory factors (IRFs) (12, 13) and STAT1 protein (14),
three IFN response genes (IRGs) were selected for the presence
of specific transcription factor binding sites (TFBS). Thereto, all
45 IRGs that were previously described to be part of the IFN
signature in RA (17), were submitted to the Transfac algorithm
available from Interferome (http://interferome.its.monash.edu.
au), an online database of IRGs (18). As shown in Table 1, ILIRN
only contained a binding site for the transcription factors STAT3,
IFITM1 only for NFkB and IFI6 only for IRF-proteins, such as
IRF7, IRFS, and IRF9, which binds the IFN responsive element
(ISRE). In addition, RSAD2, MX1, and IFI44L were taken along as
positive controls because of their known well-detectability (9, 15).
To confirm our initial observations, four additional genes were
included based on the presence of certain TFBS (see Table 1).
Real-time PCR was performed using Tagman gene expression
assays and ABI Prism 7500 HT Sequence Detection System
(Thermo Fisher Scientific Inc.), according to the manufacturer’s
protocols. Gene expression values were calculated relative to a
standard curve and normalized to the average expression of two
housekeeping genes: 18S rRNA and HPRT.

Statistical Analysis

One patient was not included in the analyses as the RNA yield
of its T4 sample was not sufficient for further measurements.
Statistical analyses were performed using IBM SPSS Statistics
22. Data normality was checked according to Shapiro-Wilk test,
with a normal distribution if p > 0.05. Because most data

All patients COBRA group  COBRA-light
group

N 35 14 21
Age, years, median (IQR) 54 (45-60) 56 (44-61) 54 (45-59)
Female gender, n (%) 25 (71) 9 (64) 16 (76)
DAS at baseline, median (IQR) 4.0 (3.3-4.6) 4.0 (3.7-4.6) 4.0 (3.3-4.5)
DAS at T26, median (IQR) 1.7(0.8-2.1) 1.2(0.4-2.0) 1.8 (1.0-2.4)
DAS at T26 < 2.4, n (%) 28 (80) 12 (86) 16 (76)

IQR, interquartile range.

were not normally distributed, non-parametric tests were used
for most comparisons. Longitudinal changes in IRG expression
during treatment were tested using Friedman tests, followed by
Wilcoxon signed ranks test. The comparisons of COBRA and
COBRA-light therapy and responders and non-responders were
performed using Mann-Whitney U test. Correlations between
IRG expression and ADAS were assessed using Spearman
correlation and correlations between IRG expression and 2log-
transformed CRP and ESR ratios were assessed using Pearson
correlation. P < 0.05 were considered statistically significant.

RESULTS
Patient Characteristics

Demographic and clinical data are shown in Table2. No
significant differences were observed in clinical characteristics
between the COBRA and the COBRA-light group. After 26
weeks, the COBRA-light group displayed a higher DAS value
and a lower percentage of patients with DAS values below 2.4.
However, these differences did not reach significance, neither at
later time points (data not shown, p > 0.45), which is in line with
previously demonstrated non-inferiority of COBRA-light versus
COBRA therapy (3-5).

Dynamics of the IFN Response During

Immunosuppressive Therapy

In order to gain insight into the dynamics of the IFN response
during COBRA and COBRA-light therapy, we first analyzed the
expression of 6 IRGs at baseline (T0) and after 4 weeks (T4) and
13 weeks (T13) of treatment in the complete group of COBRA
and COBRA-light combined.

As shown Figure 1 and Supplementary Table 1, expression
of all measured IRGs except IFITM1 and ILIRN displayed
significant changes over all time points (Friedman test, p <
0.016, vs. p > 0.057 for IFITM1 and ILIRN). These changes were
most pronounced at T4, with median fold changes ranging from
only 1.1-fold and 1.3-fold for IFITM1 and ILIRN, respectively,
up to 2.5-fold for RSAD2 (Supplementary Figure 1A). In the
significant genes, i.e., IFI6, IFI44L, MX1, and RSAD2, 69-77% of
patients displayed a more than 1.2-fold decrease, whereas only 46
and 57% of the patients showed a more than 1.2-fold decrease
in IFITM1 and ILIRN, respectively (Supplementary Table 1).
As displayed in Supplementary Figure 2, the extent of the fold
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= Since the main difference between COBRA and COBRA-light
g therapy is the dose of prednisolone and the use of SSZ, and
5_0_5- b previous studies have shown a potential suppressing effect of
-% ! those two agents on IRG expression (7, 13, 15), we next analyzed
S -1.04 the two therapy groups separately. The 7 IRGs with most distinct
§ - IFI6 dynamics over time (HERCS, IFI6, IFI44L, LYGE, MX1, RSAD2,
ﬁ 151 = IFl44L and SERPING1) were highly correlating (Spearman r > 0.53, p <
%_2_0_ IFITMA 0.001), hence expression levels of these genes were averaged into
o = IL1RN a 7-IRG score for visualization purposes.
= -2.54 - MX1 As shown in Figure 3, both the COBRA and the COBRA-light
: - RSAD2 group displayed a similar median decrease in IRG expression
3.0 3 x 1o e between TO and T4, despite the difference in prednisolone

Weeks after therapy start

FIGURE 1 | Expression dynamics of individual IRGs during COBRA and
COBRA-light therapy. Both cohorts were merged for initial analysis.

change of T4 and T0 was partly dependent on the gene expression
levels at baseline, i.e., higher baseline expression generally led
to higher fold decreases. However, several patients displayed
relatively low baseline expression and relatively high fold changes
and vice versa, indicating that the extent of the fold change could
not be fully explained by the baseline expression values.

Between T4 and T13, changes in IRG expression were
either non-significant or displayed a moderate increase at
the group level (1.0 to 1.4-fold increase, p 0.012-
0.29), indicating stabilization or even reversal of the IRG
decrease that occurred after 4 weeks of treatment. Of note,
overall dynamics were largely variable between patients (see
Supplementary Figure 1B). Individual dynamics over time are
displayed in Supplementary Figure 3.

Relation Between Transcription Factor
Binding Sites and Sensitivity to

Immunosuppressive Downregulation
Remarkably, the two genes that appeared least affected by the
COBRA and COBRA-light therapy, IFITM1 and ILIRN, both
lacked binding sites for IRF-transcription factors and STAT1 (see
Table 1). This implies that the therapy-related IRG reduction
might be IRF-dependent and/or STAT1-dependent. In order to
test this hypothesis, an additional selection of IRGs was made,
based on the presence of binding sites for either IRF or STAT1
(see Table 1). As shown in Figure 2 and Supplementary Table 2,
the additional IRG that lacked a TFBS for IRF proteins or STAT1,
i.e, IFITM?2 displayed only moderate changes upon treatment,
similar to ILIRN and IFITMI (p = 0.49). Accordingly, the
additional genes with a TFBS for IRF proteins and/or STAT1
showed a considerable downregulation at the group level (p
< 0.012). This further suggests that the therapy-related IRG
reduction is largely IRF- and STAT1-dependent.

dose and SSZ use (Comparison of fold changes, p > 0.19).
However, IRG dynamics between T4 and T13 appeared strikingly
different; whereas in the COBRA-treated group IRG expression
displayed only minor changes (median 1.1-fold, maximum 1.6-
fold increase), the majority of the patients in the COBRA-light-
treated group displayed an increase in expression (median 1.8-
fold, up to maximum 9.9-fold.Comparison of fold changes in
7-IRG score p = 0.029). Significantly more COBRA-light-treated
patients displayed an increase of at least 1.2-fold (chi-square p
= 0.019). Similar results were found for the individual IRGs
(Supplementary Figure 4). There was no significant correlation
between T13/T4 ratio and baseline IRG expression in these
groups (p > 0.12, data not shown), indicating that these dynamics
are dependent on the treatment rather than on the baseline
expression levels.

Dynamics of IFN Response in Relation to

Clinical Response to Therapy

Despite the significant changes in the IFN response observed at
the group level, we also observed substantial variation in IRG
expression between individuals. For example, some patients did
not display downregulation in any of the IRGs between T0 and
T4, or only in a part of them (data not shown). Therefore, we
also investigated whether these inter-individual variations could
be related to the clinical response to COBRA and COBRA-
light therapy.

Non-response was defined as DAS > 24 at T26. As
such, the merged cohort consisted of 7 non-responders and
28 responders. Due to low numbers, the two cohorts could
not be analyzed separately. In line with previous reports,
no correlation was observed between baseline DAS and IRG
expression (15, 17) (data not shown). As shown in Table 3 and
Supplementary Table 3, no significant differences in the 7-IRG
score or any of the treatment-sensitive IRGs were observed
between responders and non-responders, at baseline nor in the
expression and dynamics after 4 and 13 weeks (p > 0.059).
Furthermore, no significant correlation was observed between
IRG expression and dynamics and the change in DAS after 13
and 26 weeks (unadjusted p-values > 0.045).

At T4, where the maximum IRG decline was observed, DAS
was not determined. Instead, we investigated CRP and ESR at T4
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FIGURE 2 | Expression dynamics of individual IRGs during COBRA and COBRA-light therapy. IRGs were categorized based on the presence or absence of
transcription factor binding sites (TFBS) for IRF proteins and/or STAT1. FC, fold change expressed in 2Iog values. P-values are indicated for longitudinal analysis by
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FIGURE 3 | Comparison of longitudinal changes in 7-IRG score between
COBRA (C) and COBRA-light(CL)-treated RA patients. “o < 0.05.

and later time points as indicators of inflammation. Interestingly,
a significant positive correlation was observed between the
change in IRG expression and change in both CRP and ESR
between T0 and T4 (p < 0.051, Pearson r > 0.42 for 7-IRG score,
see Table 3 and see Supplementary Tables 4, 5 for the individual
IRGs). However, this correlation was diminished at later time
points, suggesting that there is no relation with the eventual

TABLE 3 | Assessment of 7-IRG score values and dynamics in relation to clinical
response to COBRA and COBRA-light therapy.

7-1RG score at 2Iog-ratios in 7-IRG

time point score
T0 T4 T13 T4/TO T13/T4

Rvs. NR 017 023 0.56 0.86 0.53
(DAS <2.4 or >2.4 at T26)

ADAS at T13 (correlation) 0.18 0.21 0.72 0.43 0.29
ADAS at T26 (correlation) 0.70 032 0.56 0.58 0.93
2| og-ratio CRP (T4/T0) 0.31 034 0.8 0.010(+) 0.22
2| og-ratio CRP (T13/T0) 0.087 0.68 0.54 0.066 0.25
2| og-ratio CRP (T26/T0) 012 017 0.30 0.61 0.90
2L og-ratio ESR (T4/T0) 023 049 0.68 0.013(+) 0.84
2L og-ratio ESR (T13/T0) 0.083 0.85 0.55 0.038(+) 0.36
2L og-ratio ESR (T26/T0) 0.063 0.36 0.63 0.16 0.75

Table indicates p values. Details of the statistical analyses are described in the methods
section. The direction of the significant correlations is indicated between brackets.

clinical response to COBRA and COBRA-light therapy. Separate
analysis of the COBRA and COBRA-light group revealed similar
results (data not shown).

DISCUSSION

In previous studies using cross-sectional data from RA patients,
we observed lower IRG expression in patients using GCs, SSZ
and hydroxychloroquine, but not in patients using MTX (7,
15). The unique and virtually complete longitudinal collection
of PAXgene blood enabled us to investigate the influence
of immunosuppressive therapy on the IFN response in a
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longitudinal setting. To our knowledge, the present study is the
first to do so.

Using blood collected at baseline and after 4 and 13 weeks of
COBRA or COBRA-light treatment, we observed a substantial
downregulation of the IFN response within 4 weeks of therapy.
This reduction was irrespective of the therapy group, but was not
equally strong for each IRG. Between 4 and 13 weeks, however,
IRG expression changes were highly variable between patients,
which appeared partly dependent on the treatment.

The extent of the downregulation after 4 weeks of treatment
was similar between COBRA and COBRA-light-treated patients.
Most probably, this decline is due to the prednisolone treatment,
as its dose is relatively high in both groups, and it acts more
rapidly than MTX and SSZ. The absence of differences between
COBRA and COBRA-light treatment at this time point suggests
that prednisolone dose of 30 mg/day prednisolone already causes
maximum downregulation. The expression dynamics seemed to
be restricted to IRGs that contained one or more binding sites
for IRF transcription factors and/or STAT1. Conversely, three
genes that lacked such binding sites, displayed considerably less
downregulation during treatment. Previous in vitro studies have
shown that the GC signaling pathway, which is activated by
prednisolone, is able to compete with the IFN signaling pathway
for certain IRF proteins (12, 13) and to inhibit STAT1 activation
(14), which could explain our observations.

Between T4 and T13, the IRG dynamics were more
variable and differed between the two patient groups. Whereas
normalization of IRG expression toward baseline levels was
observed in the COBRA-light-treated group, IRG expression
remained rather stable in the COBRA-treated group. This
is particularly remarkable, as the prednisolone dose is equal
between both groups at after 12 weeks (7.5 mg/day), and the
only difference is the MTX dose (7.5 mg/week in COBRA
and 25 mg/week in COBRA-light) and the addition of 2g
SSZ in the COBRA-treated groups. The total received dose
of prednisolone, however, is 1.5-fold higher in the COBRA-
treated group at this point. Possibly, the combination of SSZ
and higher total prednisolone dose causes a more prolonged
downregulation of the IFN response in the COBRA group.
However, due to the combination of agents, it is not possible
to strongly conclude which agent is responsible for the observed
differences in dynamics.

