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Introduction

Summary

Autoimmune Addison’s disease (AAD) is caused by selective destruction of
the hormone-producing cells of the adrenal cortex. As yet, little is known
about the potential role played by environmental factors in this process. Type
I and/or type III interferons (IFNs) are signature responses to virus infec-
tions, and have also been implicated in the pathogenesis of autoimmune
endocrine disorders such as type 1 diabetes and autoimmune thyroiditis.
Transient development of AAD and exacerbation of established or subclini-
cal disease, as well as the induction of autoantibodies associated with AAD,
have been reported following therapeutic administration of type I IFNs. We
therefore hypothesize that exposure to such IFNs could render the adrenal
cortex susceptible to autoimmune attack in genetically predisposed individu-
als. In this study, we investigated possible immunopathological effects of
type I and type III IFNs on adrenocortical cells in relation to AAD. Both
types I and III IFNs exerted significant cytotoxicity on NCI-H295R adreno-
and potentiated IFN-y- and polyinosine-
polycytidylic acid [poly (I : C)]-induced chemokine secretion. Furthermore,
we observed increased expression of human leucocyte antigen (HLA) class I
molecules and up-regulation of 21-hydroxylase, the primary antigenic target

cortical carcinoma cells

in AAD. We propose that these combined effects could serve to initiate or ag-
gravate an ongoing autoimmune response against the adrenal cortex in AAD.

Keywords: 21-hydroxylase, Addison’s disease, CXC chemokine ligand 10,
interferon, polyinosine-polycytidylic acid

genes, environmental factors and endogenous components
[5]. Among these, genetic associations are by far the most

Autoimmune Addison’s disease (AAD) is a classic organ-
specific autoimmune disease wherein the adrenal cortex is
targeted and destroyed by the immune system, resulting in
a lack of hormone-producing cells. Consequently, patients
suffer from an inability to produce vital steroid hormones
such as cortisol and aldosterone, and require continuous
replacement therapy. Most patients harbour circulating
autoantibodies against steroid cytochrome P450 21-
hydroxylase (210H) [1], a protein expressed exclusively in
the adrenal cortex and an enzyme involved in the
biosynthesis of steroid hormones [2]. 210H is also consid-
ered to be the main antigen recognized by autoreactive T
cells in AAD, supported by reports on T cell proliferation
and interferon (IFN)-y production in response to 210H
protein and 210H-derived peptides [3,4]. The underlying
cause of AAD is believed to be multi-factorial, involving

studied, with specific human leucocyte antigen (HLA)
class II alleles representing the highest risk factors
known to date [1]. Environmental factors and the role
played by adrenocortical cells themselves have received less
attention.

An increasing number of autoimmune diseases have been
linked with virus infections in recent years, including both
systemic diseases such as systemic lupus erythematosus
(SLE) [6] and organ-specific conditions such as type 1 dia-
betes (T1D) [7] and autoimmune thyroid disease (AITD)
[8]. Virus infections are often accompanied by the induc-
tion of a host type I and/or type III IEN response — most
notably IFN-o, IEN-B (both type I) and IFN-A (type III),
referred to collectively as types I/III IFNs from here
onwards. These are potent anti-viral cytokines that play key
roles in combating viral infections [9,10]. Induction of IFNs
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is typically triggered by the recognition of viral nucleic acids
by intracellular host receptors present in the cytosol or
endosomes of many cells [11]. In particular, the presence of
dsRNA structures, which are formed upon infection with
both DNA and RNA viruses [12], can be sensed by Toll-like
receptor 3 (TLR-3) and activate the expression of types I/III
IFNs [11,13]. IFN-o and IFN-B engage the two subunits of
the IFN-0/-B receptor (IFN-AR), IFN-AR1 and IFN-AR2,
to form an active dimer and activate the Janus kinase/signal
transducers and activators of transcription (JAK/STAT)
pathway [14]. This, in turn, initiates a variety of events asso-
ciated with an ‘anti-viral state, including RNA degradation,
inhibition of protein synthesis, major histocompatibility
complex (MHC) class I up-regulation [10], chemokine
secretion [15] and apoptosis [16,17]. Type III IFNs signal
through a different heterodimeric receptor complex
(referred to as IFN-AR) composed of IEN-AR1 [interleukin
(IL)-28Rat] and IFN-AR2 (IL-10RB) chains [10,18], yet acti-
vate much of the same signalling pathways as type I IFNs
[10,18,19].

The IFNs have also been implicated directly in autoim-
mune diseases through elevated serum levels [7,20], IEN
signatures in peripheral blood [21] and disease phenotypes
in transgenic mouse models [22,23]. Numerous case reports
involving therapeutic use of type I IFNs have substantiated
this link. In particular, treatment of chronic hepatitis C
virus (HCV) infections with type I IFNs have been reported
to precipitate autoimmunity towards endocrine organs such
as the pancreas and thyroid gland, as evident by the induc-
tion of specific autoantibodies and development of clini-
cally overt disease (T1D and AITD) [24-28].

