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Abstract

Primary adrenal insufficiency (PAI) is most often caused by an autoimmune destruction of the adrenal cortex resulting in failure to produce
cortisol and aldosterone. The aetiology is thought to be a combination of genetic and environmental risk factors, leading to breakdown of im-
munological tolerance. Regulatory T cells (Tregs) are deficient in many autoimmune disorders, but it is not known whether they contribute to
development of PAI. We aimed to investigate the frequency and function of naive and expanded Tregs in patients with PAl and polyendocrine
syndromes compared to age- and gender-matched healthy controls. Flow cytometry was used to assess the frequency and characterize func-
tional markers of blood Tregs in PAI (N = 15). Expanded Treg suppressive abilities were assessed with a flow cytometry based suppression assay
(N = 20), while bulk RNA-sequencing was used to examine transcriptomic differences (N = 16) and oxygen consumption rate was measured by
a Seahorse cell metabolic assay (N = 11). Our results showed that Treg frequency and suppressive capacity were similar between patients and
controls. An increased expression of killercell leptin-like receptors and mitochondrial genes was revealed in PAl patients, but their expanded
Tregs did not display signs of mitochondrial dysfunction. Our findings do not support a clear role for Tregs in the contribution of PAl development.
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Introduction

The main cause of primary adrenal insufficiency (PAI) in in-
dustrialized countries is an autoimmune attack targeting
hormone-producing cells in the adrenal cortex. This is known
as autoimmune PAI, hereby referred to as PAI, and clinically
manifests as fatigue, nausea, depression, and muscle weak-
ness, caused by deficiency in the life-essential hormones
cortisol and aldosterone [1]. This disease can appear as an
isolated entity in patients, but is most often seen in concert
with other autoimmune components. When present together
with type 1 diabetes and/or autoimmune thyroid disease, it
is defined as autoimmune polyendocrine syndrome (APS)-2,
with a similar polygenic inheritance pattern as isolated PAI,
while the additional components of hypoparathyroidism and
chronic mucocutaneous candidiasis define the monogenic
APS-1, caused by mutations in the autoimmune regulator
(AIRE) gene [2]. Except for PAI in APS-1, the aetiology of the

disorder is still an enigma, but is thought to include genetic
factors in combination with unknown environmental triggers
[3], which will lead to breakdown of immunological toler-
ance. At diagnosis, >90% of PAI patients have autoantibodies
against the key enzyme for generation of corticoids and
mineralocorticoids, namely 21-hydroxylase (210H), which
is used in the diagnostic toolbox for PAI [4, 5]. However,
autoreactive T cells are thought to have a dominant role in
the pathogenesis [6-8].

A key player in the maintenance of immune tolerance is T
cells with suppressive capacity, i.e. regulatory T cells (Tregs),
which have the ability to dampen possibly damaging immune
responses in the blood stream and peripheral tissues [9-11].
Several autoimmune disorders have been found with altered
levels or impaired function of Tregs [12-14]. In addition,
failure of effector T cells to respond to Treg-mediated sup-
pression has also been described [15, 16]. Importantly, the
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stability and function of Tregs are dependent on mitochon-
drial metabolism [17, 18] and processes taking place in the
mitochondria are also important for Treg survival in lactate-
rich environments [19].

How Tregs appear in PAI and APS is not yet clear, but one
study previously claimed that APS-2 patients have lower Treg
suppressive capacity than healthy controls [20], while Treg
number is clearly impaired in APS-1, although the functional
properties of Tregs in this syndrome are controversial [21-
23]. Recently, our genome-wide association study (GWAS)
identified HLA-haplotypes and several Treg-related genes,
including CTLA4, BACH2, and AIRE to be associated with a
higher risk of developing PAI [24], which might point to Treg
disturbances in PAIL

Here, we hypothesized that Tregs may be involved in the
pathogenesis of PAL To this end, we examined Treg frequency
in peripheral blood mononuclear cells (PBMC) and further
studied the suppressive capacity, the transcriptional activity
by RNA-sequencing, and mitochondrial function of expanded
Tregs isolated from patients with adrenal insufficiency with or
without comorbidities and compared them with Tregs from
healthy controls. Our results can help to establish knowledge on

Table 1. Patient characteristics

how Tregs are affected in PAI and whether or not Tregs may be
suitable future targets or vehicles for therapy for this disorder.

Methods

Patients, controls, and ethical considerations

Six patients with isolated PAI, 16 patients with APS-2, 1
patient with PAI and primary ovarian insufficiency (POI),
and 1 patient who had undergone an adrenolectomy, all
enrolled in the Norwegian National Registry for Organ
Specific Autoimmune Diseases (ROAS), were included in the
study [16 females, 8 males, mean age 51.6, range (19-78)
years, Table 1]. All patients have given their written in-
formed consent for participating. The patients were treated
with hormone substitution therapy based on the individuals’
endocrine manifestations, i.e. patients with PAI are treated
with hormone substitution using cortisone acetate or hydro-
cortisone in physiological doses, while patients with hypo-
thyroidism are treated with levothyroxine. Whole blood
from 41 sex- and age-matched healthy donors [25 females,
16 males, mean age 49.1, range (22-74) years] was obtained
from the Blood Bank at Haukeland University Hospital

Patient Sex®* Disease Manifestations® 210H!Y PAIHLA APS-2  Flow Suppression RNA-seq Seahorse
duration iske cytometry assay
(years)®
1 F 12 PAL HypoT + — X X
2 F 24 PAI, HypoT + Low X X
3 M 29 PAI, HypoT + Intermediate  x X X
4 F 13 PAL HyperT, T1D, vit-  + Intermediate  x X
iligo
S F 6 PAI + — X X
6 F 23 PAI + Low X X X
7 M 30 PAL HypoT + Intermediate  x X X X
8 F 3 PAI + — X X X
9 M 39 PAIL HypoT, T1D + Low X b b b
10 F 27 PAIL, HypoT, T1D + Low x X X
11 F 30 PAI, POI + Intermediate X X
12 M 23 PAL HypoT, T1D, + High X X X X X
vitiligo
13 F 39 PAL HypoT, HyperT + Low X X
14 F 11 PAL HypoT, T1D + Intermediate  x X X X X
15 F 7 PAIL HypoT, vitiligo + Intermediate  x X X X X
16 F 9 PAL T1D + Intermediate  x b b b
17 F 55 PAI, HypoT + Intermediate  x X X X
18 F 11 PAL HypoT + — b b b b
19 F 2 PAI + — X X X
20 M 14 PAL HypoT + Low X X X X
21 M 9 PAI + High X X
22 M 37 PAL HyperT, T1D + Low X X X
23 F — PAI - — X
24 M 14 Adrenolectomy - — X

“F, female; M, male.
b— not known.