Unfortunately, no untreated control-group with longitudinal
follow-up was available, hence it cannot be fully excluded
that the IRG dynamics we observed were a consequence
of natural fluctuation. However, the correspondence with
previously published in vitro data (12, 13) as well as our previous
in vivo data (7, 15) and the observed differences between COBRA
and COBRA-light strongly suggest that the observed changes
in IRG expression are not spontaneous but truly mediated by
the treatment.

The observation that not all IRGs appeared equally sensitive
to the immunosuppressive agents of COBRA and COBRA-light
therapies, and the putative influence of total prednisolone dose,
could particularly be important when using the IFN response
as a biomarker, which has been described for several biologics,
including TNF inhibitors, rituximab, and tocilizumab (8, 10, 11,

19, 20). For example, we have demonstrated that the predictive
performance of the 8-IRG geneset for non-response to rituximab
is reduced when patients use prednisolone at the moment
of blood collection, presumably because of a prednisolone-
mediated reduction in IRG expression (7). Correspondingly,
for 5 of the 8 genes in this geneset we have now shown
that they indeed are sensitive to immunosuppressive treatment,
including prednisolone.

Remarkably, the observation that the IRG downregulation
attenuated in COBRA-light-treated patients implies that the IFN
response could normalize upon reduction of the prednisolone
dose. Hence, the 8-IRG geneset might still be applicable
as a predictor for rituximab in patients who are tapering
their prednisolone.

Moreover, it would be particularly interesting to investigate
whether the IRGs that were less affected by COBRA and COBRA-
light treatment could serve as alternative predictors for the
response to biologics, since they do reflect IEN activity in RA
(17), hence they might still play a role in the response to
biologics. Interestingly, the gene IFITM1, which appeared less
sensitive to prednisolone interference, has already been described
as a predictor of rituximab nonresponse in a transcriptomics
study (21). Alternatively, one study demonstrated an association
between IFN-related gene variants and the response to rituximab
(22). Although the predictive value was rather low, the concept of
using IFN-related gene variants, which are naturally insensitive
to therapy interference, would be interesting to study in further
detail and with more IFN-related SNPs (23).

Besides the differential sensitivities of individual IRGs to the
treatments, we also observed high heterogeneity in the IRG
dynamics between patients. As described before, IRG expression
in RA patients is generally highly heterogeneous, which we
observed both at baseline and upon therapy. Although we
observed a linear relation between baseline IRG expression and
the extent of the downregulation after 4 weeks, the variation
in IRG dynamics could not be fully explained by the baseline
variation in IRG expression. This indicates that besides the type
of treatment and the administered doses of treatment, there
are also other factors that could influence the IFN response
in RA. It has been well-discussed that the IRG response in
RA patients is the result of several factors combined, such as
extracellular stimuli (24), receptor expression (25) and genetic
variation in signaling proteins (22, 23, 26). Considering the
putative mechanism of IRG downregulation by prednisolone as
described above, particularly the variation in signaling proteins
could also contribute to a patient’s sensitivity to the observed IRG
downregulation. In addition, many other factors, independent
of baseline IRG expression, such as therapy adherence and the
patient’s sensitivity to glucocorticoids (27) could hypothetically
affect the extent of the IRG downregulation.

Despite this heterogeneity in the IFN response between
patients, we did not observe an association between the IRG
expression or dynamics and the response to COBRA and
COBRA-light therapy. Considering the differences in IRG
dynamics between COBRA and COBRA-light, the potential
relation between IRG expression and clinical response should
ideally be analyzed for both treatment groups separately.
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Since methotrexate has no proven interference with IRG
expression, while prednisolone and sulfasalazine have, the use
of IRG-interfering agents is considerably higher with COBRA-
treatment compared to COBRA-light treatment. Moreover, as
all agents have different modes of action (28-30), hence clinical
response for each agent is probably achieved via different
mechanisms. Consequently, it is possible that the relation
between IRG expression and clinical response is different
between COBRA and COBRA-light. Unfortunately, the current
cohorts were too small to study this in detail.

Since DAS information was not available at T4, a direct
comparison of DAS dynamics and IRG dynamics could not
be made. Instead, we additionally investigated CRP and ESR
as indicators of changes in inflammation in relation to IRG
dynamics. Interestingly, a significant correlation was observed
between IRG decline and CRP and ESR decline at T4, but not
at later time points. At this early time point, clinical effects are
mostly attributed to the prednisolone treatment, whereas at later
time points more influence is anticipated from MTX and SSZ. As
a consequence, the IRG dynamics at T4 could reflect the initial
clinical response to prednisolone, but it does not predict the
eventual clinical response as this is the result of the combination
of agents. It would be interesting to study the potential relation
between IRG dynamics and clinical response in patients using
prednisone as monotherapy compared to patients using MTX
and/or SSZ monotherapy.

In summary, we have demonstrated that both COBRA
and COBRA-light therapy are able to downregulate the IFN
response in RA. The dynamics of this downregulation were partly
dependent on the presence of TFBS within the IRGs and the
combination and dosages of agents, but they were irrespective of
the clinical response to therapy. Altogether, these results shed a
new light on the behavior of the IFN response in RA.
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Multiple Sclerosis (MS) is an autoimmune disease of the central nervous system
(CNS), characterized by the infiltration of mononuclear cells into the CNS and a
subsequent inflammation of the brain. Monocytes are implicated in disease pathogenesis
not only in their function as potential antigen-presenting cells involved in the local
reactivation of encephalitogenic T cells but also by independent effector functions
contributing to structural damage and disease progression. However, monocytes also
have beneficial effects as they can exert anti-infammatory activity and promote tissue
repair. Glucocorticoids (GCs) are widely used to treat acute relapses in MS patients.
They act on a variety of cell types but their exact mechanisms of action including their
modulation of monocyte function are not fully understood. Here we investigated effects
of the therapeutically relevant GC methylprednisolone (MP) on monocytes from healthy
individuals and MS patients in vitro and in vivo. The monocyte composition in the blood
was different in MS patients compared to healthy individuals, but it was only marginally
affected by MP treatment. In contrast, application of MP caused a marked shift toward an
anti-inflammatory monocyte phenotype in vitro and in vivo as revealed by an altered gene
expression profile. Chemotaxis of monocytes toward CCL2, CCL5, and CX3CL1 was
increased in MS patients compared to healthy individuals and further enhanced by MP
pulse therapy. Both of these migration-promoting effects were more pronounced in MS
patients with an acute relapse than in those with a progressive disease. Interestingly, the
pro-migratory GC effect was independent of chemokine receptor levels as exemplified by
results obtained for CCR2. Collectively, our findings suggest that GCs polarize monocytes
toward an anti-inflammatory phenotype and enhance their migration into the inflamed
CNS, endowing them with the capacity to suppress the pathogenic immune response.

Keywords: multiple sclerosis, methylprednisolone therapy, monocytes, M2 polarization, chemokines
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INTRODUCTION

Multiple Sclerosis (MS) is an inflammatory autoimmune
disease of the central nervous system (CNS) involving different
types of immune cells including T cells, B cells, and monocytes.
The most common disease course is characterized by acute
relapses with complete or incomplete remission. This relapsing-
remitting phenotype (RRMS) is observed in the majority of
the MS patients, with young adults being most affected. RRMS
can convert into a secondary-progressive form (SPMS) later
in life, which is characterized by progressive worsening of the
disease with or without additional relapses. The hallmark of
the third form of MS, termed primary-progressive (PPMS), is
a continuous worsening of the symptoms without intermittent
improvements (1). Although numerous new drugs have been
developed within the last decade, the most widely used treatment
of acute relapses is still high-dose methylprednisolone (MP)
pulse therapy to which most patients respond well, resulting in
an amelioration of symptoms within a few days (2). Patients
suffering from SPMS and PPMS are also treated with MP pulse
therapy in the case that the disease is not stable. Mechanistically,
various activities of glucocorticoids (GCs) affecting immune
cells but also non-hematopoietic cell types are discussed (3,
4). Furthermore, the GC response was recently reported to be
highly cell type-specific, both in magnitude and even direction
of transcriptional regulation (5). In the context of MS therapy
it is believed that patients profit most from direct or indirect
dampening effects on T cells. It has been reported that GCs
down-regulate expression levels of pro-inflammatory cytokines
and adhesion molecules required to pass the blood-brain barrier
(BBB). They also promote apoptosis induction in immune cells,
inhibit T cell activation, and additionally exert inhibitory effects
on inflammatory mediators such as nitric oxide (NO) (6). Our
own preclinical studies using the animal model experimental
autoimmune encephalomyelitis (EAE) further revealed that T
cells are the major target cells of free administered GCs (7, 8).
However, effects on myeloid cells were also shown to be crucial if
GC were encapsulated in liposomes (9) or nanoparticles (10). In
addition, we found that altered T cell migration along chemokine
gradients was a mechanism accounting for the therapeutic
activity of GCs in the treatment of neuroinflammation, whereas
apoptosis induction in T cells unexpectedly turned out to be of
minor importance (11).

T cells are the target of most current immunotherapies for
MS patients, highlighting the importance of this cell population
for the pathogenesis of MS. Nevertheless, myeloid cells including
monocytes play important roles for innate immune responses
and indirectly also influence adaptive immune responses by
serving as antigen-presenting cells, and with both functions
they also play a crucial role in MS and EAE (12). They are
found in CNS lesions in EAE and MS and often outnumber
infiltrating T cells. In animal models it has been shown that
monocytic infiltration contributes to disease progression (13),
and monocyte-derived macrophages are key players in the
reactivation of infiltrating T cells (14). Consequently, elimination
of macrophages (15-17) or selective depletion of CCR2*+ Ly-6C
monocytes (18) reduced CNS inflammation. Alterations in the

composition of monocyte subpopulations in the peripheral blood
and cerebrospinal fluid (CSF) of MS patients have been reported
as well, thus further highlighting their substantial role in human
neuroinflammation (19).

In humans, monocytes are a heterogeneous cell population,
constituting ~10% of total leukocytes in the blood. They have
a short life span and evolve in three different subsets: the most
prevalent being CD14TTCD16™ classical (or inflammatory)
monocytes, CD14TTCD16" intermediate state monocytes, and
CD147CD16%" non-classical monocytes (20). They can give
rise to macrophages that encompass a dynamic spectrum
of phenotypes with classical or M1 macrophages (producing
IL-12, IL-1B, NO and reactive oxygen species, and acting
in a pro-inflammatory fashion) and alternatively activated
or M2 macrophages (expressing CD163, CD206, Argl, and
acting in an anti-inflammatory fashion) being the extreme
ends of this spectrum (21). M2 myeloid cells were found to
contribute to an improvement of autoimmune diseases such
as MS and EAE (22-25). Similarly, skewed proportions of
the different monocyte subsets have been reported for many
human inflammatory and autoimmune diseases. For instance,
in rheumatoid arthritis, systemic lupus erythematodes, sepsis,
uveitis and sarcoidosis, intermediate-state monocytes were
expanded (26-31). In contrast, data for MS patients concerning
monocyte subsets are less consistent (19, 32, 33). Classical
pro-inflammatory CD147+CD16~ monocytes are recruited to
the CNS in response to CCL2. Non-classical CD14TCD161+
monocytes, however, are not necessarily beneficial in the
context of MS. Namely, it has been shown that the latter
cells can adhere to the endothelium and help T cells
to extravasate at the site of inflammation and thereby
contribute to MS pathology. Accordingly, they are found in
active and demyelinating lesions and the CSF (33). Beyond
their disease-promoting activity, however, monocytes are also
able to dampen inflammation depending on their subtype
and status.

The influence of different drugs used in the long-term
treatment of MS such as glatiramer acetate (23), dimethyl
fumarate (34), or fingolimod (35) on myeloid cell function
has been intensively investigated. In contrast, effects
of GCs on myeloid cells in the context of MS are less
clear. Treatment of monocytes with GCs in vitro induces
a stable anti-inflammatory gene expression profile (36).
Consequently, such monocytes interfere with T-cell-mediated
inflammation in vivo, where they were shown to directly
suppress the secretion of IL-17 and IFNy without inducing
a direct Th2 shift. Additionally, treatment with GCs enables
monocytes to induce regulatory T cells (Treg) at the site of
inflammation (37, 38).

Here we investigate the influence of MP—it being the most
widely applied GC in MS therapy—on human monocytes from
healthy individuals and MS patients in vitro and ex vivo.
We found evidence that monocyte polarization becomes
skewed toward the M2 phenotype by MP treatment and
that the migration of monocytes along chemokine gradients
is increased without any significant changes in the level of
their respective receptors. These findings suggest that GCs
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also exert their beneficial effects on MS bouts by tuning
monocyte function and not necessarily solely by suppressing
T cells.

MATERIALS AND METHODS

Patients

Thirty patients with established diagnosis of MS according to
the McDonald Criteria revised in 2017 were included in the
current study (14 RRMS, 8 SPMS, 8 PPMS). All patients received
high-dose MP (1,000 mg) intravenously on three consecutive
days according to medical indication (due either to MS relapse
or progressive worsening of neurologic symptoms in patients
with progressive MS). Peripheral blood was drawn in Li-Heparin
monovettes (Sarstedt, Niirnbrecht, Germany) before and 24h
after the first injection of MP. Due to the small volume of
blood that could be obtained from each patient and due to the
sometimes limited recovery of blood after MP therapy, not all
types of analyses were performed for every patient. The number
of patients included in each experiment is therefore indicated in
the figure legends.