Suggestive of a potential role in triggering adrenal auto-
immunity, IFN-o treatment of chronic HCV infection has
been reported to induce the production of 210H
autoantibodies [26]. One report described transient occur-
rence of 210H autoantibodies and clinical adrenocortical
insufficiency in a woman carrying the HLA class II high-
risk genotype for AAD over a 2-year period of IFN-a. treat-
ment [29]. Furthermore, exacerbation of subclinical and
established Addison’s disease with an increased need for
glucocorticoid replacement has been noted in individuals
on IFN-o therapy [30-32]. The adrenal cortex is also per-
missive to certain herpesviruses [33], which could trigger a
local IFN response in the case of an infection. To delineate
potential immunopathological effects of types I and III
IFNs on the adrenal cortex in relation to AAD, we per-
formed in-vitro cell culture studies with NCI-H295R
adrenocortical carcinoma cells.

Materials and methods

Cell culture

Human adrenocortical carcinoma NCI-H295R cells
(referred to as H295R) were cultured in Dulbecco’s modi-

fied Eagle’s medium (DMEM)/F12 medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 2-5% Nu-Serum™
IV Serum Replacement (BD Biosciences, San Jose, CA,
USA), 1% insulin, transferrin, selenium (ITS+ Premix; BD
Biosciences) and 100 U/ml penicillin/100 pg/ml streptomy-
cin (Lonza, Basel, Switzerland) at 37°C with 5% CO,. In
stimulation experiments, H295R cells were seeded in sup-
plemented medium at 3 x 10° cells/well in 24-well plates or
5-10 x 10° cells/well in six-well plates, as indicated. The cells
were left untreated or stimulated with recombinant
cytokines and/or polyinosine-polycytidylic acid [poly
(I:C)] for 24 h before being used in downstream applica-
tions (detailed below). Final concentrations were 100 pg/ml
for poly (I:C) (Sigma-Aldrich, St Louis, MO, USA) and
1 pg/ml for IFN-y (Biolegend, San Diego, CA, USA), while
IFN-o. (IFEN-02b; PBL Interferon Source, Piscataway, NJ,
USA), IFN-B (IFN-B1a; PBL Interferon Source) and IFN-A
(IL-29/IFNA1; R&D Systems, Minneapolis, MN, USA) were
used at varying concentrations as indicated. Cell culture
supernatants were harvested from the 24-well set-up and
stored at —80°C until further use.

Immunofluorescence

For staining of IFN-ARI and IFN-AR1 chains, H295R cells
were treated as described previously [34], but without the
permeabilization step. Primary antibodies were mouse anti-
human IFN-AR1 (R&D Systems; clone no. 85221) and
mouse anti-human IFN-AR1 (R&D Systems; clone no.
601106), both applied at a 1:100 dilution. Positive structures
were visualized with Alexa 488-conjugated donkey anti-
mouse immunoglobulin (Ig)G (Molecular Probes,
Invitrogen) secondary antibodies, applied at a 1:1000 dilu-
tion. Microscope slides were examined under a Nikon
TE2000 wide-field fluorescence microscope equipped with a
%60 objective, and the images were acquired with a Nikon
DS-U2/L2 camera controlled by NIS-Elements AR version
3-10 software. The imaging was performed at the Molecular
Imaging Center (Fuge, Norwegian Research Council), Uni-
versity of Bergen.

Immunohistochemistry

Slides mounted with 5-pum sections of paraformaldehyde
(PFA)-fixed and paraffin-embedded adrenal tissue (Abcam,
Cambridge, UK) were deparaffinized in Neo-Clear (Merck,
Darmstadt, Germany) and rehydrated in a graded ethanol
series and Milli-Q water. The antigen retrieval was per-
formed with ethylenediamine tetraacetic acid (EDTA)
buffer pH 8 (Abcam) at 120°C for 20 min in an autoclave.
Endogenous peroxidase activity was blocked for 10 min
with 0-03% H,O, (Sigma-Aldrich) in Tris-buffered saline
(TBS), pH 7-6. From this point onwards, we used instruc-
tions and solutions from the mouse- and rabbit-specific
HRP Plus (ABC) detection IHC kit (Abcam) with regard to
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incubation times and washes. The primary antibodies were
diluted in 1% bovine serum albumin (BSA)/TBS (w/v) and
incubated overnight at 4°C. All other incubation steps were
performed at room temperature (RT). Both IFN-AR1 and
IFN-AR1 antibodies (see Immunofluorescence section)
were diluted 1:100. Between the different incubations the
slides were washed in TBS with 0-025% Triton X-100
(Sigma-Aldrich). The slides were developed with 3-amino-
9-ethylcarbazole (AEC; BD Biosciences) for 5min and
counterstained with haematoxylin (Merck) for 1 min.
Finally, the slides were washed under running tapwater for
5min before mounting with IMMU-MOUNT aqueous
mounting medium (Thermo Scientific, Runcorn, UK).
Slides were examined under an Olympus BX51 bright-field
microscope and images acquired with an Olympus DP71
camera controlled by Cell P (version 2-6) software.

Cytotoxicity assay and chemokine production

Cytotoxic effects of IFNs and poly (I: C) on H295R cells
were evaluated by a lactate dehydrogenase (LDH) release
assay (Clontech, Mountain View, CA, USA) in accordance
with the manufacturer’s instructions. Relative cytotoxicity
was normalized against cells treated with 0-1% Triton X-100
as a measure of maximum cell death.

Chemokine secretion from H295R cells following 24 h
IFN and/or poly (I: C) stimulation was measured in culture
supernatants using enzyme-linked immunosorbent assay
(ELISA) DuoSet kits specific for CXCL9, CXCL10 and
CXCLI1 (R&D Systems). All assays were performed in
accordance with the manufacturer’s description, with
samples run in duplicate.