‘HyperT, hyperthyroidism; HypoT, hypothyroidism; PAL primary adrenal insufficiency; POIL, primary ovarian insufficiency; T1D, type 1 diabetes.

d+, positive, —, negative.

c—, not known. Risk categories based on Wolff et al., European Journal of Endocrinology, https://doi.org/10.1530/EJE-20-1268, 2021 [5].
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(Bergen, Norway) and donors gave their informed consent
for research when donating blood. This study is approved by
the Regional Committee for Medical and Health Research
Ethics (REK), with REK-number 2018/1417, and was con-
ducted in accordance with the Declaration of Helsinki.
From 15 patients and matched controls, we had access to
cryopreserved PBMC and Treg frequencies and functional
markers were assessed. Expanded Tregs were generated
from all included patients (N = 24) and most healthy con-
trols (N =27). These expanded cells were then applied to
suppression assays, RNA transcriptomics, and metabolic as-
says (Table 1).

Peripheral blood mononuclear cell isolation

Peripheral blood mononuclear cells were isolated using
Ficoll density gradient centrifugation. Cells were frozen in
human AB serum supplemented with 10% dimethyl sulf-
oxide (DMSO), stored at -80°C for 2-3 days, and further at
-150°C until use.

Flow cytometric analysis for PBMCs

Peripheral blood mononuclear cells from 15 patients
[mean age 48.5 (range 22-78) years, 53% females] and 15
healthy controls [mean age 46.8 (22-68) years, 53% fe-
males] were thawed, stained with Live/Dead Fixable Yellow
Dead Cell Stain Kit according to the manufacturer’s in-
structions (Invitrogen, cat. L34959) and Fc-blocked with
BD Pharmingen Human BD Fc Block (BD, cat.564219).
Subsequently, cells were stained with the following anti-
bodies: V500 anti-human CD3, PerCP-Cy5.5 anti-human
CD4, PE-CyS5 anti-human CD8, PE-Cy7 anti-human CD2S5,
APC-H7 anti-human CD45RA, BV421 anti-human CTLA4,
BV785 anti-human CD31, BV650 anti-human HLA-DR,
biotin anti-human TCR v/d, biotin anti-human CD1c, and
biotin anti-human CD14. Cells were then stained with FITC
Streptavidin (BioLegend, 1:500, cat. 405202; Supplementary
Table 1). Fixation and permeabilization were achieved
using the Foxp3/Transcription Factor Staining Buffer Set
(eBioscience, cat. 00-5523-00) according to instructions
from the manufacturer. Cells were intracellularly stained
with APC anti-human Helios and PE-CF594 anti-human
FOXP3 (Supplementary Table 1). Cells were analysed using
the BD LSRFortessa Cell Analyzer and the BD FACSDiva
Software. Flow]Jo v10.2 (BD) was used to analyse flow
cytometric data.

Treg isolation and in vitro expansion

Tregs were isolated from whole blood using the MACSxpress
Treg Isolation Kit Human according to instructions from
the manufacturer (Miltenyi Biotec, cat. 130-109-557),
where non-CD4 and CD127 +cells are removed before
the CD25 + population is enriched. The obtained cells are
CD4 + CD25 + CD1274m, Next, Tregs were expanded in
TexMACS medium (Miltenyi Biotec, cat. 130-097-196) sup-
plemented with 500 U/ml recombinant (r) IL2 (Miltenyi
Biotec, cat. 130-097-744) and 5% human AB serum for 14
days at 37°C and 5% CO,, according to the Treg Expansion
Kit (Miltenyi Biotec, cat. 130-095-345). Cell culture medium
was exchanged every 2-3 days and cells were split when ne-
cessary. After expansion, cells were harvested and frozen in
human AB serum supplemented with 10% DMSO. Cells were
cryopreserved and kept at ~150°C until use.

Sjggren et al.

Treg suppression assay of expandedTregs

The PAN T Cell Isolation Kit Human (Miltenyi Biotec, cat.
130-096-535) was used to obtain the untouched T cell frac-
tion (here referred to as responder cells, Tresp) from 20 pa-
tients [mean age 50.2 (range 22-78) years, 75% females]
and 20 controls [mean age 49.3 (range 22-74) years, 75%
females], according to instructions from the manufacturer
(Miltenyi Biotec). Tresp cells (1 x 10¢ cells/ml) were rested
overnight in TexMACS medium containing 5% human
AB serum and 50 U/ml rIL2 (Miltenyi Biotec) at 37°C and
5% CO,. These cells were then stained with the CellTrace
Violet Cell Proliferation Kit according to instructions from
the manufacturer (Invitrogen, cat. C34557). Tresp and
Tregs were dissolved to a concentration of 5 x 10° cells/ml
in TexMACS medium supplemented with 50 U/ml rIL2, 5%
human AB serum, and 1% penicillin—streptomycin (Treg sup-
pression medium). For the suppression assay, cells were ac-
tivated with 3 pl/ml Immunocult Human CD3/CD28 T cell
Activator (Stemcell Technologies, cat. 10971) and co-cultured
in Tresp-to-Treg ratios of 1:1, 2:1, 4:1, and 8:1 for 5 days at
37°C and 5% CO,.