Information about MS patients included in this study
(disease subtype, age, gender, severity of clinical symptoms
as assessed by the Expanded Disability Score Scale (EDSS),
acute relapse, disease duration, treatment) are summarized in
Table 1. SPMS patients that were treated with MP due to
an acute relapse (Table1l) were combined with the RRMS
group and collectively referred to as “MS patients with acute
relapse.” In contrast, SPMS patients without an acute relapse
(Table 1) were combined with the PPMS group and referred

TABLE 1 | Summary of the characteristics of patients and healthy individuals
included in the study.

Healthy RRMS SPMS PPMS
individuals

Number 24 14 8 8
Age (years + SD) 29.4 (8.8) 39.4 (8.9) 53.1(7.5) 57.1(10.2)
Females, number (%) 11 (45.8) 7 (50) 5 (62.5) 6 (75)
Mean EDSS score n.a. 2.54(1.05) 6.12(1.21) 5.5(1.23)
(+SD)
Disease duration n.a. 4.79 (4.92) 22.63(13.57) 125(3.2)
(Mean + SD)
Acute relapse, n.a. 13(92.8) 4 (50) -
number (%)
Disease modifying n.a. -
therapy, number (%)
Fingolimod 4 (28.6) - -
IFNB 4 (28.6) - -
Glatirameracetate 2(14.3) 2 (25) -
Dimethylfumarate 1(7.1) - -
Teriflunomide 1(7.1) - -
GC - 2 (25) 5 (62.5)
Rituximab - 1(12.5) -
None 2(14.3) 3(37.5) 3(37.5)

Age, EDSS, and disease duration are presented as mean + SD. n.a., not applicable.

to as “MS patients with progressive disease.” In addition, 24
healthy donors (age and gender summarized in Table 1) were
included. The investigations were conducted according to the
Declaration of Helsinki and national and international guidelines.
The study was approved by the local ethics committee of
the University Medical Center Gottingen. Informed written
consent was obtained from each subject prior to the collection
of blood.

Purification and Short-Term Culture of

Human Monocytes

Peripheral blood lymphocytes were enriched wusing a
lymphoprep gradient (Axis Shield, Oslo, Norway) as described
(11), and monocytes were purified with magnetic beads
(Stemcell Technologies, Koln, Germany). Purity was assessed
on the basis of CDI14/CD16 staining by flow cytometry
using a FACSCanto II device (BD Biosciences, Heidelberg,
Germany), and routinely >95% (Figure 1). Monocytes were
analyzed directly or cultured for 3h in RPMI 1640 medium
supplemented with 0.5% fatty acid-free BSA under serum-
starved conditions in the presence or absence of 107 M MP.
One portion of the cells was used for RNA isolation and surface
marker analyses and the other portion served to assess the
migratory capacity.

Flow Cytometry

Flow cytometric analysis of monocytes was performed as
previously described (11). To this end, cells were stained with
the following monoclonal antibodies (BioLegend, Uithoorn,
The Netherlands) in PBS supplemented with 0.1% BSA and
0.01% NaN3: anti-human CD14-PE/Cy7 (clone: HCD14), anti-
human CD16-APC/Cy7 (clone: 3G8), anti-human CDI163-
PE (clone GHI/61), anti-human CD192 (CCR2)-PerCP/Cy5.5
(clone: K036C2), and anti-human CX3CRI1-FITC (clone: 2A9-1).
Data were acquired on a FACS Canto II device (BD Bioscience)
and analyzed using FlowJo® software (Tree Star, Ashland, OR).

Boyden Camber Assay

After 3h in vitro cultivation with or without MP (see above), 5
x 10° monocytes per well were subjected to a transwell assay
using a pore size of 5pm (Corning Life Sciences, NY, USA) as
previously described (11). Cells were allowed to migrate along a
gradient of 10 ng/ml CCL2, 10 ng/ml CCL5, or 1 ng/ml CX3CL1
(ImmunoTools, Friesoythe, Germany) for 1h. The medium
in the lower chamber was harvested and the transmigrated
monocytes attached to the plate were incubated with 2 mM EDTA
in PBS for 20 min at 37°C. Detached cells were scratched off the
well bottom and pooled with the harvested medium for analysis.
Finally, cells were quantified by flow cytometric analysis using
Calibrite Beads (BD Bioscience).

Quantitative RT-PCR

Quantitative RT-PCR was performed as previously described
(11). To this end, total RNA was isolated using the Quick-
RNA MiniPrep Kit (Zymo, Irvine, CA) and cDNA was
prepared with the iScript Kit (Bio-Rad, Munich, Germany).
Quantitative RT-PCR was performed on an ABI 7500
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instrument (Applied Biosystems, Darmstadt, Germany)
using the SYBR mastermix from the same company. Results were
normalized to the mRNA expression of HPRT and evaluated
using the AACt method. Primer sequences are depicted
in Table 2.

Statistical Analysis

Data sets were initially subjected to the Shapiro-Wilk normality
test to analyze Gaussian distribution. Depending on the results,
either a parametric or a non-parametric test was employed,
and in the case of matched data, a paired test was used.
Accordingly, the experimental groups were compared with a
t-test, Mann Whitney test, Wilcox matched-pairs signed rank
test, or a One-way ANOVA followed by Newman-Keuls Multiple
Comparison test as outlined in the figure legends. Analyses were
performed with GraphPad Prism software (San Diego, CA). Data
are depicted as box-and-whiskers plots showing the minimum,
maximum and median, or as the mean & SEM in all other types
of graphs. Levels of significance are as follows: n.s. p > 0.05;
*p < 0.05; %p < 0.01; **p < 0.001.

RESULTS

The Abundance of Classical CD14*+*CD16~
Monocytes Is Increased in MS Patients
Independently of Disease Activity

Furthermore, we did not observe any differences concerning
the abundance of monocyte subtypes between MS patients
with progressive disease and those undergoing an acute
relapse (Figure 2).

GCs Have Only a Minor Impact on

Monocyte Subset Distribution

Monocytes were isolated from MS patients with progressive
disease or an acute relapse before they received a bolus
injection of MP. To study short term effects of GCs, the
ex vivo retrieved cells were incubated for 3h in vitro in the
absence (control) or presence of 107® M MP. In addition,
monocytes were isolated from the same MS patients again
24h after MP pulse therapy to determine long term effects of
GC treatment in vivo. In the case of patients with an acute
relapse, monocyte subset distribution remained unaltered by
MP treatment with regard to both short and long term effects
(Figure 3). In contrast, we observed an increased frequency of
classical CD147+CD16™ monocytes in patients with progressive
disease after long term MP pulse therapy, and a concomitant
but non-significant reduction of non-classical CD14*CD16%+
monocytes (Figure 3).

TABLE 2 | Primer sequences used for quantitative RT-PCR analysis.

Monocytes were purified from the peripheral blood of healthy =~ Gene  Forward primer Reverse primer

individuals and MS patients and analyzed for the distribution — "™¢

of cellular subsets by flow cytometry (Figurel). Classical — ngac; aaG AGC AGT GGAAGG ACAGC  CCAGGT TGATTG CAG GCT GA

CD147*CD16~ monocytes were significantly more abundant ;18  AACAGG CTG CTCTGG GATTC — AGT CAT GCT CAT TGC CAC TGT

in MS patients than in healthy control subjects whereas D163 GGCTTGCAGTTTCCTCAAGA  AGC TGA CTC ATG GGA ATT TTC TG

non-classical CD14TCD16%" monocytes were less frequent — CD206 CGATCC GAC CCTTCCTIGACT — AGT ATG TCT CCG CTT CAT GCC

in MS patients (Figure2). In contrast, the percentage of /10  AAGACC CAGACATCAAGG CG  AAT CGATGA CAG OGC CGT AG

intermediate state CD147TCD16" monocytes was unaltered. =~ ARGT ~ GGAGTCATCTGG GTG GATGC  GGC ACATCG GGA ATC TTT CCT

Noteworthy, these findings are in line with previous reports (19). ~ H?7  CCTGGCGTCGTGATTAGT GA  CGA GCAAGA CGT TCA GTC CT
A A

SSC

live cells
79.9%

B B o o e e T L
0 50K 100K 150K 200K 250K

>

FSC

FIGURE 1 | Representative FACS analysis illustrating the applied gating strategy. Monocytes were isolated from an MS patient and stained for CD14 and CD16
surface expression using fluorochrome-conjugated monoclonal antibodies. The left plot depicts the gating for living cells based on forward scatter (FSC) and side
scatter (SSC). The right plot shows gating for classical CD14++CD16~ monocytes, intermediate state CD14+t+CD161 monocytes, and non-classical
CD14+CD16%+ monocytes. The borders of the gates and the percentages of cells therein are indicated in each plot.
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FIGURE 2 | Distribution of monocyte subsets in the peripheral blood of
healthy subjects and MS patients with progressive disease or an acute
relapse. Monocytes were isolated from the peripheral blood and the
percentages of CD141+CD16~ inflammatory monocytes (A),
CD141+CD167 intermediate state monocytes (B), and CD14+CD16++
non-classical monocytes (C) were determined by flow cytometry. MS patients
were divided into two groups according to their disease activity (progressive,
relapse). Data are presented as box-and-whiskers plots showing the
minimum, maximum and median; n = 20 (healthy subjects), n = 8 (MS
progressive), n = 12 (MS relapse). Statistical analysis was performed using a
One-way ANOVA and Newman-Keuls Multiple Comparison test. Levels of
significance: n.s. p > 0.05; “p < 0.05; *p < 0.01; **p < 0.001.

GCs Induce Monocyte Polarization Toward
an Anti-inflammatory M2 Phenotype

In addition to the classification of monocytes on the basis
of cell surface receptors, their phenotype can be characterized
by determining their gene expression profile. To this end, we
performed an mRNA expression analysis of genes that have
been linked to either an M1 or M2 polarization. Monocytes
were isolated from healthy subjects and MS patients, incubated
with or without 107 M MP in vitro for 3h and analyzed
by quantitative RT-qPCR. In addition, long term GC effects
were investigated 24h after MP pulse therapy in vivo (only
patients). Initially, we analyzed mRNA levels of NR3CI, the
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FIGURE 3 | Impact of GC treatment on monocyte subset distribution in MS
patients with progressive disease or an acute relapse. Monocytes were
isolated from MS patients before MP pulse therapy and incubated for 3h
without (control) or with 10~6 M MP in vitro. A second blood sample was
obtained from the same MS patients 24 h after MP pulse therapy in vivo. The
percentages of CD141+CD16~ inflammatory monocytes (A),
CD141t+CD16T intermediate state monocytes (B), and CD14TCD167+
non-classical monocytes (C) were determined by flow cytometry. MS patients
were divided into two groups according to their disease activity (progressive,
relapse). Data are presented as the mean + SEM; n = 8 (MS progressive),

n =12 (MS relapse). Statistical analysis was performed using a One-way
ANOVA and Newman-Keuls Multiple Comparison test. Levels of significance:
n.s. p > 0.05; *p < 0.01 (control vs. 24 h); #p < 0.05 (8 vs. 24h).

gene encoding the GC receptor (GR). NR3CI expression did
not significantly differ between healthy subjects and MS patients
and was reduced by MP treatment as expected (39, 40).
However, the latter effect reached statistical significance only in
the case of the in vivo therapy (Figure 4A). Expression analysis
further revealed that mRNA levels of ILIB, a pro-inflammatory
cytokine that is typical for an M1 polarization of monocytes,
were reduced by MP treatment in healthy subjects and MS
patients both in vitro and in vivo (Figure 4B). Concomitantly,
the M2 marker genes ARGI, CD163, and CD206 as well as
the gene encoding the anti-inflammatory cytokine ILI0 were
all increased in monocytes of healthy subjects and MS patients
following MP treatment, although the differences were not always
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FIGURE 4 | Modulation of the phenotype of monocytes from healthy subjects and MS patients by GCs. Monocytes were isolated from the peripheral blood and
cultured without (control) or with 10=6 M MP for 3h in vitro. A second blood sample was obtained from the same MS patients 24 h after MP pulse therapy in vivo.
Thereafter, RNA was prepared and analyzed by quantitative RT-PCR for mRNA levels of NR3C17 (A), IL1B (B), CD163 (C), CD206 (D), IL10 (E), and ARG (F). Gene
expression was evaluated using the A ACt method and normalized to HPRT. Data are presented as the mean + SEM; n = 6 (healthy individuals), n = 9 (MS patients).
Statistical analysis was performed using a paired t-test (IL78, CD206) or a Wilcox matched-pairs signed rank test (NR3C1, CD163, IL10, ARGT). Levels of
significance: n.s. p > 0.05; *p < 0.05; **p < 0.01.

statistically significant (Figures 4C-F). It is noteworthy that in ~ MP induces a shift toward the anti-inflammatory M2 monocyte
general, GC effects were more pronounced after high-dose MP  phenotype, which is most evident in MS patients receiving high-
pulse therapy than following in vitro culture (Figure4). Gene  dose MP pulse therapy.

expression levels for CD163 and IL10 were found to be elevated . .