Flow cytometry

For the assessment of HLA class I expression, cells stimu-
lated with IFN-o, IFN-B or IFN-A were detached from
24-well plates by 5 min incubation with TrypLE Select (Life
Technologies, Paisley, UK), resuspended in supplemented
medium and centrifuged for 5 min at 300 g. Cells were then
resuspended in 100 ul of 1% BSA/phosphate-buffered
saline (PBS) (w/v) and stained with 2 pug mouse anti-
human HLA-A,-B,-C antibodies (Biolegend; clone W6/32)
for 30 min on ice. Following two washes with 1% BSA/PBS,
cells were again resuspended in 100 pl of 1% BSA/PBS and
incubated with Alexa 488-conjugated donkey anti-mouse
IgG at a 1:100 dilution for 30 min on ice. Finally, the cells
were washed twice with 1% BSA/PBS, resuspended in
200 pl of the same buffer, and analysed immediately on an
Accuri C6 flow cytometer.

To detect IFN-AR1 and IFN-AR1 expression, cells grown
in six-well plates were fixed with 1-:3% PFA/PBS (w/v, pH
7-2), scraped and centrifuged for 5 min at 300 g. Cells were
then resuspended in 100 ul 1% BSA/PBS and treated as
described above for the detection of HLA class I expression,
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except for primary antibodies, which were mouse anti-
human IFN-AR1 and mouse anti-human IFN-ARI1 (see
Immunofluorescence section), both diluted at 1:10.

Real-time polymerase chain reaction (RT-PCR)

H295R cells were stimulated in 24-well plates as described
above. After 24 h, total RNA was extracted from the cells
using the RNeasy Mini Kit (Qiagen) in accordance with the
manufacturer’s protocol. Sufficient RNA quality was con-
firmed by running samples on an Agilent 2100 Bioanalyzer.
c¢DNA was synthesized from 500 ng of total RNA using a
high-capacity RNA-to-cDNA kit (Applied Biosystems,
Warrington, UK). Quantitative RT-PCR was performed on
cDNA samples using TagMan Gene Expression Master Mix
(Applied Biosystems) on an ABI Prism 7900HT Sequence
Detection System (Applied Biosystems). Primer/probe sets
for CYP21A2 (Hs00416901_gl), i.e. the gene encoding
210H and B-actin (catalogue no. 4333762T) were obtained
from Life Technologies. The amplification efficiency of the
target (CYP21A2) and reference gene ([-actin) was vali-
dated by running standard curves for both primer/probe
sets. Relative mRNA expression was calculated by the com-
parative Cr method (Applied Biosystems).

T cell migration and enzyme-linked immunospot
(ELISPOT) assay

Peripheral blood mononuclear cells (PBMCs) were isolated
from a patient recently diagnosed with AAD by Ficoll-
Paque PLUS (GE Healthcare, Little Chalfont, UK) density
centrifugation. The patient had signed informed consent
approved by the Health Region West ethics committee (149/
96-47-96). In order to raise a short-term polyclonal T cell
line against 210H, 7 x 10° PBMCs were resuspended in
200 pl of RPMI-1640 (Lonza) supplemented with 10% AB
serum (Sigma-Aldrich), 2 mM L-glutamine, 10 mM HEPES
buffer, 1 mM sodium pyruvate, 1% non-essential amino
acids, 100 U/ml penicillin, 100 pg/ml streptomycin and
5% 107 M 2-mercaptoethanol (Sigma-Aldrich), and stimu-
lated with recombinant 210H (2-5 ug/ml) purified from
baculovirus-infected insect cells, as described previously
[35] for 1 h at 37°C with 5% CO,. After pulsing with 210H,
the cells were diluted to 3 x 10° PBMC per ml in cell culture
medium enriched with 25ng/ml IL-7 (Biolegend) and
transferred to two wells in a 24-well culture plate. At day 3,
cells were expanded with enriched RPMI-1640 (as
described above) with 1000 U/ml of IL-2 (Peprotech,
London, UK). From this point onwards, IL-2 containing
medium was renewed and cells were split as necessary.

The expression of CXCR3 on CD4* and CD8" T cells
among 210H-stimulated PBMCs was evaluated by flow
cytometry using anti-human CD4 allophycocyanin (APC)
(Biolegend; clone OKT4), CD8 APC and CXCR3
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phycoerythrin (PE) (Biolegend; clone G025H7) antibodies
(staining performed as described above).

On day 20, the ability of CD4* and CD8" T cells to
migrate towards CXCL10-containing supernatants from
H295R cultures was evaluated in a transwell assay. Five tm
polycarbonate membrane transwell inserts (Corning, Inc.,
Corning, MY, USA) in 24-well plates were pre-wetted with
50 pl AIM-V (Life Technologies/Gisco, Carlsbad, CA, USA)
for 1 h at 37°C. Supernatants from H295R cultures stimu-
lated with IFN-y and poly (I: C) to produce large amounts
of CXCLI10, and supernatants from unstimulated (blank)
cultures were heated to 37°C and transferred to the bottom
wells. To evaluate the relative contribution of CXCL10 to T
cell migration, supernatants were also incubated with
5 pg/ml neutralizing anti-human CXCL10 antibodies (R&D
Systems; catalogue no. AF-266-NA) for 1h prior to the
assay. Five x 10° PBMCs from 210H stimulation were
added to each transwell insert and allowed to migrate
towards supernatants for 1 h at 37°C. Cells that migrated to
the bottom wells were harvested by extensive washing with
PBS and stained with anti-human CD4 fluorescein
isothiocyanate (FITC) and CD8 APC (Biolegend; clone
OKT4 and SKI, respectively) antibodies in 1% BSA/PBS
buffer for 30 min on ice. Following washing, the cells were
resuspended in a total of 200 pl of the same buffer and ana-
lysed immediately on Accuri C6, running the samples for
a fixed time-period. Each condition was performed in
duplicate.