For five patients and five healthy controls, the suppressive
capacity of Tregs was additionally assessed using a pool of
Tresp from five new healthy controls [3 females, 2 males,
mean age 47.8, range (41-59) years] to evaluate whether there
was inherent impairment of patients’ Tresp. Furthermore,
for three patients and three controls, 100 nM AS2863619
(Cayman Chemicals, cat. 30976) was added to the co-culture
wells (concentration chosen based on work by Akamatsu et
al. [25]). For two patients and two controls, 20 pg/ml CD152
[CTLA4]| (human):Fc (human) (Chimerigen, cat. CHI-HF-
220A4-C500) was added to the co-culture wells (concentra-
tion chosen based on titrations with concentrations ranging
from 0.65 to 20 pg/ml). Both molecules were added to wells
in a 1:1 ratio of Tresp pool and Tregs. The culturing condi-
tions were the same as for the regular suppression assay.

Cells were stained with the Live/Dead Fixable Yellow
Dead Cell Stain Kit (Invitrogen, cat. L34959) according
to the manufacturer’s protocol, and directly conjugated
mouse anti-human antibodies against V500 anti-CD3,
PerCP-CyS5.5 anti-CD4, PE-CyS$ anti-CD8 or APC anti-CDS§
and PE-Cy7 anti-CD25 were added (Supplementary Table
1). Fixation and permeabilization were performed using the
Foxp3/Transcription Factor Staining Buffer Set (eBioscience,
cat. 00-5523-00) according to instructions from the manu-
facturer. Suppressive capacity was assessed using flow
cytometry (BD LSRFortessa and S6 Cell Analyzers and the
BD FACSDiva Software). Percentage of Treg suppression
was calculated as %Treg suppression = [(Tresp alone-Tresp
treated with Tregs)/Tresp alone] x 100%. Flow]Jo v10.2 CL
and v.10.8 CL (BD) were used to analyse flow cytometric
data.

Enzyme-linked immunosorbent assay

Treg-specific cytokines were measured in supernatant from
the suppression assay at the end of culturing using Quantikine
HS ELISA Human IL-10 (RnD Systems, cat. HS100C),
Human TGF beta 1 ELISA Kit (Abcam, cat. AB100647), and
Human Interleukin 35 (IL-35) ELISA Kit (Nordic BioSite,
cat. EKX-6FHVKH-96) according to instructions from the
manufacturers. Absorbance was read at A450 nm (IL-35 and
TGF-B), and A490 nm (IL-10) using a SpectraMax plus 384
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Microplate Spectrophotometer and the SoftMax Pro 7.1 soft-
ware (Molecular Devices).

RNA sequencing and bioinformatic analysis

RNA was isolated from in vitro expanded Tregs from 16 pa-
tients [mean age 52.1 (range 19-78) years, 69% females] and
16 healthy controls [mean age 51.4 (range 24-71) years, 62%
females] using the RNeasy Mini Kit according to instructions
from the manufacturer (Qiagen, cat. 74106), except for the
final elution step, which was repeated twice. Further library
preparation, sequencing, and bioinformatic analysis were
done by Novogene (Cambridge, UK). In short, sequencing
was performed on poly-A-enriched mRNA libraries using
[llumina paired-end 150 bp sequencing by the NovaSeq 6000
system. Raw data were processed with a Novogene in-house
perl script. Adaptors and low quality reads (Phred.score = 10,
meaning an error rate of 90%) were then removed. The clean
sequencing reading depth per sample was mean 101 million
reads (range 78-105 million reads). Paired-end high quality
reads were mapped to the reference Homo sapiens GRCh38/
hg38 using Hisat2 v.2.0.5. The program featureCounts
v.1.5.0-p3 was then used to count the read numbers mapped
to each gene. Differential expression analysis was subse-
quently performed using the DESeq2 R package (1.20.0)
and P values adjusted with Benjamini and Hochberg’s FDR
method. Genes with an adjusted P value <0.05 were con-
sidered differentially expressed. Differentially expressed genes
were loaded onto String (https://string-db.org/cgi/network)
to perform pathway analysis [26]. PANTHER GO analysis
was applied on the upregulated genes to point at specific mo-
lecular pathways (https://pantherdb.org).

Seahorse cell metabolic assay

Cellular mitochondrial respiration was assessed in 11 pa-
tients [mean age 41.1 (range 19-24) years, 73% females]
and 11 healthy controls [mean age 42.5 (range 22-64) years,
82% females] by oxygen consumption rate (OCR) using the
Seahorse XF Cell Mito Stress Test kit (Agilent Technologies,
cat. 103015-100) and the Seahorse XFe96 Analyzer (Agilent
Technologies). On the day before the assay, 250 000 in
vitro expanded Tregs were seeded per well in quadrupli-
cates in a poly-D-Lysine coated Seahorse cell plate (Agilent
Technologies, cat. 103799-100) before centrifugation at
300xg for 5 min with zero braking. The cells were allowed
to attach o/n at 37°C in a §% CO, incubator. On the day
of assay, the culture medium was carefully replaced with
Seahorse XF RPMI assay medium (Agilent Technologies, cat.
103576-100) supplemented with 2 mM vr-glutamine (Sigma,
cat. G7513), 2 mM sodium pyruvate (Sigma, cat. P5280), and
25 mM glucose (Sigma, cat. G7021). The cells were incubated
at 37°C in an incubator without CO, infusion for 1 h before
a second medium change followed by 30 min incubation be-
fore starting the assay. After measuring baseline OCR, 2 uM
oligomycin, 2 uM CCCP, and 2 pM rotenone/antimycin A
were added in successive order to block ATP production, un-
couple oxygen consumption from ATP production, and block
the electron transport chain, respectively. Three measurement
cycles were performed between additions of each inhibitor.
After the assay, gDNA was extracted by incubation with 5%
Chelex (BioRad, cat. 1421253), 200 pg/ml Proteinase K, and
50 pg/ml RNase A (both from Qiagen, cat. 19131 and 19101)
at room temperature for 5 min, followed by 56°C for 4 h.