in MS patients compared to healthy individuals in the steady GCs Enhance the Migratory Capacity of
state (Figure 4). To confirm our results at the protein level, we ~ Monocytes Along Chemokine Gradients
analyzed surface expression of CD163 as an example by flow  Transmigration of monocytes across the BBB and infiltration
cytometry. There were no differences in CD163 levels after short  into the meninges and parenchyma is a hallmark of MS and
term MP treatment in vitro, either for healthy subjects or MS  guided by a set of pro-inflammatory chemokines (41). It is
patients (Figure 5A and data not shown). However, 24 h after MP  against this background that we determined the migratory
pulse therapy in vivo, CD163 surface levels were strongly elevated  capacity of monocytes from healthy subjects and MS patients
in a subgroup of MS patients (Figure 5). Interestingly, 6 out of 7 after GC treatment in vitro and in vivo. The spontaneous basal
patients in whom CD163 surface expression on monocytes was  migration rate of monocytes in the absence of a chemokine
upregulated were suffering from an acute relapse. Collectively,  gradient was low and independent of disease status and MP
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FIGURE 5 | Analysis of monocyte CD163 surface levels in MS patients.
Monocytes were isolated from MS patients before MP pulse therapy and
cultured without (control) or with 10=6 M MP for 3h in vitro. A second blood
sample was obtained from the same MS patients 24 h after MP pulse therapy
in vivo. CD163 surface expression was analyzed by flow cytometry on all cells
independently of the CD14/CD16 status. (A) Representative stacked
histograms are depicted for an MS patient in which CD163 surface levels were
upregulated after MP pulse therapy. (B) Percentages of CD163 monocytes
before (control) and 24 h after MP pulse therapy in vivo. The corresponding
values for each patient are connected by a line. n = 15. Statistical analysis
was performed using a Mann Whitney test. Levels of significance: “o < 0.05.

treatment (Figure 6A). Expectedly, monocytes migrated toward
the chemokines CCL2, CCL5, and CX3CL1, with a higher
migratory activity observed for monocytes from MS patients
compared to healthy individuals (Figures 6B-D). Short term
in vitro culture slightly increased the migratory capacity of
monocytes retrieved from healthy subjects and MS patients,
although significance was missed in most cases (Figures 6B-D).
In contrast, in vivo MP pulse therapy of MS patients strongly
and significantly enhanced the migratory capacity of monocytes
in response to all three chemokines (Figures 6B-D). In addition,
we further dissected the migratory capacity of monocytes toward
CCL2, the chemokine that caused the largest effects, for MS
patients according to their individual disease activity. It turned
out that the basal migration was the same in both groups, whereas
MS patients with progressive disease had a lower CCL2-directed
migration than MS patients with an acute relapse (Figure 7).
Importantly, the results for monocyte migration toward CCL2
were comparable for both groups with regard to short and long
term MP effects (Figure 7B). Furthermore, the same tendency
was observed for patients from different MS subtypes (RRMS,
SPMS, PPMY), although statistical significance was not reached

here due to limited numbers of patients (data not shown). In
summary, our data indicate that high-dose MP pulse therapy of
MS patients enhances monocyte chemotaxis.

The Frequency of CCR2*T Monocytes and
Their CCR2 Surface Expression Levels Are
Unaffected by GC Treatment

Monocyte migration along chemokine gradients depends on
the surface expression of the respective receptors as well as
intracellular signaling pathways and cytoskeletal rearrangements.
To distinguish between these mechanisms, we tested alterations
in chemokine receptor expression levels exemplified for CCR2,
the receptor of CCL2 which is the chemokine that induced
the most robust migration and alteration by GC treatment
(Figures 6, 7). The percentage of CCR2T monocytes in MS
patients was significantly higher than in healthy subjects
(Figure 8A), which is in agreement with their higher percentage
of classical inflammatory CD147+CD16~ monocytes (Figure 2).
In contrast, the surface density of this receptor was not
significantly changed (Figure 8B). Importantly, MP pulse
therapy of MS patients neither altered the abundance of CCR2*
monocytes nor the surface expression levels of the receptor
(Figures 8A,B), indicating that the increased migration of
monocytes toward CCL2 after MP treatment was unrelated to
GC effects on the chemokine receptor itself. Notably, CX3CR1™
monocytes in MS patients were less abundant than in healthy
subjects and unaffected by MP pulse therapy (data not shown),
which is also in line with the lower abundance of non-classical
CD147CD16%" monocytes in MS patients regardless of their
treatment (Figure 2).

DISCUSSION

MS is a complex disease involving multiple interactions between
different immune cell populations. Although T cells undoubtedly
play a very important role in the pathogenesis of MS, monocytes
are implicated in disease pathogenesis too and therefore
represent potential therapeutic targets. They can contribute to
inflammatory processes by influencing Th17 cell differentiation
(30) and impact T-cell activation and differentiation, e.g., by
down-regulation of cytokine production or induction of Treg
cells at the site of inflammation (37). Although progress has
been made in the understanding of these processes (42, 43),
the role of different monocyte subsets in autoimmune diseases
such as MS remains incompletely understood. Monocytes
are rapidly mobilized in large numbers to inflamed sites
and also possess T cell-independent effector functions such
as phagocytic activity and the secretion of pro-inflammatory
cytokines and chemokines. Interestingly, these cells can even be
found in the healthy human brain. Especially intermediate state
CD147TCD16™ monocytes are present in the CSF of healthy
subjects, where they account for >50% of all monocytes (19),
which highlights their importance for the immune surveillance
of the CNS. In pathological conditions such as MS, monocytes
are found in active and early demyelinating lesions and thus
may contribute to the breakdown of the BBB. Nevertheless,
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FIGURE 6 | Monocyte migration along chemokine gradients in healthy subjects and MS patients under the influence of GCs. Monocytes were isolated from healthy
subjects and MS patients before and after (24 h in vivo) MP pulse therapy. Cells were cultured in the absence (control) or presence of 106 M MP for 3h in vitro and
then transferred into the upper part of a Boyden chamber. Basal monocyte migration without a chemokine gradient (A) and migration toward a gradient of CCL2 (B),
CCL5 (C), or CX3CL1 (D) into the lower part of the Boyden chamber were analyzed by flow cytometry and results are depicted as the percentage of transmigrated
cells (mean £+ SEM). n = 19/19/11/9 (healthy subjects), n = 13/15/12/17 (MS patients). For statistical analysis, untreated samples were compared to each other using
a t-test, comparison of untreated vs. MP-treated samples from healthy subjects was performed using a paired t-test, and comparison of samples from MS patients to
each other was performed using a One-way ANOVA and Newman-Keuls Multiple Comparison test. Levels of significance: n.s. p > 0.05; *p < 0.05; *p < 0.01;
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FIGURE 7 | Monocyte migration along a CCL2-gradient in MS patients with progressive disease or an acute relapse under the influence of GCs. The data are the
same as in the experiment presented in Figure 4, but the MS patients are now divided into two groups according to their disease activity. Basal monocyte migration
without a chemokine gradient (A) and migration toward a gradient of CCL2 (B) into the lower part of the Boyden chamber were analyzed by flow cytometry and are
depicted as the percentage of transmigrated cells (mean + SEM); n = 4/6 (progressive), n = 9/9 (relapse). For statistical analysis, untreated samples were compared
using a t-test and comparison of samples from MS patients to each other was performed using a One-way ANOVA and Newman-Keuls Multiple Comparison test.
Levels of significance: n.s. p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.

depletion of this cell type is not advisable as they can also have  reduced structural damage (44). It is further noteworthy that
beneficial effects in the resolution phase of inflammation and  a removal of monocytes would be difficult to achieve because
repair processes. For instance, when myeloid cells transduced  they only have a short half-life of a few days. Selectively
with the innate immune receptor TREM2 were applied in  employing the anti-inflammatory capacity of monocytes while
EAE mice, they created an anti-inflammatory milieu in the avoiding a general immune suppression might, however, be
CNS resulting in the amelioration of clinical symptoms and  favorable for the treatment of autoimmune diseases like MS.
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FIGURE 8 | Analysis of CCR2 surface expression levels in monocytes from
healthy subjects and MS patients before and after GC treatment in vivo.
Monocytes were isolated from healthy subjects as well as MS patients before
and 24 h after MP pulse therapy in vivo. CCR2 surface expression was
analyzed by flow cytometry and subsequently the percentage of CCR2+
monocytes (A) and the surface level of CCR2 based on the mean fluorescence
intensity (MFI) were determined (B). Data are presented as box-and-whiskers
plots showing the minimum, maximum and median; n = 13/22/17. Statistical
analysis was performed using a One-way ANOVA and Newman-Keuls Multiple
Comparison test. Levels of significance: n.s. p > 0.05; **p < 0.001.

In this respect it is relevant that GCs induce a stable anti-
inflammatory phenotype in mouse monocytes following their
treatment in vitro (36). After transfer into recipient mice, such
monocytes were found to maintain their polarization and were
able to repress T-cell-mediated inflammation even when it was
already established (37). Astonishingly, relatively little is known
about the mechanisms by which GCs impact this immune
cell population during MS pulse therapy, albeit myeloid cells
are known to contribute to the pathogenesis of MS and EAE.
Expression of the GC receptor in myeloid cells was found to be
dispensable for the treatment of EAE with free dexamethasone
(7). However, when the GCs were targeted to myeloid cells by

encapsulation into liposomes (9) or nanoparticles (10), their
effects on monocytes/macrophages turned out to be crucial for
their therapeutic efficacy in the same EAE model. In this case,
GC treatment resulted in a strong M2 polarization of myeloid
cells, which was essential for an amelioration of the disease
symptoms (9, 10).

In this study, we report that GCs also have pronounced
effects on human monocytes, especially those from MS patients.
In vitro culture of monocytes from MS patients with MP resulted
in an increased gene expression of the M2 markers ARGI,
CD163, and CD206 and the anti-inflammatory cytokine ILI0,
and the concomitant down-regulation of the mRNA level of
the pro-inflammatory cytokine IL1B. This effect was even more
pronounced after MS patients were subjected to 24h of MP
pulse therapy. Hence, GCs induce an anti-inflammatory M2
monocyte phenotype in MS patients. Surprisingly, we found that
the migration of monocytes toward several pro-inflammatory
chemokines was enhanced after the exposure to MP in vitro
and in vivo. Presumably, this effect is mostly independent of a
modulation of the expression levels of the respective chemokine
receptors. Neither the frequency of CCR2*T monocytes nor the
surface level of this receptor were significantly increased after MS
patients underwent MP pulse therapy. Hence it is likely that GCs
influence processes other than chemokine receptor levels leading
to an enhanced chemotaxis of monocytes. It is noteworthy that
we previously described a similar phenomenon for the impact
of GCs on the migratory behavior of T cells toward CCL19 and
CXCL12, which turned out to be independent of the levels of the
respective chemokine receptor as well (11). Therefore, it appears
likely that downstream signaling pathways are responsible for the
altered migration of monocytes after GC treatment. It has been
reported that phospholipase C and phosphokinase C are involved
in CCR2 signaling (45), leading to an activation of focal adhesion
kinase (FAK) (46). The observation that FAK is phosphorylated
in response to GCs in T cells (11) provides a possible explanation
for synergistic effects of GCs and CCL2 on monocyte migration.
Further support for this notion comes from a report that paxillin,
a downstream signaling molecule of FAK, is induced by GCs
in human mesenchymal stem cells and thereby enhances their
migration (47), and that GCs influence the cytoskeleton of T cells
via phospholipase C (48), an effect which could also impact the
migratory behavior of monocytes.

Interestingly, frequencies of inflammatory and non-classical
monocytes were not substantially influenced by MP treatment
although our gene expression analysis revealed a shift toward
an anti-inflammatory phenotype under these conditions.
Apparently, the cell populations defined by either surface
expression of CD14 and CD16 or gene expression of anti-
inflammatory molecules are different. It has been shown
that human M2 polarized macrophages display a more motile
phenotype and migrated more directed and over longer distances
toward CCL2 as compared to M1 or MO macrophages (49).
Additionally, it has been hypothesized that the inflammatory
chemokine CCL2 might have a beneficial role in MS because its
levels are higher in the remission phase than during relapses,
although no clear explanation for this phenomenon could be
provided (50). This suggests that in phases of disease remission
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M2 polarized macrophages and monocytes are recruited to
the site of inflammation by CCL2, where they promote repair
and remyelination. We postulate that the application of GCs
enhances this natural repair mechanism by affecting two
different aspects of this process. First, GC application promotes
M2 polarization of monocytes and second, it enhances the
migration of these M2 polarized monocytes toward different
chemokines. It is tempting to speculate that under these
circumstances anti-inflammatory monocytes already reach the
CNS at time points when natural repair mechanisms have not
yet been initiated, thereby accelerating and optimizing the repair
process and facilitating the remission of the disease.

Although T cells are still widely considered to be the
major target cells of MP pulse therapy, resulting in changes in
cytokine expression, adhesion molecule expression, migration
and apoptosis (51), some effects of GCs on myeloid cells have
already been described in the past. For instance, the phagocytic
potential of human monocytes was enhanced by the incubation
with dexamethasone in vitro (52). Interestingly, enhanced
phagocytosis of macrophages in vitro is associated with an M2
polarization (53, 54). Furthermore, high-dose MP pulse therapy
resulted in a decreased frequency of monocytes producing IL-
8, which is typical for the inflammatory CD14T*CD16~ subset
(55). While we did not observe a change in the frequency of
inflammatory or non-classical monocytes 24 h after MP pulse
therapy, it is noteworthy that the aforementioned decrease of
IL-8-producing monocytes was described 5 days after treatment,
suggesting that such a change might be evident only at a later time
point. In addition, GC treatment of EAE in mice resulted in a
reduced expression of beta-arrestin-1 and enhanced mRNA levels
of AIAR (56), which is thought to regulate cytokine expression
and release and NO production in myeloid cells (57). In fact,
mRNA levels of cytokine genes were at least partially affected
by GCs in our study: we observed a reduced expression of the
pro-inflammatory cytokine ILIB and an increased expression
of the anti-inflammatory cytokine ILI0. Interestingly, previous
reports indicated that IL-6 levels were not changed by GCs in
human monocytes (36), which is in contrast to mouse monocytes
(58). The reason for this species difference, however, is unclear.
Furthermore, analysis of human monocyte-derived dendritic
cells showed that GCs induced IL-10 secretion in vitro (59),
and analysis of human monocyte-derived macrophages revealed
that GCs repressed IL-6 and TNFa responses induced by LPS
stimulation in vitro (60). Collectively, these findings are in
line with our finding that GC treatment modulates cytokine
expression by human monocytes.