On the same day, the T cell response against selected
210H-derived peptides was tested in an IFN-y enzyme-
linked immunospot (ELISPOT) assay (ELISpot™o;
Mabtech, Nacka Strand, Sweden). The 210H-stimulated
PBMCs were initially rested overnight in enriched RPMI-
1640 without IL-2 before 3 x 10° cells were restimulated
with 210H-derived peptides (1 pg/ml) alone or in the pres-
ence of 10 pg/ml of blocking anti-CD4 (eBioscience, San
Diego, CA, USA; clone RPA-T4) or anti-CD8 antibodies
(eBioscience; clone OKT8). The cells were then transferred
to ELISPOT wells coated with anti-IFN-y antibodies and
analysed in triplicate (10° cells per well). After 16 h of incu-
bation, the ELISPOT assay was carried out as recommended
by the manufacturer. Spots were developed for 15 min and
counted manually using a dissecting microscope.

Statistics

All quantitative data except from T cell experiments are
expressed as means * standard deviation (s.d.) of three
independent experiments. Statistical significance between
different treatments and controls was determined by one-
way analysis of variance (ANovA) with Dunnett’s post-hoc
test. Synergism between two variables was tested for by per-
forming a two-way aNova. For both statistical operations,
P <005 was considered significant. All tests were per-
formed with GraphPad Prism version 5-02.
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Fig. 1. Interferon alpha/beta receptor chain 1 (IFN-AR1) and IFN
lambda receptor 1 (IFN-AR1) expression in H295R cells. H295R cells
were fixed and stained with mouse anti-human IFN-ARI1 (solid line)
or mouse anti-human IFN-AR1 (dashed line) followed by Alexa
488-conjugated donkey anti-mouse immunoglobulin (Ig)G and
analysed on an Accuri C6 flow cytometer. The figure shows a
representative histogram from one of two experiments. Shaded
background: cells stained with Alexa 488 anti-mouse IgG only.

Results

Expression of type I and type III IFN receptors in the
adrenal cortex

We initially confirmed the expression of IFN-AR1 in H295R
adrenocortical carcinoma cells by flow cytometry and
extended earlier findings [16] with the demonstration of
IFN-AR1 (Fig. 1). The expression of IFN-AR1 was consider-
ably lower than that of IFN-AR1, and this was also evident
by immunofluorescence; both IFN-AR1 and IFN-AR1
stained in a dot-like pattern throughout the cells, with the
former producing the strongest signal (data not shown).

To investigate whether these receptors are also expressed
in normal adrenal cortex, we performed immunohi-
stochemistry on commercially available human adrenal
tissue sections. As shown in Fig. 2, IFN-AR1 (Fig. 2a) and
IFN-AR1 (Fig. 2b) were clearly expressed in the adrenal
cortex. Both chains stained positively throughout the
majority of the sections, covering both the zona
glomerulosa and zona fasciculata. Cells from the zona
reticularis may also be among the positively stained cells
near the right edges of the sections, but the identity of these
cells was difficult to determine.

Types I and III IFNs are cytotoxic for H295R
adrenocortical cells

To investigate the ability of types I and III IFNs to exert
direct cytotoxicity on adrenocortical cells, we stimulated
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Fig. 2. Expression of interferon alpha/beta
receptor chain 1 (IFN-AR1) and IFN lambda
receptor 1 (IFN-AR1) in human adrenal cortex.
Human adrenal tissue sections were stained
with (a) anti-human I[FN-AR1 or (b)
anti-human IFN-AR1 antibodies followed by
horseradish peroxidase (HRP)-conjugated
secondary antibodies. Positive structures were
visualized with 3-amino-9-ethylcarbazole
substrate (red) and cell nuclei counterstained
with haematoxylin (blue). Neg. ctrl = staining
performed with secondary antibody only.
Images were obtained with x10 and x20
objectives as indicated.

H295R cells with IFN-¢, [FN-f and IFN-A for 24 h and
evaluated the membrane integrity by means of LDH release.
Both types of IFN induced significant LDH release in a
dose-dependent manner (data not shown), reaching a
plateau at about 20% when stimulated with 100 U/ml
IFN-0, 10 U/ml IFN-B or 100 ng/ml IFN-A (Fig. 3). Com-
bining these IFNs did not result in any significant increase
in LDH release, indicating maximum stimulation of over-
lapping signalling pathways. We therefore used these IFN
concentrations for further experiments.