Oxygen consumption rate values were normalized to relative
gDNA contents quantified by the QIAxpert spectrophotom-

eter (Qiagen).

Statistical analysis and figures

An unpaired parametric t-test was used to examine differ-
ences between patients and healthy controls for the flow
cytometry characterization, suppression assay and ELISA,
while a Mann—Whitney test was used for Seahorse experi-
ments with fewer samples. A P value less than 0.05 was con-
sidered statistically significant, except for flow cytometric and
cell metabolic assays, where the significance threshold level
was set to P < 0.01. All statistical analyses and figures were
made using the GraphPad Prism 9.1.0 software (GraphPad
Software).

Results

No difference inTreg frequencies between patients
and controls

PBMCs from 15 patients and 15 healthy controls were ana-
lysed by flow cytometry to search for differences in the fre-
quency of Tregs from cryopreserved PBMCs. These cells were
gated as CD25 + FOXP3 + cells within the CD4 + compart-
ment (Supplementary Fig. 1A). In addition, within the Treg
subset, we examined the frequency of HLA-DR, Helios,
CTLA4, CD45RA, and CD31 (Supplementary Fig. 1B). We
did not find differences in the frequency of Tregs, based on the
expression of CD25 and FOXP3, nor in the expression of the
other aforementioned markers when comparing patients and
healthy controls (Fig. 1A-F).

Treg isolation and in vitro expansion

Tregs from 24 patients and 27 healthy controls were iso-
lated and expanded in vitro for 14 days. While the average
number of Tregs obtained from patients and controls at day
0 was highly similar [265 000 (range 150 000-400 000) for
patients and 267 222 (range 115 000-500 000] for con-
trols, P =0.9314, Supplementary Fig. 2A), the number of
cells post-expansion was significantly higher for patients
[15 x 10° (range 2.0 x 10°~38.0 x 10°] compared to healthy
controls [9.8 x 10° (range 1.7 x 10°~19.7 x 10°¢], P = 0.0081,
Supplementary Fig. 2B). These observations do not support
the initial hypothesis of fewer Tregs in PAI patients but could
instead point to different regulation of their Tregs.

Treg suppression in patients and controls

To assess whether a functional impairment could be ob-
served in the patients’ Tregs, we used a flow cytometry
based suppression assay to measure the ability of in vitro
expanded Tregs to inhibit Tresp proliferation. Tregs were
distinguished from the Tresp population based on CellTrace
Violet and CD25 (Supplementary Fig. 3). Four different
Tresp-to-Treg ratios were initially tested in five patients and
matched controls (Table 1, patients 2, 3, 10, 13, and 15),
and we observed a significantly lower level of Treg suppres-
sion for the patient group at all ratios (Supplementary Fig.
4).

Based on these initial findings, we included a total of 20
patients and 20 healthy controls and chose to examine Treg
suppression with only a 1:1 and 4:1 ratio of Tresp and Tregs.
Overall, patients’ Tregs showed trends towards lower ability
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Figure 1. Flow cytometric analysis of PBMCs from patients with PAI (N = 20) and healthy controls (N = 20). (A) Treg frequencies in a representative
patient and healthy control. Expression of (B) HLA-DR, (C) Helios, (D) CTLA4, (E) CD45RA, and (D) CD31 within the CD4 + CD25 + FOXP3 + population.
All flow figures are shown for a representative patient and healthy control. The P value was calculated using an unpaired, parametric t-test. ns,

non-significant.
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to inhibit Tresp proliferation at both 1:1 (mean patients
63.4%, mean controls 71.0%, P = 0.1870, Fig. 2A) and 4:1
(mean patients 31.2%, mean controls 44.0%, P =0.0507,
Fig. 2B), but without reaching statistical significance. We
did the same analysis looking at the CD8 + responder cell
population and observed the same trend (Supplementary Fig.
5). Adjusting for APS-2/isolated PAI, disease duration, HLA
risk type for PAI, presence of the AIRE p.R471C risk allele
(rs74203920) (present in three of the included patients),
age, and sex did not reveal differences when comparing the
groups, although this may be related to the few subjects
tested.

Further, we examined the production of the Treg-specific
cytokines IL-10,1L-35, and TGF- in suppression assay super-
natant. While IL-35 production was detected in most samples,
both IL-10 and TGF-f were undetectable in the majority of
samples, indicating low or non-existing production of these
cytokines. Taken together, we did not find differences in cyto-
kine production in Treg suppression cultures between patients
and controls (Supplementary Fig. 6). Further, we looked at
proliferation and expansion indices for Tresp:Treg ratios 1:0
and 1:1 for all samples, without revealing any differences
when comparing patients and controls (Supplementary Fig.
7).

Next, we wanted to examine whether the slightly lower
Treg suppression observed in patients was caused by Tresp re-
sistance to Treg mediated suppression and therefore examined
suppression by using a pool of responder cells. The responder
cell pool was prepared by mixing responder cells from five dif-
ferent healthy controls, followed by co-culture with Tregs from
five patients (Table 1, #5-8 and 14) and five controls at ratios
1:1 and 4:1. We found that Tregs from patients and healthy
controls were equally efficient in suppressing the proliferative
response generated by the responder cell pool (Supplementary
Fig. 8A and B). In an attempt to increase Treg suppression,
we added 100 nm of the dual Cdk8/19 inhibitor AS2863619
(three patients and three controls, Table 1 #5, 6, 14) and 20
pug/ml CD152 [CTLA4]:Fc (two patients, two controls, Table
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1 #5, 14) and assessed Treg inhibition of Tresp pool prolifer-
ation. However, no differences were observed with or without
these in vitro treatments (Supplementary Fig. 8C and D).