Our data suggest that CCL2 is the chemokine that controls
monocyte migration into the CNS to a higher degree compared
to the other chemokines tested in this study. The migration rate
of untreated monocytes from healthy subjects and MS patients
toward CCL2 was higher compared to CCL5 and CX3CLl,
which confirms previous data also showing higher migration
rates of human monocytes toward CCL2 in comparison to
CX3CL1 (19). Hence, it does not come as a surprise that

CCL2-directed migration is also the predominant target of GCs
in the context of chemotaxis. Still, it is somewhat contradictory
at first sight that chemotaxis toward an inflammatory chemokine
is increased by GCs rather than decreased. We believe that
this observation needs to be interpreted in the light of the
concurrent phenotypic changes that lead to an anti-inflammatory
polarization of monocytes. It appears that GCs promote the
infiltration of those monocytes into the CNS that are able
to terminate inflammation and initiate repair processes, thus
contributing to an amelioration of disease symptoms after MP
pulse therapy of MS patients. Of note, the occurrence of anti-
inflammatory activity of myeloid cells in inflammatory CNS
diseases has been reported previously (61, 62) but the exact
mechanisms remained incompletely understood.

In summary, GCs exert marked effects on monocytes from
MS patients, which could in part explain the therapeutic efficacy
of MP pulse therapy. Apparently, these effects are achieved by a
combination of M2 polarization and enhanced chemotaxis and
certainly play an important role in addition to the well-described
impact of GCs on T-cell function. Therefore, GCs should not
only be considered as T-cell suppressors but also as modulators
of myeloid cells in MS therapy.
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Glucocorticoids (GCs) are steroid hormones predominantly produced in the adrenal
glands in response to physiological cues and stress. Adrenal GCs mediate potent
anti-inflammatory and immunosuppressive functions. Accumulating evidence in the past
two decades has demonstrated other extra-adrenal organs and tissues capable of
synthesizing GCs. This review discusses the role and regulation of GC synthesis in
the intestinal epithelium in the regulation of normal immune homeostasis, inflammatory
diseases of the intestinal mucosa, and the development of intestinal tumors.

Keywords: glucocorticoids, intestinal mucosa, intestinal immune homeostasis, inflammatory bowel disease,
colorectal cancer, liver receptor homolog-1, tumor necrosis factor

GENERAL ASPECTS OF GLUCOCORTICOIDS

Glucocorticoids

Glucocorticoids (GCs) are immunoregulatory hormones synthesized in the adrenal cortex and
secreted into the blood in a circadian mode under physiological and stress conditions (1). GCs
regulate fundamental body functions in mammals including control of cell growth, development,
metabolic homeostasis, cognition, mental health, immune homeostasis, and apoptosis (2-5).
In the 1940s GCs were discovered as extracts of the adrenal cortex. This was followed by
the isolation of adrenocorticotropic hormone (ACTH) from pituitary gland extracts. In 1950,
Kendall, Reichstein, and Hench were awarded the Nobel Prize in Physiology and Medicine
for their pioneering work in describing that GCs had a powerful anti-inflammatory effect
in the treatment of rheumatoid arthritis (6, 7). Since the 1950s, and owing to their strong
anti-inflammatory and immunosuppressive activities, GCs have been widely used for the treatment
of inflammatory disorders and autoimmune diseases, such as asthma, rheumatoid arthritis,
dermatitis, inflammatory bowel disease (IBD), sepsis, lupus erythematosus, and multiple sclerosis
(7-11). GCs are also used as immunosuppressive drugs following organ transplantation and in the
treatment of leukemia (11, 12).

Immunological, environmental, and emotional stress induces the release of GCs to mediate
immunoregulatory activities, mostly immunosuppressive, on distant tissues and cells, in particular
in immune cells (4). For example, GCs have an immunosuppressive activity on T cell-mediated
immune responses (13) and this is why they are frequently used for the treatments of
T cell-mediated immunopathologies.
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The synthesis of adrenal GCs is regulated by the
hypothalamic-pituitary-adrenal (HPA) axis (Figurel), and
controlled by the main circadian oscillator located in the
suprachiasmatic nucleus (SCN) of the hypothalamus (1). Basal
and stress-inputs to the hypothalamus promote the release of
corticotropin-releasing hormone (CRH) from neurosecretory
cells of the paraventricular nucleus (PVN), which stimulates
the synthesis and secretion of ACTH (corticotropin) from the
anterior pituitary gland. ACTH in turn promotes the production
and secretion of GCs (cortisol in humans and corticosterone in
rodents) from the adrenal cortex (14) (Figure 1). Afterwards,
GCs target the hypothalamus and the anterior pituitary to
inhibit the release of CRH and ACTH in a negative feedback
loop (Figure1). GCs act on almost all types of cells in the
body to maintain homeostasis both, in response to normal
diurnal changes in metabolism and in response to stress (2, 3).
Noteworthy, inflammatory cytokines including interleukin-1
beta (IL-1B), IL-6, and tumor necrosis factor alpha (TNF) were
also reported to stimulate the release of ACTH and CRH further
indicating the bidirectional communication between immune
and neuroendocrine systems (15).

Adrenal GC Synthesis

Adrenal GCs are synthesized and released by the zona fasciculata
of the adrenal cortex in a circadian manner, as well as in
response to environmental and immunological stress (16).
GCs are synthesized from the precursor cholesterol and the
synthesis is regulated by the transcriptional control of the
steroidogenic enzymes that involve cytochrome P450 (CYP)
oxidative enzymes and hydroxysteroid dehydrogenase (HSD)
enzymes (1) (Figure 1). The first step in steroidogenesis takes
place within mitochondria, where cholesterol is transported
from the outer to the inner mitochondrial membrane by the
steroidogenic acute regulatory protein (StAR) (17). The first
and rate-limiting step in steroid synthesis is the conversion of
cholesterol to pregnenolone by the action of side-chain cleavage
enzyme, P450scc, encoded by the CYPI1AI gene (Figure1).

Abbreviations: ACTH, Adrenocorticotropic hormone; AF-1, activation function
1; AP-1, activator protein 1; APC, Adenomatous polyposis coli; cAMP, cyclic
adenosine monophosphate; CD, Crohn’s disease; CREB, cAMP response element
binding protein; CRH, corticotropin-releasing hormone; CTL, cytotoxic T
lymphocyte; CTLA-4, CTL-antigen 4; CYP, cytochrome P450; DBD, DNA-
binding domain; DC, dendritic cell; DLPC, dilauroyl phosphatidylcholine; DSS,
dextran sulfate sodium; GC, Glucocorticoids; GILZ, glucocorticoid-induced
leucine zipper; GR, glucocorticoid receptor; GRE, GC response element; HPA,
Hypothalamus-pituitary-adrenal (gland); HSD, hydroxysteroid dehydrogenase;
IBD, Inflammatory Bowel Disease; IEC, intestinal epithelial cell; IEL, intraepithelial
lymphocyte; IFN-y, interferon gamma; ISC, intestinal stem cell; LCMV,
lymphocytic choriomeningitis virus; LBD, ligand-binding domain; LPL, lamina
propria lymphocyte; LRH-1, liver receptor homolog-1; MAPK, mitogen activated
protein kinase; MC, mineralocorticoid; NF-kB, nuclear factor “kappa-light-chain-
enhancer” of activated B cells; NR, nuclear receptor; NR5A1, nuclear receptor
subfamily 5 group A member 1; PD-1, programmed death-1; PMA, phorbol
myristate acetate; PPARy, peroxisome proliferator-activated-receptor gamma;
PVN, paraventricular neuron; SCN, suprachiasmatic nucleus, SF-1, steroidogenic
factor 1; SHP, small heterodimer partner; StAR, steroidogenic acute regulatory
protein; STAT, signal transducer and activator of transcription; TCR, T cell
receptor; TEC, thymic epithelial cell; TF, transcription factor; TGE, transforming
growth factor; TJ, Tight junction; TNBS, 2,4,6-trinitrobenenesulphonic acid; TNE,
tumor necrosis factor; TNFR, TNF-receptor; UC, ulcerative colitis.

Thus, it is the expression of P450scc that renders a cell
steroidogenic, i.e., able to synthesize steroids de novo. Supporting
this notion, mice with a deletion of the Cypllal gene suffer
from steroid deficiency (17-19). In humans, once pregnenolone
is produced from cholesterol, it undergoes 17a-hydroxylation
by P450c17 (CYP17) to yield 17a-hydroxypregnenolone. Next,
pregnenolone is converted to progesterone by 3B-HSD (20).
Afterwards, 21-hydroxylase (CYP21) converts progesterone into
11-deoxycortisol (humans) or 11-deoxycorticosterone (rodents),
then 11B-hydroxylase encoded by the CYP11BI gene catalyzes
the last hydroxylation step in the GC synthesis. The last
step comprises the conversion of 11-deoxycortisol to cortisol
in humans, and 11-deoxycorticosterone to corticosterone in
rodents, since the rodent adrenals lack CYP17 enzyme (20,
21) (Figure 1).

Several factors have been shown to contribute to and modify
the cellular and organismal responses to GCs. Notably, most of
the secreted cortisol in the blood (~90%) is bound to proteins
(corticosteroid-binding globulins and albumin). This binding
regulates the general availability of GCs to tissues and/or direct
the delivery of hormones to specific sites (22-24).

It is known that the presence of an 11B-hydroxyl group
is essential for the anti-inflammatory and immunosuppressive
effects of GCs and for the sodium-retaining effects of the
mineralocorticoids (MCs). Therefore, it has been shown that the
isoenzymes of 11P-hydroxysteroid dehydrogenase (118-HSD)
critically regulate the conversion between the active and the
inactive form of a steroid in target cells. 11B-HSD2 catalyzes the
conversion of cortisol, the biologically active form, to the inactive
cortisone, whereas 118-HSD1 converts cortisone to cortisol.
Thus, 11B-HSD1, which is expressed in a wide range of tissues
and predominantly in the liver, facilitates GC hormone actions
whereas the major role of 118-HSD2 is to prevent cortisol from
gaining access to high-affinity MC receptors. Therefore, 11p-
HSD2 is predominantly expressed in the MC responsive cells of
the kidney and other MC target tissues such as the colon (11).

Adrenal GC synthesis is regulated by the orphan nuclear
receptor (NR) steroidogenic factor 1 (SF-1), encoded by the
NR5AI (nuclear receptor subfamily 5, group A, member 1)
gene. SF-1 plays a key role in the development and function
of steroidogenic tissues, and has emerged as a key regulator of
endocrine function within the hypothalamic-pituitary-gonadal
axis and adrenal cortex, and as an essential factor in sex
differentiation. SF-1 was first identified as an essential regulator
of endocrine development and function, including steroid
hormone biosynthesis, via induction of the expression of
steroidogenic enzymes, including CYP11A1, CYP17, CYP21,
CYP11B1, and 3B-HSD. Similarly, SF-1 has been reported
to regulate the expression of StAR as well as the ACTH
receptor (25, 26).

Glucocorticoid Receptor Activation

GCs act via genomic (transcriptional) and non-genomic
(transcription-independent) mechanisms (27). Most cellular
actions of GCs are primarily mediated via binding to their
cognate intracellular receptor, the classic glucocorticoid receptor
(GR) protein, GRa. GR is a ligand-regulated transcription factor
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FIGURE 1 | The HPA-axis and adrenal glucocorticoid synthesis. The Hypothalamus-pituitary-adrenal-axis (also known as “stress axis”) represents the sequence of
endocrine events between the hypothalamus (green), the anterior pituitary gland (blue), and the cortex of the adrenal gland (red). Corticotropin-releasing
hormone (CRH) secreted from the paraventricular neurons (PVNSs) of the hypothalamus stimulates adrenocorticotropic hormone (ACTH, corticotropin) release from the
anterior pituitary, which consequently stimulates the production of glucocorticoids in the steroidogenic cells of the zona fasciculata in the adrenal cortex. Blue lines
indicate negative feedback. The right-hand panel shows the biochemical reactions leading to glucocorticoid-synthesis in humans and in rodents. The synthesizing
enzymes are shown in yellow (and light-red for the human CYP17). The (so far known) subcellular localization of the steroidogenic enzymes in the mitochondria or the
ER is highlighted by dotted-line boxes.

(TF) that belongs to the NR subclass 3C and is therefore known
as NR3Cl1 (nuclear receptor subfamily 3, group C, member 1).
In line with the pleiotropic actions of GCs, GR is expressed in
nearly every cell of the body and is essential for life after birth.
Alternative mRNA splicing results in a second GR isoform, GRp.
GRB does not bind to GC agonists, resides constitutively in the
nucleus, and is inactive by itself. However, when co-expressed
with GRa,, GRP functions as a dominant negative inhibitor of
GRa (2, 28-31).