We have shown recently that H295R cells express func-
tional TLR-3 and respond to poly (I:C), an analogue of

Types | and IIl IFNs and AAD

viral dsRNA, with minimal or no induction of type I IFNs
[34]. However, in the case of a viral infection, the adrenal
cortex may be exposed to both viral nucleic acids and type I
and/or type III IFNs derived from other cells (e.g. infiltrat-
ing immune cells or tissue macrophages residing in the
adrenal cortex). Stimulation of H295R cells with 100 ug/ml
poly (I': C) alone resulted in significantly more LDH release
than from cells stimulated with IFNs alone or in combina-
tion (P<0-001, Fig.3 and data not shown). When poly
(I:C) was added in combination with either of the three
IFNs, a small but significant increase in LDH release was
observed (P <0-01).
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Fig. 3. Types I/III interferons exhibit cytotoxic effects on H295R cells.
H295R cells were stimulated with interferons (IFNs) and/or
polyinosine-polycytidylic acid [poly (I: C)] for 24 h and lactate
dehydrogenase (LDH) release, as a measure of direct cytotoxicity, was
estimated in culture supernatants. Results are expressed as mean
percentage of LDH release normalized to cells treated with 0-1%
Triton X-100 (maximum lysis) + standard deviation (s.d.) of three
independent experiments. Asterisks indicate statistical significance
versus unstimulated (medium) cells (***P < 0-001), while hash signs
indicate statistical significance versus poly (I : C)-stimulated cells
(##P < 0-01), as determined by one-way analysis of variance (ANOVA)
followed by Dunnett’s post-hoc test.

Increased HLA class I expression on H295R cells
following IFN stimulation

Hyperexpression of HLA class I, a well-documented effect
of IFN stimulation, is evident in autoimmune disorders
such as T1D [36] and AITD [37]. To assess such a potential
effect of IFNs on adrenocortical cells, we evaluated HLA
class I surface expression on H295R cells by flow cytometry
after 24 h of stimulation. IFN-o, IFN-f and IFN-A all
enhanced HLA class I expression, resulting in two- to three-
fold increase in median fluorescence intensity (MFI) com-
pared to unstimulated cells (P < 0-05 for IFN-o and IFN-A,
Fig. 4). The effect of poly (I:C) was less pronounced,
causing only a marginal increase in MFI (not significant).
Conversely, IFN-y treatment gave a greater than fourfold
increase in MFI (P < 0-001 versus unstimulated cells), and
thus the highest expression levels observed.

Stimulation of 21-hydroxylase mRNA expression by
IFNs and TLR-3 activation

Increased expression of autoantigens may serve as a con-
tributing factor to the induction of autoimmune responses
[37,38]. Therefore, we determined the effect of IFNs [and
poly (I:C)] on the expression of 21-hydroxylase (210H)
mRNA in H295R cells by quantitative PCR. Stimulation

with types I/III IFNs increased 210H expression two- to
threefold compared to unstimulated cells (P<0-01 for
IFN-o and P < 0-001 for IFN-f and IFN-A, Fig. 5). In con-
trast to HLA class I, IFN-y had little effect on 210H expres-
sion, while poly (I: C) stimulation resulted in a threefold
up-regulation of 210H (P<0:001). Co-stimulation of
H295R cells with either IFN-y or poly (I: C), along with
types I/III IFNs, did not enhance 210H expression com-
pared to single-stimulated cells (data not shown).

Types I and III IFNs synergize with poly (I : C) and
IEN-v to induce chemokine secretion

Patients with AAD have elevated serum levels of the CXC
chemokine ligand 10 (CXCL10) [34,39], which has also
been implicated in other endocrine autoimmune conditions
[40]. As CXCL10 is secreted by adrenocortical cells upon
stimulation with proinflammatory cytokines IFN-y and
tumour necrosis factor (TNF)-o [39], and following TLR-3
stimulation [34], we investigated whether types I/III IFNs
could have similar effects, as has been shown for thyrocytes
in the context of AITD [15]. IFN-a, IFN-3 and IFN-A alone
were not able to induce significant amounts of CXCL10
from H295R cells following 24 h of stimulation (data not
shown). However, when combined with either poly (I: C)
or IFN-y (1 pg/ml), CXCL10 secretion was increased
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Fig. 4. Increased expression of human leucocyte antigen (HLA) class I
on H295R cells following interferon stimulation. After 24 h of
incubation with the indicated stimuli, H295R cells were stained with
mouse anti-human HLA-A,-B,-C antibodies followed by Alexa
488-conjugated donkey anti-mouse immunoglobulin (Ig)G, and
analysed on an Accuri C6 flow cytometer. Results are expressed as
mean fold increase in mean fluorescence intensity (MFI) compared to
background [cells stained with Alexa 488 anti-mouse immunoglobulin
(Ig)G only] £ standard deviation (s.d.) of three independent
experiments. Asterisks indicate statistical significance versus
unstimulated (medium) cells (*P < 0-05; ***P < 0-001) as determined
by one-way analysis of variance (ANova) followed by Dunnett’s
post-hoc test.
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Fig. 5. Interferons (IFNs) and polyinosine-polycytidylic acid [poly
(I': C)] stimulates 210H mRNA expression in H295R cells. Total RNA
was isolated from H295R cells following 24 h stimulation with IFNs or
poly (I: C). 210H expression was measured by reverse transcription—
quantitative polymerase chain reaction (RT-qPCR) and normalized to
[B-actin. Results are expressed as mean fold induction over
unstimulated cells (medium) % standard deviation (s.d.) of three
independent experiments. Asterisks indicate statistical significance
versus unstimulated (medium) cells (**P < 0-01; ***P < 0-001) as
determined by one-way analysis of variance (aNova) followed by
Dunnett’s post-hoc test.

several-fold compared to poly (I: C) and IFN-y treatment
alone (Fig. 6). Thus, there appeared to be a synergistic effect
of types I/III IFNs and both poly (I:C) and IFN-y,
although not statistically significant for all combinations as
calculated by two-way anova (Fig. 6).