Differential gene expression analysis in patients
versus healthy controls

As the suppression assay pointed at trends towards lower
Treg suppressive abilities in patients compared to healthy
controls, we performed RNA sequencing on expanded Tregs
to search for differences on the transcriptomic level. The co-
hort included 11 patients with APS-2, 1 patient who had
undergone an adrenolectomy, and 4 patients with isolated
PAI (Table 1). Principal component analysis was used to
evaluate intergroup relationships and although we observed
differences between individual samples, the sample distribu-
tion was overall similar at the group level (Supplementary
Fig. 9). Sixty genes were found significantly differentially ex-
pressed (adjusted P < 0.05 and [log2FC| > 0.1). Among these,
54 were significantly upregulated, while only 6 genes were
significantly downregulated in patients compared to controls
(Fig. 3A; Supplementary Table 2). Panther GO ontology re-
vealed strong enrichment for genes involved in mitochondrial
electron transport and natural killer (NK) cell-mediated cyto-
toxicity among the upregulated genes (Supplementary Table
3). Genes in the latter category included several killer cell
lectin-like receptor C (KLRC) family genes, including KLRC4
(log2FC 3.314), KLRC3 (log2FC 3.286),and KLRC2 (log2FC
2.984). The most downregulated gene in the patient group
was the monoamine oxidase B (MOAB) gene (log2FC 3.305),
encoding an enzyme belonging to the flavin monoamine oxi-
dase family, which localizes to the mitochondrial outer mem-
brane. The six downregulated genes were loaded onto String
to search for any functional links between them; however,
none were identified (Fig. 3B). The analysis was repeated for
the 54 upregulated genes and, as expected, functional links
were found between several of the mitochondrial and KLRC
genes, respectively (Fig. 3C), pointing to mitochondrial
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Figure 2. Treg suppression assay with expanded Tregs for patients with PAI (N = 20) and healthy controls (N = 20). CellTrace Violet labelled responder
cells were co-cultured with Tregs, in the presence of anti-CD3/28 and IL2 at ratios (A) 1:1 for 20 patients and 20 controls, (B) 4:1 for 5 patients and

5 controls. The five patients used for optimizing the assay are also included in the figure and statistical analysis. FlowJo figures are shown for a
representative patient and control for each ratio. *P < 0.05 and **P < 0.01, calculated using an unpaired, parametric t-test. ns, not significant.
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Figure 3. (A) Distribution of differentially expressed genes in expanded Tregs for PAl patients (N = 16) and healthy controls (N = 16). Significantly
differentially expressed annotated genes between patients and healthy controls presented in a volcano plot. Genes were set as significantly
differentially expressed if the adjusted P value < 0.05 and [log2FC| > 0.1. (B and C) String pathway analysis of differentially expressed genes (B)
Functional relationships between significantly downregulated genes in the patient cohort compared to healthy controls. (C) Functional relationships
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adjusted P value < 0.05 and |log2FC| > 0.1.
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pathways and cell killer responses to be differentially active
in expanded Tregs from patients versus controls.

ExpandedTreg metabolic respiration in PAl was
similar to healthy controls

Because we found mitochondrial genes to be differentially
expressed in expanded Treg cells between patients and con-
trols, we sought to assess whether this would manifest as
differences in mitochondrial function. To this end, we meas-
ured cellular mitochondrial respiration in expanded Tregs
using a Seahorse assay in 11 patients and 11 controls. We
observed large variations in the OCRs within both groups
(Fig. 4A) and consequently there were no significant dif-
ferences between the groups (Fig. 4B). Overall, Tregs from
patients with PAI did on average not display significant
mitochondrial dysfunction compared to healthy controls;
however, there was a trend towards lower OCR amongst
patients (Fig. 4).

Discussion

Tregs are crucial in the maintenance of self-tolerance and de-
creased frequencies and/or dysfunctional Tregs can lead to
development of autoimmune disease. In this study, we have
investigated Treg frequency in PBMC, while transcriptional
changes, metabolic function, and suppressive capacity were
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investigated in in vitro expanded Tregs in patients with ad-
renal insufficiency.

The aetiology of PAI is still not completely understood.
However, both genetic susceptibility and environmental fac-
tors are thought to be involved [3]. PAl is one of three features
characterizing APS-1, where patients acquire several auto-
immune and ectodermal manifestations due to mutations in
the AIRE gene [27]. AIRE has a major tutor role in induction
and maintenance of immunological central tolerance, in add-
ition to a more uncharacterized function in Treg generation
[28,29]. As a coding variant of AIRE (p.R471C) was recently
found to be associated with PAI [24], there is a possibility of
central tolerance mechanisms being involved in the pathogen-
esis of PAI, possibly implicating a loss of peripheral suppres-
sion of autoreactive cells. Of note, the p.R471C variant of
AIRE have also been associated with other autoimmune con-
ditions, such as type 1 diabetes and pernicious anaemia [30,
31]. Patients with two recessive AIRE mutations (and hence
with a full APS-1 diagnosis) have been shown to have de-
fective and reduced numbers of Tregs [21-23, 32]. In APS-2,
however, Tregs were not found to be changed in numbers, but
they were defective in their suppressive function [20]. Here,
we did not find alterations in the Treg suppression when com-
paring PAI or APS-2 patients and healthy controls, nor did
we see any pattern related to presence of the AIRE p.R471C
risk allele.
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Figure 4. Measurement of mitochondrial respiration in expanded Tregs from patients with PAI (N = 11) and healthy controls (N = 11). (A) Cellular oxygen
consumption rate measured by a Seahorse mitochondrial stress test. After determining basal respiration, inhibitors of mitochondrial respiration were
added as followed: Oligo (oligomycin) to inhibit ATP synthase, CCCP (carbonyl cyanide m-chlorophenylhydrazone) to uncouple oxygen consumption
from production of ATE AA (antimycin A) to block mitochondrial complex Ill, and rotenone to block mitochondrial complex I. (B) The addition and effect
of inhibitors made it possible to calculate non-mitochondrial, basal, and maximal respiration, ATP production, spare capacity and proton leak, as shown
with individual values and mean + SEM. The P value was calculated with a nonparametric Mann-Whitney test. ns, non-significant.
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Increased Treg cell death due to increased mitochondrial
oxidative damage has been found in both humans and mice
in autoimmune settings [33], which might be the cause of the
increased expression of a set of mitochondrial genes in PAI
patients. However, Treg numbers obtained on the day of iso-
lation were similar between patients and controls, arguing
against increased cell death. In addition, the mitochondria
stress test, even though some patients had a low response,
in sum revealed similar OCR related to basal and maximal
respiration, in addition to a proton leak and spare capacity
in patients comparable to healthy controls. We furthermore
observed that patient Tregs displayed a significantly higher
proliferative capacity from day 0 to day 14 of the expan-
sion period compared to healthy controls, also pointing
against reduced viability of these cells and rather towards
increased proliferative capabilities. This may indeed be an
interesting observation, which indicates accelerated turnover
of Tregs, as have also been suggested for Tregs in autoimmune
polyendocrine syndromes in the past [32]. This should be in-
vestigated further in new experimental setups.