The GRa shares common structural and functional domains
with other NRs. These domains include an N-terminal ligand-
independent transactivation domain, also called activation
function 1 (AF-1), which is responsible for the transcription
activation, a highly conserved DNA-binding domain (DBD)
that is important for GR homodimerization and DNA-binding
specificity, a C-terminal ligand-binding domain (LBD) that
contains the ligand-binding site and a second ligand-dependent
transactivation domain (AF-2), and a flexible hinge region
separating the DBD and the LBD (32-34). In addition to the

known dimerization function of the DBD, in vivo evidence
has shown that LBD mutation severely compromised GR
dimerization, whereas no correlation between oligomerization
state, DNA binding, and transcriptional activity could be
established (35). These data clearly indicate that multiple
domains are involved in GR dimerization.

In the absence of ligand, the GRa is sequestered
predominantly in the cytoplasm as an inactive multi-protein
complex formed by chaperonic molecules, including heat shock
proteins Hsp90, Hsp70, Hsp23, and immunophillins p59 and
calreticulin (28, 29, 36). These proteins maintain the receptor in
a conformation that is transcriptionally inactive, but favors high
affinity ligand binding (2). Binding of endogenous or synthetic
GCs to the LBD of GRa induces receptor conformational change
leading to the dissociation of the multi-protein complex and
allows the translocation of the GC/GR complex to the nucleus
where it regulates gene transcription (21). Upon translocation
to the nucleus, the GRa binds DNA sequences, known as GC
response elements (GREs), to positively or negatively regulate
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gene transcription by direct DNA-binding or by interaction with
other proteins (3, 37).

In addition to the transcription activation, the GR represses
a wide variety of genes. This repression function is mediated by
negative GREs (nGRE) in the promoter regions of target genes.
nGREs contribute to the negative feedback of HPA axis, bone,
and skin function, inflammation, angiogenesis, and lactation.
Moreover, GR inhibits glycoprotein hormone promoter, which
is positively regulated by the cyclic adenosine monophosphate
(cAMP) response element binding protein (CREB) and contains
binding sites for CREB and GR. Upon DNA binding, GR inhibits
transcription activation directly by preventing CREB binding
(28, 38, 39).

Accumulating evidence suggests that GCs can act via non-
genomic mechanisms to elicit more rapid cellular responses
(within seconds to minutes) that do not require nuclear
GR-mediated changes in gene expression. The non-genomic
effects of GCs are considered to be mediated through binding
to membrane-bound GR, binding to cytosolic GR, or by
interactions with cellular membranes (30, 40, 41). Bartholome
et al. showed that membrane GRs are expressed in human
monocytes and B cells (42). Additionally, they monitored a
strong positive correlation between the frequency of membrane
GR-positive monocytes and various parameters of disease
activity in patients with rheumatoid arthritis. This observation
prompted the authors to suggest that immunostimulation
induces the expression of membrane GR in immune cells such
as monocytes that in turn triggers rapid signal cascades leading
to a significantly higher percentage of cells to undergo GC-
induced apoptosis to limit excessive immune reaction (42).
GCs can also bind to their cytosolic GR to induce rapid non-
genomic effects resulting in interactions with signaling pathways.
For example, GCs were shown to activate endothelial nitric
oxide synthase in a non-genomic manner and mediated by
stimulated phosphatidylinositol 3-kinase and protein kinase Akt
phosphorylation (41, 43). High concentrations of GCs have been
shown to induce quantitative increase in the intercalation of GC
molecules in the membrane, influencing the membrane fluidity,
membrane associated proteins and cation uptake, as measured by
the reduction of cation transport ATPase activity (44, 45).

Glucocorticoid Functions

Anti-inflammatory Functions of GCs

Upon tissue injury, irritants or pathogen invasion, immune
cells of the innate, and adaptive immune systems are activated
and recruited to the site of inflammation (12, 46). Immune
cells activation and recruitment is mediated by cytokines and
chemokines, which are regulated by inflammatory TFs, including
the nuclear factor ’kappa-light-chain-enhancer’ of activated B-
cells (NF-kB), signal transducer and activator of transcription
proteins (STATs) and activator protein 1 (AP-1) (46). These TFs
are crucial regulators of a variety of cellular functions, including
cell survival, proliferation, differentiation, and apoptosis (47-50).
In the presence of pro-inflammatory stimuli, these TFs trigger
activation of pro-inflammatory cytokines, such as TNE IL-1f,
and IL-6 among others, to induce inflammation and promote cell
survival (51). GR induces anti-inflammatory activities by direct

interaction with other TFs, including NF-kB (51), STAT3 (52),
STATS5, and AP-1, leading to their inhibition, thus repressing the
expression of pro-inflammatory genes and thereby promoting the
resolution of inflammation (29) (Figure 2). Since this interaction
does not require DNA binding, the term tethering GRE is often
used to describe these elements. Interestingly, tethering GREs
do not contain DNA binding sites for GRs, but instead contain
binding sites for other DNA-bound regulators, including NF-kB
and AP-1, that recruit GRs (28, 53).

GCs also induce proteins with anti-inflammatory activities,
including  glucocorticoid-induced zipper (GILZ),
resulting in the inhibition of the mitogen-activated protein
kinase (MAPK) pathway (27). MAPK activation is associated
with cell proliferation, differentiation, migration, senescence and
apoptosis [reviewed in (54)]. Another mechanism, by which
GILZ dictates its anti-inflammatory function, is via inhibition of
NF-kB and AP-1 activities (27, 55).

leucine

Immunosuppressive and Metabolic Functions of GCs
GCs have powerful immunosuppressive activities mediated by
acting on almost all types of cells, in particular on immune cells
(33). GCs induce apoptosis in a variety of immune cells, including
developing thymocytes as well as circulating and tissue-resident
T cells, mediated by the pro-apoptotic proteins Puma and Bim
(56-58). GCs also promote dendritic cell (DC) apoptosis (29).
Additionally, GCs favor the expansion of immunosuppressive
regulatory T cells (Tregs) by upregulating the expression of
FoxP3, the master regulator of Tregs (59, 60). Moreover, GCs
promote the shift from T helper 1 (Thl) to Th2 immune
responses by differentially regulating apoptosis of Th1l and Th2
cells (13, 61-63).

GCs also control the function of innate immune cells,
including monocytes and macrophages, in order to regulate
tissue homeostasis. GCs have been shown to induce the
differentiation and promote the survival of anti-inflammatory
(M2) macrophages, evident by the induced expression of the
immunomodulatory cytokine IL-10. This effect is mediated
by prolonged activation of the MAPK pathway resulting in
inhibition of caspase activities, and expression of anti-apoptotic
genes. On the other hand, GCs efficiently suppress classical pro-
inflammatory macrophage (M1) activation, as evidenced by the
inhibition of the pro-inflammatory cytokines TNE, interferon
gamma (IFNy) and IL-18 (64-67) (Figure 2). These cytokines
are highly upregulated in many inflammatory disorders, and their
crucial role in the pathogenesis of IBD is well-established (68, 69).
GCs potently inhibit the differentiation of DCs and their capacity
to stimulate T cells (70, 71).

The resulting immune reaction in pathophysiological
conditions depends on the balance between effector cells
promoting inflammation and its modulation by regulatory
mechanisms (72). In this context, the discussed anti-
inflammatory and immunosuppressive properties of GCs
are necessary to restore homeostasis following successful
elimination of the injurious agent, ultimately leading to the
resolution of inflammation and tissue repair after tissue damage
caused by excessive inflammation (12).
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FIGURE 2 | TNF and intestinal GC synthesis. Intestinal epithelial barrier disruption leads to permeability defects and the subsequent interaction of intestinal immune
cells with the luminal contents. Activated immune cells release pro-inflammatory cytokines, such as TNF. In turn, TNF results in tight junction (TJ) disruption and
intestinal epithelial cell (IEC) apoptosis and thereby exacerbates local inflammation. TNF also directly stimulates IECs to synthesize and release immunoregulatory
glucocorticoids (GCs) to counter-balance excessive tissue damage. GCs act via the glucocorticoid receptor (GR) to inhibit TNF-mediated tissue damage in a negative
feedback loop. The GR also inhibits pro-inflammatory transcription factors, including NF-kB, AP-1, and STATs leading to the resolution of the inflammation.

Another main biological function of adrenal GCs includes  in rapid death due to shock (75). Therefore, for long time GC
the control of energy metabolism and glucose homeostasis. GCs ~ synthesis and secretion was thought to be exclusively confined
promote gluconeogenesis in the liver and decrease glucose uptake  to the adrenal glands. However, increasing evidence has shown
by antagonizing the response to insulin. Whereas, physiological  that other extra-adrenal organs are also capable of producing GCs
levels of GCs are required for proper metabolic control, excessive ~ [reviewed in (76)]. Evidence for local GC synthesis comprises
GC action has been linked to a variety of metabolic diseases, such  the detection of steroidogenic enzymes and high levels of local

as type II diabetes and obesity (73, 74). GCs in different tissues, even upon adrenalectomy. Moreover,
the physiological relevance of local GC synthesis has been shown
EXTRA-ADRENAL GC SYNTHESIS by the major impact of the inhibition of local GCs synthesis
even in adrenal-intact scenarios (76-79). Thus, whereas systemic
Overview of Extra-Adrenal GC Synthesis adrenal-derived GCs coordinate multiple organ functions and

The substantial capacity of the adrenal glands to produce  whole body metabolism, locally synthesized GCs play a highly
enormous amounts of GCs and to release them into the systemic ~ specific role in regulating local homeostasis, cell development
circulation in response to stress hampered the discovery of  and immune cell activation (31, 80).

other GC-producing organs. In fact, strong systemic immune cell In the past two decades the thymus (81-83), the skin
activation upon removal of the adrenal glands in mice results (84, 85), the brain (78), the vasculature (86), the lung
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(79), and the intestine (77, 87-90) have been shown to
produce substantial amounts of GCs, and thereby regulate local
immunological responses.

Pioneering work by the group of Ashwell in the thymus
provided the first proof for extra-adrenal GC production and
opened an exciting field of research for the identification of other
GC-producing organs (83). They showed that bioactive GCs
are de novo synthesized by thymic epithelial cells (TECs), and
that they play an important role in antigen-specific thymocyte
development by opposing cell death induction from too strong
TCR signaling during negative selection, thereby allowing
positively selected T cells to survive. This is supported by
the finding that inhibition of thymic corticosterone production
increased TCR activation-induced cell death and enhanced
negative selection of thymocytes (13, 58, 83). Of note, thymocytes
(91) and mature T cells (92, 93) were also reported to synthesize
GCs, yet it is presently unclear whether this reflects de novo
synthesis or conversion of serum-derived inactive derivatives.

Interestingly, the skin locally produces CRH, ACTH and
expresses the steroidogenic enzymes. Therefore, the skin is
considered to have its own local HPA axis. De novo synthesis
of GCs in the skin is thought to play an important role in local
homeostasis as indicated by the deficiency of the steroidogenic
enzymes in skin biopsies from patients with inflammatory skin
diseases (94). Other organs that express the GC-synthesizing
machinery and therefore are capable to de novo synthesize
bioactive GCs from cholesterol include the brain, the vasculature
and the intestine (95). Interestingly, although the lung expresses
all the steroidogenic enzymes required for de novo synthesis,
analysis of lung GC synthesis revealed that the predominant
pathway by which corticosterone is produced is by reactivation
from inactive serum-derived dehydrocorticosterone via 11f-
HSD1 enzyme (79).

Differential Modes of Synthesis of
Extra-Adrenal GCs

Most of extra-adrenal GC-synthesizing organs express both
the enzymes required for de novo GC synthesis as well as the
reactivating enzymes from inactive metabolites. However,
interestingly ~ different  extra-adrenal organs synthesize
bioactive GCs via different mechanisms, possibly reflecting
local environmental needs. For example, TECs have been
shown to have the mRNA, protein, and activities of enzymes
required for de novo GC synthesis, including StAR, CYP11Al,
3p-HSD, CYP17, and CYP11BIl. Furthermore, fetal thymic
organ culture demonstrated the conversion of a cholesterol
analog to pregnenolone and 11-deoxycorticosterone. Similar
to adrenal GCs, TEC-derived GC synthesis was stimulated by
ACTH (76, 83). In contrast, ACTH inhibited GC synthesis in
thymocytes by downregulation of Cypl1bI mRNA expression.
This opposite effect of ACTH in thymocytes is not yet fully
understood but could possibly represent a function to limit
damage to the gland by down-regulating GC synthesis during a
strong activation of the HPA axis (91).

Like the thymus, the skin mainly synthesizes GCs de novo
under the control of the local HPA axis, and the synthesis is

regulated by several factors including ACTH, CRH and IL-1p
(85). Noteworthy, the skin neuroendocrine system is able to
crosstalk with the systemic HPA axis and thus with the adrenal
GC synthesis. Interestingly, although the skin also expresses the
reactivating enzyme 118-HSD1, GC reactivation by keratinocytes
seems to play a minor role in immune cell activation and contact
hypersensitivity compared to the essential role of the de novo
synthesized GCs. The reason for this could be due to its large
dependence on the availability of the GC metabolite from the
circulation (94).

As mentioned before, the lung largely depends on the
reactivation pathway for generating bioactive GCs. Our
group reported that upon immune cell activation by
lipopolysaccharide (LPS) or anti-CD3 antibody increased
production of corticosterone in ex vivo lung cultures was
observed (79). Interestingly, only Cypllal has been shown
to be upregulated whereas other steroidogenic enzymes
expression remained unchanged. Strikingly, whereas Hsd11b1
gene was strongly upregulated, CypI1bl was barely detectable
indicating that reactivation of serum-derived inactive metabolite
(dehydrocorticosterone) is a more prominent pathway of local
GC synthesis in the lung. In line with this, adrenalectomized
mice failed to produce local GCs in the lung upon immune cell
activation. This finding further supports the dependence of lung
GC synthesis on adrenal GCs (79).