H295R cells did not produce significant amounts of
CXCL11 following stimulation with the above-mentioned
ligands (data not shown). For CXCL9, only IFN-y had a
slight stimulating effect (P < 0-05), yet the levels were still
very low (9-1+12pg/ml versus 57*1-8pg/ml for
unstimulated cells), and no significant increases were
observed in co-stimulation experiments (data not shown).

CXCL10 produced by H295R cells induces migration of
210H-stimulated T cells

To evaluate whether CXCL10 produced by H295R cells is
chemotactic to CXCR3-expressing T cells, we stimulated
PBMCs from a patient with confirmed AAD with recombi-
nant 210H and measured the migration of CD4" and CD8*
T cells towards H295R supernatants containing CXCL10.
On the day of the assay, the relative expression of CXCR3
among CD4* and CD8" T cells from 210H stimulation cul-
tures were 63-4 and 84-2%, respectively (Fig. 7a). Using a
transwell culture system, we observed increased migration
of both CD4" (Fig. 7b) and CD8"* (Fig. 7c) T cells towards
supernatants from poly (I:C)- and IFN-y-stimulated
H295R cells (CXCL10 concentration: 1568-6 pg/ml by
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ELISA) wversus supernatants from unstimulated cells
(CXCL10 undetectable by ELISA). A similar trend was seen
in an experiment performed with supernatants from
co-stimulation with types I/IIT IFNs and IFN-y (data not
shown). The specific migration towards these supernatants
was not as pronounced, yet this could be a reflection of
lower CXCL10 concentration as measured by ELISA (below
200 pg/ml). The increase in CD4" and CD8" migration in
the present experiment was neutralized by preincubating
supernatants with monoclonal anti-CXCL10 antibodies
(Fig. 7b,c).

The specificity of the T cell line was confirmed by
ELISPOT with selected 210H-derived peptides (data not
shown). The highest frequency of peptide-specific T cells
was detected against a peptide consisting of amino acid resi-
dues 209-226 of 210H [416 + 52 spot-forming units (SFU)
per 1 million cells]. This response was partially blocked in
the presence of both anti-CD4 (117 + 34 SFU per 1 million
cells) and anti-CD8 (193 £ 60 SFU per 1 million cells) anti-
bodies, suggesting the presence of both CD4* and CD8*
reactive T cells.

Discussion

While most autoimmune diseases are founded on a genetic
basis, there is probably still the need for a precipitating
event (e.g. a microbial infection, vaccination or chemical
exposure) to initiate an autoimmune reaction in susceptible
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Fig. 6. CXC chemokine ligand 10 (CXCL10) production by

H295R cells upon co-stimulation with interferons and
polyinosine-polycytidylic acid [poly (I: C)]. H295R cells were
incubated with the indicated combinations of stimuli for 24 h and
CXCL10 production was measured in culture supernatants by
enzyme-linked immunosorbent assay (ELISA). Results are expressed as
mean CXCL10 concentration * standard deviation (s.d.) of three
independent experiments. Asterisks indicate synergistic effects of two
specific stimuli (* P < 0-05; ** P < 0-01) as determined by two-way
analysis of variance (ANOVA).
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Fig. 7. Increased T cell migration towards CXC chemokine ligand 10
(CXCL10)-containing supernatants from H295R cells. Peripheral
blood mononuclear cells (PBMCs) from a patient with autoimmune
Addison’s disease (AAD) were stimulated with recombinant 210H
and expanded with interleukin (IL)-2. (a) The expression of CXCR3
among CD4" (solid line) and CD8" T cells (dashed line) was measured
by flow cytometry. The ability of CD4" (b) and CD8" (¢) T cells to
migrate towards supernatants from H295R cells was tested ina 1 h
transwell assay; 5 x 10° PBMCs were loaded in each transwell insert,
and supernatants from H295R cells stimulated to produce CXCL10
(stimulated) or supernatants from unstimulated cells (blank) were
added to the bottom wells. Migrated cells were harvested, stained with
anti-CD4 and anti-CD8 antibodies and analysed by flow cytometry.
The relative contribution of CXCL10 to T cell migration was evaluated
by preincubating ‘stimulated’ supernatants with anti-CXCL10 for 1 h
prior to the assay (right bars). Results are expressed as number of
migrated cells * standard deviation (s.d.) of two parallels.

individuals. Viral infections induce a strong inflammatory
response with activation of pattern recognition receptors
and induction of types I/III IFNs, and a growing number of
links between autoimmune disease and both viruses and
types I/IIT IFNs suggests that these factors may promote an
environment that is suited for autoimmune responses.

The adrenal cortex expresses several molecules of immu-
nological importance, notably many of the TLRs [41,42],
and a range of cytokines and chemokines under various
conditions [34,43]. We hypothesize that exposure to types
I/III IENs through IFN therapy or as part of an infection
could render the adrenal cortex vulnerable to autoimmune
insult in genetically susceptible individuals. To evaluate
such potential mechanisms, we studied the effect of types
I/III IFNs on relevant parameters in adrenocortical cells.
With the lack of primary adrenocortical cells and tissue
from patients with AAD, which is unavailable for practical
and ethical reasons, we chose to use the well-differentiated
and -characterized H295R adrenocortical carcinoma cell
line for our studies.