We also found an upregulation of several KLRC genes
in the patient cohort, which are normally expressed by NK
T cells. Interestingly, other NK cell receptor genes, such as
KIR, were found expressed in CD8 + T cells with regulatory
properties in blood and inflamed tissue in patients with auto-
immune disease [34]. Whether these markers are really ex-
pressed on expanded Tregs under certain conditions, or if we
possibly have some ‘carry-over cell subtypes’ in the in vitro
culture system which pollute the Tregs is not known. How an
upregulation of KLLCR genes affects Treg function in our pa-
tients also requires further investigation. Tregs are known to
be able to kill cells with the granzyme and perforin pathways
[35, 36], but we have not found any published information
about KLRC expression in Tregs.

Due to the limited amount of Tregs in blood, we were not
able to control how the expansion period affected or altered
the composition of the Treg population, which is a major limi-
tation of the study. However, analysis of cryopreserved Tregs
obtained directly from blood did not indicate Treg disturb-
ances in PAI patients, supporting the results from expanded
Tregs. Another limitation is the focus on Tregs from whole
blood and not from the relevant tissues from PAI patients,
e.g. the adrenals. This rely on the fact that sampling of ad-
renal tissue biopsies is unfeasible. Our study only includes 24
patients, and even though the prevalence of autoimmune PAI
in Norway is rare, indicated by 144 per million (2009) [37],
and we thereby have included a high relative number of pa-
tients, the low number of patients still leads to underpowered
analyses.

We conclude that patients with PAI, with or without the
co-existence of other autoimmune conditions (APS-2), har-
bour Tregs with number, suppressive, and metabolic capacities
similar to those of healthy controls. However, upregulation of
mitochondrial genes and accelerated expansion rate of poly-
clonal Tregs could still indicate altered functional properties,
which could possibly contribute to the autoimmune pheno-
type seen in these patients.

Supplementary data

Supplementary data is available at Clinical and Experimental
Immunology online.

Sjggren et al.

Acknowledgements

The authors thank the patients and the ROAS network con-
sisting of endocrinologists throughout Norway. They are fur-
ther thankful for the excellent technical help from Elisabeth
Halvorsen, Hajirah Muneer, and Marie Karlsen. They would
also like to thank Brith Bergum, head of the Flow Cytometry
Core Facility at the University of Bergen.

Ethical approval

Donors gave their informed consent. This study is approved
by the Regional Committee for Medical and Health Research
Ethics (REK), with REK-number 2018/1417, and was con-
ducted in accordance with the Declaration of Helsinki.

Conflict of interests

The authors declare no conflicts of interest.

Funding

This study was supported by grants from the Western
Norway Health Authorities. B.E.O. was supported by the
Novo Nordisk Foundation (grant 103302).

Data availability

Data are available in the Supplementary Information
(Tables 2 and 3) for differential expression in the RNA
sequencing experiment. Additional data can be obtained
by approaching the corresponding author Anette Wolff
(anette.boe@uib.no).

Author contributions

T.S.,B.E.O., and A.S.B.W. had the idea for the study; T.S. and
E.S.H. collected the patient and control samples; T.S., J.L.B.,
and A.S.B.W. performed laboratory work and analysed data;
T.S., J.L.B., E.S.H., B.E.O., and A.S.B.W. interpreted data into
results and conclusions; T.S. and A.S.B.W. drafted the manu-
script. All authors read the final version of the manuscript and
approved submission.

Permission to reproduce (for relevant content)

This work in its’ whole will be reproduced as one of the art-
icles in the first author’s (T.S.) PhD dissertation.

References

1. Husebye ES, Pearce SH, Krone NP, Kimpe O. Adrenal insufficiency.
Lancet 2021, 397, 613-29. d0i:10.1016/S0140-6736(21)00136-7.

2. Husebye ES, Anderson MS, Kampe O. Autoimmune polyendocrine
syndromes. N Engl | Med 2018, 378, 1132-41. doi:10.1056/
NEJMral713301.

3. Hellesen A, Bratland E, Husebye ES. Autoimmune Addison’s
disease — an update on pathogenesis. Ann Endocrinol 2018, 79,
157-63. d0i:10.1016/j.and0.2018.03.008.

4. Wingvist O, Karlsson FA, Kimpe O. 21-Hydroxylase, a major
autoantigen in idiopathic Addison’s disease. Lancer 1992, 339,
1559-62. d0i:10.1016/0140-6736(92)91829-w.