Our group also described and characterized the de novo
synthesis of intestinal GCs for the first time. In the intestinal
mucosa, GC-synthesizing enzymes were detected at low levels,
however, they were strongly upregulated in response to
immunological stress resulting in the detection of corticosterone
in the supernatant of ex vivo cultured intestinal tissue (77).
Recently, we also demonstrated a relevance for the GC
reactivation impairment in the pathogenesis of IBD (96). In this
review, we will discuss the synthesis of GCs in the intestine in
more detail.

Taken together, it seems that various extra-adrenal organs
synthesize GCs differently in order to cope with local
immunological stress and to regulate local immune homeostasis.

INTESTINAL EPITHELIAL STRUCTURE
AND HOMEOSTASIS

The intestinal epithelium represents the largest mucosal surface
in the human body covering an area of almost 200 m? (21).
This surface represents the physical barrier that separates the
epithelium not only from potential pathogens and food antigens
but also from harmless commensal bacteria termed microbiota
(97, 98). The gut is anatomically divided into the small intestine
and the colon. The small intestine can be subdivided into the
duodenum, the jejunum, and the ileum. The architecture of the
intestine is organized into crypts of Lieberkithn and epithelial
protrusions, called villi, in the small intestine, whereas the colon
consists mainly of crypts and has no villi, but a flat surface
instead (99, 100). The main function of the epithelium is water
and nutrient absorption and the maintenance of effective barrier
function in order to maintain tissue homeostasis (101, 102). The
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intestinal epithelium promotes these functions by a single layer of
intestinal epithelial cells (IECs) organized along the crypt-villus
axis (99, 103). IECs are constantly regenerated from intestinal
stem cells (ISCs) at the bottom of the crypt columnar cells. The
intestinal epithelium has a higher self-renewal rate than any other
mammalian tissue, with a fast turnover of <5 days (104-106).
ISCs give rise to transient amplifying daughter cells that migrate
upward while differentiating into one of the specialized epithelial
lineages (100). This fast proliferation of IECs is eventually
balanced by cell death resulting from loss of attachment at the
tip of the villus followed by subsequent shedding of apoptotic
cells into the lumen, a process known as anoikis (106). The
differentiated epithelial cell types include absorptive enterocytes,
secretory cells (Paneth cells, goblet cells, enteroendocrine cells,
and tuft cells), and the M cells of Peyer’s patches (105). Paneth
cells escape the upward migration and migrate downward instead
to constitute the niche for ISCs (107). These cells secrete anti-
microbial peptides to prevent bacterial infection (103), whereas
tuft cells act as sensors for luminal contents (108). Additionally,
enteroendocrine cells secrete various hormones to coordinate
digestion and metabolism (108).

Contributing to the effective physical and biochemical barrier
function is the mucus secreted by goblet cells, anti-microbial
proteins that eliminate bacteria penetrating the mucous and
IgA secreted by lamina propria plasma cells, in addition to
the tight junctions (T]) proteins. These TJ] are junctional
complexes that connect epithelial cells to each other and thereby
forming tight intracellular seals (109, 110). The intestinal mucosa
also produces high levels of the immunosuppressive cytokines
transforming growth factor beta (TGFB) and IL-10 to maintain
local homeostasis. In fact, TGFB- and IL-10-deficient mice
develop spontaneous inflammation (111, 112).

IECs separate the intestinal lumen containing 10'* gut
microbiota cells from the underlying lamina propria and the
rest of the body (113, 114). In addition to the microbiota,
the gut epithelium hosts the largest number of immune cells
in the body (115). These immune cells include the so-called
intraepithelial lymphocytes (IELs) (116), resident macrophages,
DCs, plasma cells, lamina propria lymphocytes (LPLs), and
neutrophils (115, 117, 118). This direct contact of immune cells
with the microbiota, that has great potential to provoke immune
cell stimulation, requires fine-tuning to find the appropriate
balance between protective immune responses and tolerance
toward the microbiota. Disruption of the intestinal epithelial
barrier leads to permeability defects, and subsequent interaction
between luminal microorganisms and cells of the immune system
(Figure 2). The barrier breakdown exacerbates inflammation
leading to severe tissue damage, as in the case of IBD (98).

IBD comprises a group of intestinal inflammatory disorders,
namely ulcerative colitis (UC) and Crohn’s disease (CD).
Although the etiology is currently not fully understood, it has
been associated with a complex interaction between the host
genetics, environmental or microbial factors and the immune
system (119-121). These interactions result in chronic relapsing
inflammation of the intestine as a consequence of inappropriate
immune cell activation (117). UC causes inflammation of
the mucosa of the colon and rectum, whereas CD causes

inflammation of the full thickness of the bowel wall and may
involve any part of the digestive tract from the mouth to the
anus (122).

Chronic inflammation has emerged as one of the hallmarks
of cancer. Many cancers arise following prolonged inflammation
or display inflammatory characteristics throughout progression
(123, 124). For example, the relative risk of colorectal cancer in
patients with IBD has been estimated to increase by up to 20-fold
(125, 126). Notably, the risk correlates directly with the duration
and extent of inflammation (127, 128).

Increasing lines of evidence have shown that the synthesis
of GCs by IECs plays an important role in the regulation
of intestinal immune homeostasis under pathophysiological
conditions (21, 77, 129, 130). Supporting this notion, defective
local intestinal GC synthesis or metabolism has been shown
to be involved in the pathogenesis of intestinal inflammation
(90, 96, 131, 132).

EXTRA-ADRENAL GLUCOCORTICOIDS IN
THE INTESTINE

First evidence for the steroidogenic potential of the gut was
suggested in 1995 following the detection of Cyp11al and Hsd3b1
mRNA in the gut of mouse embryos by in situ hybridization
(133). Further evidence originated from our own work while
studying IEL apoptosis. It was observed that IELs rapidly
undergo apoptosis when cultured ex vivo, an effect that was
accelerated following GC treatment in mice. Interestingly, while
adrenalectomy significantly reduced IEL ex vivo apoptosis, a
stronger effect was observed upon in vivo administration of the
GR inhibitor RU-486. This observation prompted us to speculate
that another source of GCs, likely in the intestinal mucosa,
primed the IELs already in vivo to undergo ex vivo cell death (56).

Subsequent studies characterized the de novo GC synthesis
in the murine intestinal mucosa in response to immunological
stress following anti-CD3 injection or viral-activated T cells
(77). It was shown that the intestinal mucosa constitutively
expressed many of the steroidogenic enzymes required for the
de novo synthesis of corticosterone from cholesterol and for
the reactivation of corticosterone from dehydrocorticosterone.
Moreover, expression of the steroidogenic enzymes including
Cypllal, Cypllbl, and Hsd11bl was strongly induced upon
immunological stress. The source of the aforementioned three
enzymes and therefore intestinal GCs was shown to be the crypt
region of the IECs (77). This was demonstrated by a further study
that linked the expression of Cypllal and CyplIbl to the cell
cycle, thus restricting the production of GCs to the proliferating
cells of the intestinal crypts (134).

The basal expression of steroidogenic enzymes might suggest
that GC production, though at very low levels, is possibly
fulfilling an important function in the regulation of local immune
homeostasis and epithelial barrier integrity (75). In line with this,
in vitro data revealed the importance of GCs in the maturation
and differentiation of the IECs (135). Additionally, GCs have
been shown to play a role in the expression of T] proteins and
the maintenance of the intestinal epithelial barrier integrity, in
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particular antagonizing the TJ-destructing effect of TNF during
inflammation (109) (Figure 2).

Cima et al. used adrenalectomized mice to exclude
the contribution of systemic GCs, and measured by
radioimmunoassay the corticosterone release into the
supernatant of ex vivo cultured intestinal tissue from anti-
CD3-injected mice (77). The in situ corticosterone synthesis
was confirmed since metyrapone, a potent inhibitor of 11f-
hydroxylase and 118-HSD1 (136, 137), blocked corticosterone
release (77). Similarly, stimulation of the innate immune system
with LPS induces GC synthesis in a macrophage-dependent
manner, since it also occurred in RAG™/~ mice lacking T
and B lymphocytes (89). Furthermore, administration of TNE
infection of mice with viruses, or chemically induced intestinal
inflammation promote the expression of CypIlal and CyplIbl,
and strongly induces the synthesis of intestinal GCs (95).
Although most of the studies of GC synthesis were conducted
in mice, subsequent research showed that the human intestinal
tissue also expresses the steroidogenic enzymes and is capable of
synthesizing GCs (96, 138-140).

Intestinal GC Triggers and the Role of TNF

TNF is a pro-inflammatory cytokine with a wide range of
pleiotropic functions. TNF interacts with two different receptors,
designated TNF receptor (TNFR) 1 and TNFR2, which are
differentially expressed on cells and tissues, and initiate both
distinct and overlapping signal transduction pathways. These
diverse signaling cascades lead to a range of cellular responses,
which include cell death, inflammation, survival, differentiation,
proliferation, and migration (141, 142). In the intestinal
epithelium, TNF demonstrates variable and very complex
functions in physiological as well as pathological conditions
(143). TNF has been shown to drastically promote epithelial
cell death (144) and increase the epithelial barrier permeability
via a direct effect on the expression and organization of TJ
proteins, thereby leading to intestinal inflammation (Figure 2).
In fact, TNF is considered as one of the most important effector
molecules in the pathogenesis of IBD (145). Moreover, TNF
signaling has been shown to drive colonic tumor formation after
sustained chronic colitis. Consequently, TNFR deficiency or the
treatment of wild type mice with the specific pharmacological
inhibitor of TNF, etanercept, markedly reduces colitis-associated
colon cancer (146).

Although the main cellular source for TNF is immune cells,
fibroblasts and epithelial cells have also been shown to produce
TNF (147). Macrophage and T cell activation results in massive
release of TNE which contributes to the damage of the epithelial
layer (148). Therefore, TNF-neutralizing antibodies have been
efficiently used for the treatment of IBD (142, 149). This is
mainly due to inhibition of IEC cell death, but also due to
the downregulation of pro-inflammatory processes that might
contribute to local tissue damage (101) (Figure 2).

Despite the well-characterized pro-inflammatory properties
of TNE accumulating evidence for anti-inflammatory roles of
TNF is increasingly appreciated. For example, Naito et al.
demonstrated that the absence or neutralization of TNF in
a mouse model of dextran sulfate sodium (DSS)-induced

colitis exacerbated intestinal inflammation (150). Further studies
revealed that TNF induces intestinal GC synthesis by direct
activation of IECs, thus contributing to intestinal immune
homeostasis. In this regard, TNF plays an anti-inflammatory role
(90) that could be in part through sensitizing activated T cells
to undergo apoptosis, thus resulting in accelerated resolution
of the inflammation (151). Interestingly, TNF seems to be the
master regulator of intestinal GC synthesis irrespective of the
trigger (Figure 2). Noti et al. investigated the intestinal GC
synthesis following macrophage and T cell activation in TNFR-
deficient and wild type mice. They showed that, while immune
cell activation resulted in robust induction of intestinal GCs
in wild type mice, it was significantly decreased in TNFR-
deficient mice (89). Similarly, intestinal GC synthesis was
lacking in mice with TNF deficiency or in TNFR-deficient
mice treated with the inflammatory agent DSS or the hapten
2,4,6-trinitrobenzenesulphonic acid (TNBS). In marked contrast,
oxazolone, a hapten that promotes a Th2 cytokine-mediated
intestinal inflammation that does not involve TNE, fails to
promote intestinal GC synthesis (90). These observations clearly
indicate that inflammation per se is not sufficient to promote
intestinal steroidogenesis, but rather the type of inflammation
appears to be critical. It also points out the dependence of
intestinal GC synthesis on TNF (90, 95).

Taking into consideration the mutual antagonistic action of
TNF and GCs, this GC-regulatory function of TNF might appear
confusing at a first glance. Nevertheless, local intestinal GC
synthesis may counterbalance the deleterious effects of TNF in
two ways: (1) an increase in barrier resistance by promoting the
expression of T] proteins and (2) by dampening overwhelming
immune responses and the associated immune cell activation that
are triggered by epithelial barrier disruption. Hence, although
TNF is involved in the disruption of the epithelial barrier
integrity, it is also involved in restoring intestinal epithelial
barrier function by the induction of GC synthesis as a negative
feedback loop (Figure 1). Moreover, since TNF is not only
produced by immune cells but also by IECs, it is feasible to
believe that this regulatory system may even work in an epithelial
layer-autonomous manner (75, 89).

Taken together, TNF seems to function as a sensor of
intestinal immune responses and a master regulator of intestinal
GC synthesis in response to activation of the innate and
adaptive immune system. Furthermore, TNF mediates a novel
anti-inflammatory function via the induction of intestinal GC
synthesis (89) (Figure 2).

Intestinal GCs Functions
Under steady-state conditions, GCs have been implicated in
the maturation and the maintenance of the intestinal epithelial
barrier integrity. For instance, results from in vitro experiments
revealed that synthetic GCs had a protective effect against the
TNF-dependent increase of intestinal permeability. Microarray
data analysis demonstrated that GCs differentially regulate the
expression of enterocyte markers that are involved in the
polarization and TJ formation (152).