The presence of both IFN-AR1 and IFN-AR1 was dem-
onstrated in H295R cells by flow cytometry and immuno-
fluorescence analyses. Upon the identification of IFN-AR in
2003, IFN-AR1 expression was detected at RNA level in the
adrenal gland [18]. In this study, we showed by
immunohistochemistry that IFN-AR1 protein is expressed
throughout the normal human adrenal cortex, including
the two outer cell layers and possibly also the zona
reticularis. We also showed that IFN-AR1 is expressed in a
pattern similar to IFN-AR1 in adrenal sections, and is more
comparable to IFN-ARI1 in terms of staining intensity than
shown in H295R cells. Induction of cell death is a well-
known effect of type I IFNs, and a trait shared with type III
IFNs [19]. Accordingly, types I/III IFNs exerted significant
cytotoxicity on H295R cells as measured by LDH release.
Our data are in concordance with those of Koetsveld et al.
showing an approximately 10-fold higher potency of IFN-f3
than IFN-o [16]. The fact that similar maximum levels of
LDH release was reached by types I and III IFN treatment,
and not increased by co-stimulation, probably reflects con-
verging signalling pathways activated by the different IFNs.

Some case reports have described the development of
adrenocortical insufficiency in connection with herpesvirus
infections [44—47], and among these, one reported extensive
necrosis in the adrenal cortex caused by herpes simplex
virus [44]. Having previously demonstrated the expression
of TLR-3 in H295R cells, which was also reported recently
in the adrenal gland of a patient with co-existing Cushing
syndrome and AAD [42], we tested the ability of poly
(I:C), a TLR-3 stimulant able to mimic viral infections
[48], to exert cytotoxicity on H295R cells. The effect of poly
(I: C) was significantly greater than types I/III IFNs, which
could be due to nuclear factor kappa B (NF-xB)-mediated
apoptosis, as has been shown for pancreatic beta cells [49].
A slight but significant increase in LDH release was noted
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upon co-stimulation with poly (I: C) and types I/III IFNs
compared to poly (I:C) alone. This effect was less than
their individual effects combined, possibly reflecting the
activation of overlapping signalling pathways. In relation to
IFN-o therapy, a direct cytotoxic effect of IFN-o on the
adrenal cortex, resulting in loss of hormone-producing
cells, may contribute to the increased need for gluco-
corticoid replacement observed in some patients with sub-
clinical or established AAD [30-32]. In individuals with a
normal adrenocortical function this would probably only
have a minor influence on the hormone-producing capacity
of the organ, as clinical adrenocortical insufficiency does
not occur before 90% of the hormone-producing cells are
destroyed [50], and progenitor cells from the adrenal cap-
sule or subcapsular region might replace the lost cells [51].

Upon virus infections, types I/III IFN-mediated
up-regulation of HLA class I expression facilitates the pres-
entation of virus-derived peptides and killing of infected
cells by cytotoxic T lymphocytes (CTLs). While this repre-
sents an important mechanism to eliminate viral infections,
such mechanisms may promote the development of auto-
immunity in susceptible individuals. In line with this
notion, high HLA class I expression was found to corre-
spond with the onset of disease in a mouse model of virus-
induced TID [52]. Hyperexpression of HLA class I by
insulin-containing cells of the pancreas is also a hallmark of
inflamed human islets in patients with T1D [53,54]. Fur-
thermore, the co-ordinate up-regulation of HLA class I and
autoantigens by IFNs, as was demonstrated in a transgenic
mouse model for thyroid autoimmunity and in human
thyrocytes [23,55], could vastly increase the likelihood of
autoimmune responses to take place.

In H295R cells, types I/III IFNs increased both HLA class
I (at protein level) and 210H expression (mRNA). Mean-
while, IFN-y and poly (I: C) appeared to only affect one or
the other, with IFN-y inducing high levels of HLA class I
and poly (I:C) promoting the up-regulation of 210H.
These data may suggest that exposure to types I/III IFNs
could evoke autoimmune reactions in individuals predis-
posed to AAD through increased presentation of 210H
peptides on adrenocortical HLA class I molecules. Viral
dsRNA structures formed under infection of the adrenal
cortex could contribute to this increased presentation by
stimulating 210H expression, and IFN-y produced by infil-
trating autoreactive T cells could help to sustain high levels
of HLA class I. In support of this hypothesis, adenovirus
infection in H295R cells was shown previously to increase
the expression of several key steroidogenic enzymes, includ-
ing 210H [56]. Upon cessation of types I/III IFN stimula-
tion (in the case of IFN therapy withdrawal or virus
infection clearance), T cell-derived IFN-y could still stimu-
late HLA class I expression, while increasing levels of
adrenocorticotrophic hormone (ACTH), as a result of
autoimmune adrenocortical failure, would up-regulate
210H [57].

Types | and Ill IFNs and AAD

Along with their potential direct effects on adrenocortical
cells, types I/III IFNs could further act to shape an immune
response against the adrenal cortex through mechanisms
similar to those that promote viral elimination. Specifically,
the presence of type I IFNs (and possibly type III IFNs)
could facilitate cross-presentation of 210H peptides by
dendritic cells (DCs) following uptake of apoptotic cells
(e.g. as a result of IFN-mediated cytotoxicity). In a normal
situation, DCs sampling apoptotic material would probably
reside in an immature state with a lack of co-stimulatory
molecules on their surface and promote tolerance to
adrenal cortex self-antigens (e.g. by inducing T cell anergy
or deletion) [58]. As suggested by Banchereau and Pascural
for SLE, it could be speculated that type I IFN stimulation
might lead to improper activation of these otherwise
tolerogenic DCs, cross-priming of naive autoreactive T cells
and the development of effector CTLs that could inflict
damage on the target organ [58]. In individuals with a
genetic susceptibility to AAD, such a mechanism could be
envisioned as the initial event that breaks tolerance to self-
antigens of the adrenal cortex (i.e. 210H or other targets),
triggering an autoimmune attack.