5. Wolff AB, Breivik L, Hufthammer KO, Grytaas MA, Bratland
E, Husebye ES, et al. The natural history of 21-hydroxylase

$20Z Aepy 0L uo Jasn Aseiqr usbiag 1o Ausianiun AQ LSEZY2.// /LIS 1 Z/31911e/199/Ww oo dno-olwspeoe//:sdny woJj papeojumoq


http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxad087#supplementary-data
anette.boe@uib.no
https://doi.org/10.1016/S0140-6736(21)00136-7
https://doi.org/10.1056/NEJMra1713301
https://doi.org/10.1056/NEJMra1713301
https://doi.org/10.1016/j.ando.2018.03.008
https://doi.org/10.1016/0140-6736(92)91829-w

Tregs in autoimmune primary adrenal insufficiency, 2024, Vol. 215, No. 1

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

autoantibodies in autoimmune Addison’s disease. Eur | Endocrinol
2021, 184, 607-15. doi:10.1530/eje-20-1268.

Bratland E, Skinningsrud B, Undlien DE, Mozes E, Husebye ES.
T cell responses to steroid cytochrome P450 21-hydroxylase in
patients with autoimmune primary adrenal insufficiency. | Clin
Endocrinol Metab 2009, 94, 5117-24. doi:10.1210/jc.2009-1115.
Dawoodji A, Chen J-L, Shepherd D, Dalin E Tarlton A,
Alimohammadi M, et al. High frequency of cytolytic
21-hydroxylase-specific CD8+ T cells in autoimmune Addison’s
disease patients. | Immunol 2014, 193, 2118-26. doi:10.4049/
jimmunol.1400056.

Hellesen A, Aslaksen S, Breivik L, Reyrvik EC, Bruserud O,
Edvardsen K, et al. 21-Hydroxylase-specific CD8+ T cells in au-
toimmune Addison’s disease are restricted by HLA-A2 and HLA-
C7 molecules. Front Immunol 2021, 12, 742848. doi:10.3389/
fimmu.2021.742848.

Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immuno-
logic self-tolerance maintained by activated T cells expressing IL-2
receptor alpha-chains (CD25). Breakdown of a single mechanism
of self-tolerance causes various autoimmune diseases. | Immunol
1995, 155, 1151-64.

Baecher-Allan C, Brown JA, Freeman GJ, Hafler DA. CD4+CD25
high regulatory cells in human peripheral blood. | Immunol 2001,
167, 1245-53. doi:10.4049/jimmunol.167.3.1245.

Sakaguchi S, Mikami N, Wing JB, Tanaka A, Ichiyama K, Ohkura
N. Regulatory T cells and human disease. Annu Rev Immunol 2020,
38, 541-66. doi:10.1146/annurev-immunol-042718-041717.
Viisanen T, Gazali AM, Ihantola E-L, Ekman I, Ninto-Salonen
K, Veijola R, et al. FOXP3+ regulatory T cell compartment is al-
tered in children with newly diagnosed type 1 diabetes but not in
autoantibody-positive at-risk children. Front Immunol 2019, 10,
19. doi:10.3389/fimmu.2019.00019.

Viglietta V, Baecher-Allan C, Weiner HL, Hafler DA. Loss of func-
tional suppression by CD4+CD25+ regulatory T cells in patients
with multiple sclerosis. | Exp Med 2004, 199, 971-9. d0i:10.1084/
jem.20031579.

Cao D, Malmstrom V, Baecher-Allan C, Hafler D, Klareskog L,
Trollmo C. Isolation and functional characterization of regula-
tory CD25brightCD4+ T cells from the target organ of patients
with rheumatoid arthritis. Eur | Immunol 2003, 33, 215-23.
doi:10.1002/immu.200390024.

Lawson JM, Tremble J, Dayan C, Beyan H, Leslie RDG, Peakman M,
et al. Increased resistance to CD4+CD25hi regulatory T cell-medi-
ated suppression in patients with type 1 diabetes. Clin Exp Immunol
2008, 154, 353-9. doi:10.1111/j.1365-2249.2008.03810.x.

Xiao H, Wang S, Miao R, Kan W. TRAIL is associated with im-
paired regulation of CD4+CD25 - T cells by regulatory T cells
in patients with rheumatoid arthritis. | Clin Immunol 2011, 31,
1112-9. d0i:10.1007/s10875-011-9559-x.

Weinberg SE, Singer BD, Steinert EM, Martinez CA, Mehta MM,
Martinez-Reyes I, et al. Mitochondrial complex III is essential for
suppressive function of regulatory T cells. Nature 2019, 565, 495-
9. d0i:10.1038/s41586-018-0846-z.

Beier UH, Angelin A, Akimova T, Wang L, Liu Y, Xiao H, et al.
Essential role of mitochondrial energy metabolism in Foxp3+
T-regulatory cell function and allograft survival. FASEB | 2015,
29,2315-26. d0i:10.1096/fj.14-268409.

Angelin A, Gil-de-Gémez L, Dahiya S, Jiao J, Guo L, Levine MH, et
al. Foxp3 reprograms T cell metabolism to function in low-glucose,
high-lactate environments. Cell Metab 2017, 25, 1282-1293.e7.
doi:10.1016/j.cmet.2016.12.018.

Kriegel MA, Lohmann T, Gabler C, Blank N, Kalden JR, Lorenz
H-M. Defective suppressor function of human CD4+ CD25+ regu-
latory T cells in autoimmune polyglandular syndrome type IL. | Exp
Med 2004, 199, 1285-91. doi:10.1084/jem.20032158.

Wolff ASB, Oftedal BEV, Kisand K, Ersveer E, Lima K, Husebye
ES. Flow cytometry study of blood cell subtypes reflects autoim-
mune and inflammatory processes in autoimmune polyendocrine
syndrome type L. Scand | Immunol 2010, 71,459-67. doi:10.1111/
j-1365-3083.2010.02397 x.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

57

Ryan KR, Lawson CA, Lorenzi AR, Arkwright PD, Isaacs JD, Lilic
D. CD4+CD25+ T-regulatory cells are decreased in patients with
autoimmune polyendocrinopathy candidiasis ectodermal dys-
trophy. | Allergy Clin Immunol 2005, 116, 1158-9. doi:10.1016/;.
jac1.2005.08.036.