Given the potent immunoregulatory activities of GCs, extra-
adrenal GC synthesis in the intestine is assumed to play an
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important role in the regulation of local immune homeostasis.
Indeed, in the intestinal mucosa GCs are synthesized in response
to immunological stress. Local GCs then inhibit the activation
of immune cells in a negative feedback leading to the resolution
of inflammation and associated tissue damage (77, 89, 90).
Following anti-CD3 antibody injection, in situ produced GCs
exhibited a regulatory activity on intestinal T cells that are in
close contact with the GC-producing IECs, i.e., IELs and Peyer’s
patches lymphocytes (PPLs) (77). Likewise, infection of mice
with the lymphocytic choriomeningitis virus (LCMV) results
in the activation and expansion of virus-specific intestinal T
cells and the subsequent release of GCs. GCs in turn suppress
anti-viral immune responses. In fact, inhibition of intestinal GC
synthesis accelerated the expansion of antigen-specific cytotoxic
T cells, further confirming the immunoregulatory role of locally
produced GCs (77, 130).

In another study, experimental colitis induction via DSS
or TNBS resulted in epithelial erosion, loss of goblet cells,
and strong immune cell infiltration into the intestinal
mucosa. Simultaneously, it promoted the upregulation of
pro-inflammatory mediators such as TNE steroidogenic
enzymes and the synthesis of intestinal GCs. Notably and in line
with the discussed role of TNF in the induction of intestinal GC
synthesis, the injection of TNF triggered intestinal GC synthesis
and resulted in the amelioration of oxazolone-induced colitis
in mice. Interestingly, inhibition of intestinal GC synthesis by
metyrapone abrogated the observed anti-inflammatory effect of
TNF (89).

More recently, in a mouse model of DSS-induced colitis, mice
with IEC-specific deletion of the microsomal P450 reductase
enzyme (null mice) exhibited a significant decrease of colonic
GC synthesis compared to wild type mice. This was associated
with an exacerbated colonic inflammation, as evidenced by
the presence of higher levels of pro-inflammatory cytokines,
increased weight loss, colon shortening and colonic tissue
damage in the null mice. Remarkably, restoration of colonic GC
synthesis resulted in amelioration of the colitis (153). This clearly
indicates that intestinal GCs are synthesized as a mechanism to
counterbalance local inflammation. Supporting this notion, the
expression of CYP11AI and CYPI1BI1 were robustly reduced in
the inflamed colon biopsies of patients with IBD compared to
healthy controls (138).

Furthermore, intestinal GCs critically regulate the expression
of colonic peroxisome proliferator-activated-receptor-gamma
(PPARy). PPARy is a critical regulator of the inflammatory
responses by transrepressing TFs, such as NF-kB and AP-1.
Consequently, disruption of PPARy expression in mouse colonic
epithelial cells increases susceptibility to DSS-induced colitis.
In line with the anti-inflammatory role of PPARy, reduced
expression was observed in IBD patients. That also correlated
with a significant reduction in colonic GC synthesis and the
expression of steroidogenic enzymes (140).

We recently demonstrated a significant downregulation of
HSDI11BI gene expression, with a simultaneous upregulation of
HSDI11B2, in colons from pediatric IBD patients compared to
healthy controls (96). This opposite transcriptional regulation of
11B-HSD isoenzymes could indicate a possible role of defective

local GC reactivation in the pathogenesis of IBD by limiting
the local levels of the active immunomodulatory GCs, thus
hindering the resolution of inflammation. However, in a murine
model of acute colitis we observed the opposite, where we found
a significant upregulation of Hsd11bl and a downregulation
of Hsd11b2 upon colitis induction (96). Interestingly, these
correlations were also reported when comparing inflamed tissue
to non-inflamed colonic tissue in IBD patients, suggesting that
dysregulation of the 113-HSD enzyme system could play a role
in the pathogenesis of IBD (132, 154). Taken together, in view
of the discussed immunoregulatory roles of intestinal GCs, it
is conceivable to believe that defective intestinal GC synthesis
represents a potential key mechanism in the pathogenesis of IBD.

Intestinal GC Synthesis Regulation
Transcriptional Regulation

Whereas, the regulation of adrenal GC synthesis has been
extensively studied and most of the pathways are well-defined,
the molecular pathways for the regulation of extra-adrenal
GC synthesis await further investigation (21). Mueller et al.
investigated the molecular basis of steroidogenesis in the
intestine and found substantial differences in the mode of
regulation of intestinal GC synthesis as compared to the adrenals.
This distinct regulation of intestinal GC synthesis could possibly
reflect an adaptation to the local environment (88). For example,
in marked contrast to the well-known regulatory role of SE-1
in adrenal GC synthesis [reviewed in (26)], SE-1 expression was
found to be absent in the intestine. Interestingly, SF-1 activity was
replaced by its close homolog, the NR liver receptor homolog-1
(LRH-1, NR5A2) (87, 88).

LRH-1 is expressed in tissues derived from endoderm,
including intestine, liver, exocrine pancreas, and the ovary (155).
Moreover, LRH-1 is expressed in macrophages (156) and T cells
(157). LRH-1 plays vital roles in early embryonic development
as evidenced by the embryonically lethal phenotype of the
LRH-1-null mice (158). Other functions of LRH-1 comprise
cholesterol and bile acid homeostasis, glucose metabolism
and steroidogenesis in adulthood (159, 160). In the intestinal
epithelium, LRH-1 contributes to crypt cell proliferation and
epithelial cell renewal through the induction of cell cycle genes,
namely cyclin D1 and cyclin E1 (161). Therefore, LRH-1 has been
suggested as an oncogene and implicated in the development of
colon cancer (162).

LRH-1 is constitutively active, though its function is
regulated by several mechanisms. These include ligand binding,
interactions with co-activators and co-repressors, as well as
posttranslational modifications, such as phosphorylation and
SUMOylation (160, 163, 164). Although LRH-1 is considered
as an orphan NR since no endogenous ligands are identified
yet, phospholipids such as dilauroyl phosphatidylcholine (DLPC)
have been shown to activate LRH-1. Thus, it is very likely that
endogenous ligands exist (165, 166). Among the most studied
co-repressors of LRH-1 is the NR small heterodimer partner
(SHP) (167), which is also a transcriptional target of LRH-1 (168).
Structural studies have shown that SHP preferentially inhibits
LRH-1 over other NRs, including the LRH-1 close homolog SF-1
(169, 170).
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Differences in Regulation of Intestinal vs. Adrenal GC
Synthesis

The differential regulation of intestinal vs. adrenal GC synthesis,
i.e,, LRH-1 vs. SF-1, is likely reflecting different needs for the
systemic vs. intestinal GC synthesis (21). In this regard, another
major difference is the differential response of adrenal and
intestinal epithelial cells to cAMP and phorbol myristate acetate
(PMA). In the adrenals, it is well-established that the activation of
ACTH receptors leads to the activation of adenylate cyclase and
the formation of cAMP. In turn, cAMP activates protein kinase
A leading to the induction of steroidogenic enzyme expression.
Surprisingly, cAMP mediated the opposite effect in intestinal
epithelial cells by causing a profound inhibition of both basal and
LRH-1-driven steroidogenesis. Remarkably, a reciprocal effect
was shown upon treatment with PMA that activates protein
kinase C. PMA has been shown to substantially promote both
basal and LRH-1-induced steroidogenic enzymes expression and
GC synthesis in intestinal epithelial cells (88). As PMA is a potent
activator of the MAPK pathway, it is likely that PMA affects
LRH-1 activity by inducing its phosphorylation (21, 171).

LRH-1 Function in Intestinal Homeostasis
In the murine intestinal epithelial cell line mICcl2, that
displays a crypt cell-like phenotype, overexpression of LRH-1
induced the expression of Cypllal and Cypllbl in a dose-
dependent manner. This was accompanied by robust induction
of GC synthesis (87). Since LRH-1 is critical for embryonic
development, Mueller et al. used LRH-1 haplodeficient mice
to investigate the role of LRH-1 in the regulation of intestinal
GCs in vivo. They showed that although anti-CD3 injection
strongly induced the expression of Cypllal and Cypllbl, and
the synthesis of intestinal GCs in wild type mice, it was blunted
in LRH-1 haplodeficient mice. These findings confirm the critical
role of LRH-1 in the regulation of intestinal GC synthesis (87).
In humans, LRH-1 transcriptionally regulates the expression
of the steroidogenic enzymes CYP11Al, CYP17, HSD3B2,
and CYP11B1 as well as StAR (172). The importance of
LRH-1 in the regulation of intestinal GC synthesis and
intestinal immune homeostasis has been demonstrated by
the fact that LRH-1 haplodeficient mice and mice with
intestine-specific deletion of LRH-1 exhibited strongly reduced
GC synthesis, and consequently suffered from exacerbated
colitis (87, 96, 138) (Figure 3). Furthermore, colon biopsies
from patients with IBD show reduced expression of LRH-
1 and steroidogenic enzymes. That was inversely correlated
with the expression of pro-inflammatory cytokines (138).
Additionally, it has been shown that cortisol production and
the expression of LRH-1 and 3B-HSDI1 were significantly
decreased in colonic epithelial cells from patients with UC
(140). Recently, we demonstrated a strong correlation between
the expression of LRH-1 and steroidogenic enzymes in
pediatric IBD patients (96). Importantly, we monitored a
significantly reduced expression of HSDIIBI in colons from
IBD patients compared to healthy controls suggesting that
defective reactivation of GCs could represent an underlying
mechanism in intestinal inflammation. Additionally, in a
murine model of colitis we confirmed that colitis-induced

expression of the steroidogenic enzymes Cypllal, Cypllbl,
and Cyp2l is LRH-1-dependent since their induction was
significantly reduced in LRH-1 intestine-specific knockout mice
(96). These data suggest that the presence of LRH-1 protects
the intestinal epithelium against inflammation and underscores
a possible role for defective local GC synthesis in the etiology
of IBD.

Interestingly, SHP inhibits LRH-1-induced Cypllal and
Cypl1bl expression and GC synthesis in mICcl2 cells (88).
This indicates a potential role of SHP in the regulation of
intestinal immune homeostasis by regulating LRH-1-induced
GC synthesis. Recently, Huang et al. investigated the role of
the NRs SHP and LRH-1 in the regulation of intestinal GC
synthesis and its relevance in intestinal immune homeostasis
in the context of viral infection (130). They showed that
systemic deficiency of SHP results in increased intestinal GC
synthesis during viral infection that suppressed the expansion
and activation of virus-specific T cells. In contrast, intestine-
specific deletion of LRH-1 strongly reduced intestinal GC
synthesis and accelerated the expansion of cytotoxic T cells
upon viral infection (130). Noteworthy, Bayrer et al. recently
showed that intestinal organoids lacking LRH-1 exhibit reduced
expression of the LRH-1 target genes Shp, Cypllal, and Cypl11bl,
as well as increased crypt cell death and epithelial permeability
(173). They also showed that overexpression of LRH-1 mitigated
inflammation-induced damage of murine and human intestinal
organoids, including those from IBD patients, and decreased the
disease severity in a T cell transfer model of colitis (173).

Of note, the expression of steroidogenic enzymes is linked
to the cell cycle, thus implicating a restriction of the intestinal
GC synthesis to the proliferating cells at the bottom of the
crypts (134, 152). Similar to steroidogenic enzymes, LRH-1
expression is confined to the proliferating cells of the crypts,
suggesting a cell cycle-dependent regulation of intestinal GC
synthesis (87, 134, 161).

LRH-1 seems to contribute to intestinal epithelium
homeostasis via two mechanisms: (1) by stimulating the
synthesis of anti-inflammatory GCs and thereby resolution of
inflammation and associated tissue damage, (2) by enhancing
crypt cell proliferation and hence the regeneration of the
damaged epithelium (Figure 4).

Interestingly, LPS-induced GC synthesis seems not to be
regulated by LRH-1, since it was not affected by LRH-1
deficiency. Surprisingly, LRH-1 haplodeficient mice expressed
even higher levels of Cyp11bl and showed a tendency toward
increased GC synthesis in response to LPS exposure compared
to wild type mice (89). This clearly indicates that other signals
and TFs are regulating GC synthesis in response to innate
immune system stimulation. Furthermore, TNF has been shown
to suppress LRH-1 and thereby reduce local GC synthesis in
sustained chronic colitis (174).

Of interest is the finding that under basal conditions the
microbiota also contribute to the regulation of intestinal GC
synthesis. Furthermore, intestinal GC synthesis has been shown
to regulate systemic metabolism, indicating a so far unrecognized
role for intestinal GC synthesis in not only regulating local but
also systemic homeostasis (114).
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LRH-11/f mice. Scale bars: 300 wm overview, 150 wm inlay.

FIGURE 3 | LRH-1 is critical for intestinal immune homeostasis. Colitis was induced in female 8-9 weeks-old wild type (LRH—1ﬂ/ﬂ) mice and intestine epithelial
cell-specific knockout mice (LRH-1 IEC KO) by administration of 2.2% (w/v) DSS in the drinking water for 5 days followed by normal drinking water for 2 days.
Representative H&E staining of Swiss-rolled colon sections of mice treated with DSS at day 7 showing the exacerbated colitis in LRH-1 IEC KO mjce compared to

In summary, despite the well-established roles of TNF and
LRH-1 in the regulation of intestinal GC synthesis, their
interaction in this process is still unclear. It could be possible
that multiple pathways and interaction partners are involved in
LRH-1-regulated intestinal GC synthesis. Moreover, we cannot
exclude that TNF and LRH-1 are acting via independent
mechanisms to stimulate intestinal GC synthesis. Nonetheless,
our understanding of these interactions is far from being
established and o