CXCL10 is a ligand for the chemokine receptor CXCR3,
which is highly expressed on activated T cells, and is associ-
ated with the recruitment of T cells to sites of inflammation
[59]. In both T1D and AITD, patients have elevated serum
levels of CXCL10 [60,61] and there is strong evidence to
suggest that cells within the affected organs are responsible,
at least in part, for the recruitment of CXCR3-expressing T
cells through the production of CXCL10 [62,63]. Interest-
ingly, CXCLIO expression was increased markedly in
thyrocytes from transgenic mice overexpressing IFN-o in
the thyroid gland [23], and was also secreted by human
primary thyrocytes upon in-vitro stimulation with type I
IFNs [15]. We have previously suggested a potential amplifi-
cation loop for CXCL10 production by adrenocortical cells
in AAD involving viral TLR-3 stimulation [poly (I : C)] and
proinflammatory cytokines (IFN-y and TNF-o) derived
from infiltrating autoreactive T cells [34]. Investigating
whether types I/III IFNs could play a part in such a circuit,
we did not observe significant CXCL10 production upon
stimulation of H295R cells with these IFNs alone. However,
in combination with poly (I: C) or IFN-y, types I/III IFNs
exhibited a stimulating effect on CXCL10 production,
although not statistically significant for all combinations.
With regard to other CXCR3-binding chemokines, stimula-
tion of H295R cells with types I/III IFNs, poly (I:C) or
IFN-v (alone or in combination) had little effect on the pro-
duction of chemokines CXCL9 and CXCL11. Although it
remains to be seen whether this selective induction of
CXCL10 also applies to primary adrenocortical cells, this
could reflect a specific mechanism involving types I/III IFNs
that may be operative in AAD.

Using a polyclonal T cell line raised against 210H, we
assessed the functionality of CXCL10 produced by H295R
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cells in a transwell migration assay. We observed increased
migration of both CD4* and CD8" T cells towards superna-
tants from H295R cells stimulated to produce CXCL10
versus supernatants from unstimulated cells. The relative
increase in migration towards CXCL10-containing superna-
tants versus blank supernatants was slightly bigger for CD8*
T cells (~2-4-fold) than CD4" T cells (~1-9-fold), possibly
reflecting the higher percentage of CXCR3-positive cells
within the CD8" population (Fig.7a). By preincubating
supernatants with anti-CXCL10, the increase in both CD4*
and CD8* T cell migration was neutralized, suggesting that
the CXCL10 produced by H295R cells is indeed chemotactic
for T cells.

In the case of a viral infection in the adrenal cortex, types
I/IIT TENs may thus act in concert with viral dsRNA struc-
tures to induce (in the initial phase) and/or increase the
infiltration of immune cells by means of CXCL10 secretion.
This could lead to the recruitment of potentially harmful
lymphocytes (in individuals predisposed to AAD) that pro-
duces proinflammatory cytokines such as IFN-y and
TNF-0, whose action on adrenocortical cells would serve to
amplify the CXCL10 production, thus establishing a vicious
cycle that could grossly expand the mononuclear infiltrate.

In summary, we have demonstrated the expression of
types I and III IEN receptors in the human adrenal cortex,
and shown specific effects of types I/III IFNs, both alone
and in combination with TLR-3 or IFN-y stimulation, on
adrenocortical cells that may have implications for the
pathogenesis of AAD. Accordingly, we provide potential
mechanisms by which types I/III IFNs triggered by a viral
infection or IFN therapy could serve to initiate or fuel an
ongoing autoimmune attack on the adrenal cortex in
genetically susceptible individuals. Taken together, exposure
of the adrenal cortex to types I/III IFNs could lead to the
co-ordinate up-regulation 210H (autoantigen) and HLA
class 1 expression, increased recruitment of immune cells
through enhanced CXCL10 production and apoptosis/
necrosis of adrenocortical cells. Increased autoantigen
expression combined with a cytotoxic effect on adrenocorti-
cal cells would increase the probability of 210H peptides
being cross-presented to CD8" T cells by dendritic cells
(DCs) which, in such a proinflammatory environment,
could lead to the activation and expansion of 210H-specific
autoreactive T cells. Such cells could be attracted to the
adrenal cortex by CXCL10 (and other chemokines), and
effectively kill adrenocortical cells expressing high levels of
HLA class L.

For future studies it will be important to establish
whether the present findings are evident in the adrenal
cortex of patients with AAD. In the lack of primary cells
from patients, this could be answered by performing post-
mortem analysis of diseased tissue. Such analyses may reveal
the possible hyperexpression of HLA class I and 210H, as
well as the production of CXCL10 by the adrenal cortex and
the presence of CXCR3-expressing T cells. The effect of

types I/III IFNs on cellular responses against 210H can be
studied using isolated T cells and antigen-presenting cells
from patients with AAD.
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