Kekildinen E, Tuovinen H, Joensuu J, Gylling M, Franssila R,
Pontynen N, et al. A defect of regulatory T cells in patients with au-
toimmune polyendocrinopathy-candidiasis-ectodermal dystrophy. |
Immunol 2007,178,1208-15. doi:10.4049/jimmunol.178.2.1208.
Eriksson D, Royrvik EC, Aranda-Guillén M, Berger AH, Landegren
N, Artaza H, et al.; The Norwegian Addison Registry Study G,
The Swedish Addison Registry Study G. GWAS for autoimmune
Addison’s disease identifies multiple risk loci and highlights AIRE
in disease susceptibility. Nat Commun 2021, 12, 959. d0i:10.1038/
s41467-021-21015-8.

Akamatsu M, Mikami N, Ohkura N, Kawakami R, Kitagawa Y,
Sugimoto A, et al. Conversion of antigen-specific effector/memory T
cells into Foxp3-expressing Treg cells by inhibition of CDK8/19. Sci
Immunol 2019, 4, eaaw2707. doi:10.1126/sciimmunol.aaw2707.
Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S,
et al. The STRING database in 2021: customizable protein—pro-
tein networks, and functional characterization of user-uploaded
gene/measurement sets. Nucleic Acids Res 2020, 49, D605-D12.
do0i:10.1093/nar/gkaal074.

Aaltonen J, Bjorses P, Perheentupa ], Horelli-Kuitunen N, Palotie
A, Peltonen L, et al. An autoimmune disease, APECED, caused
by mutations in a novel gene featuring two PHD-type zinc-finger
domains. Nat Genet 1997,17,399-403. d0i:10.1038/ng1297-399.
Anderson MS, Venanzi ES, Klein L, Chen Z, Berzins SP, Turley SJ, et
al. Projection of an immunological self shadow within the thymus
by the aire protein. Science 2002, 298, 1395-401. doi:10.1126/sci-
ence.1075958.

Malchow S, Leventhal Daniel S, Lee V, Nishi S, Socci Nicholas
D, Savage Peter A. Aire enforces immune tolerance by directing
autoreactive T cells into the regulatory T cell lineage. Immunity
2016, 44, 1102-13. doi:10.1016/j.immuni.2016.02.009.

Laisk T, Lepamets M, Koel M, Abner E, Metspalu A, Nelis M, et
al. Genome-wide association study identifies five risk loci for perni-
cious anemia. Nat Commun 2021, 12, 3761. doi:10.1038/s41467-
021-24051-6.

Chiou J, Geusz RJ, Okino M-L, Han JY, Miller M, Melton R, et
al. Interpreting type 1 diabetes risk with genetics and single-cell
epigenomics. Nature 2021, 594, 398-402. doi:10.1038/s41586-
021-03552-w.

Laakso SM, Laurinolli T-T, Rossi LH, Lehtoviita A, Sairanen H,
Perheentupa J, et al. Regulatory T cell defect in APECED patients is
associated with loss of naive FOXP3+ precursors and impaired ac-
tivated population. | Autoimmun 2010, 35, 351-7. doi:10.1016/j.
jaut.2010.07.008.

Alissafi T, Kalafati L, Lazari M, Filia A, Kloukina I, Manifava
M, et al. Mitochondrial oxidative damage underlies regulatory T
cell defects in autoimmunity. Cell Metab 2020, 32, 591-604.¢7.
doi:10.1016/j.cmet.2020.07.001.

Li J, Zaslavsky M, Su Y, Guo ], Sikora M]J, van Unen V, et al.
KIR+CD8+T cells suppress pathogenic T cells and are active in au-
toimmune diseases and COVID-19. Science 2022, 376, eabi9591.
doi:10.1126/science.abi9591.

Grossman WJ, Verbsky JW, Barchet W, Colonna M, Atkinson JP,
Ley TJ. Human T regulatory cells can use the perforin pathway to
cause autologous target cell death. Immunity 2004, 21, 589-601.
doi:10.1016/j.immuni.2004.09.002.

Grossman WJ, Verbsky JW, Tollefsen BL, Kemper C, Atkinson JP,
Ley T]J. Differential expression of granzymes A and B in human
cytotoxic lymphocyte subsets and T regulatory cells. Blood 2004,
104, 2840-8. doi:10.1182/blood-2004-03-0859.

Erichsen MM, Lovés K, Skinningsrud B, Wolff AB, Undlien DE,
Svartberg J, et al. Clinical, immunological, and genetic features of
autoimmune primary adrenal insufficiency: observations from a
Norwegian Registry. | Clin Endocrinol Metab 2009, 94, 4882-90.
doi:10.1210/j¢.2009-1368.

$20Z Aepy 0L uo Jasn Aseiqr usbiag 1o Ausianiun AQ LSEZY2.// /LIS 1 Z/31911e/199/Ww oo dno-olwspeoe//:sdny woJj papeojumoq


https://doi.org/10.1530/eje-20-1268
https://doi.org/10.1210/jc.2009-1115
https://doi.org/10.4049/jimmunol.1400056
https://doi.org/10.4049/jimmunol.1400056
https://doi.org/10.3389/fimmu.2021.742848
https://doi.org/10.3389/fimmu.2021.742848
https://doi.org/10.4049/jimmunol.167.3.1245
https://doi.org/10.1146/annurev-immunol-042718-041717
https://doi.org/10.3389/fimmu.2019.00019
https://doi.org/10.1084/jem.20031579
https://doi.org/10.1084/jem.20031579
https://doi.org/10.1002/immu.200390024
https://doi.org/10.1111/j.1365-2249.2008.03810.x
https://doi.org/10.1007/s10875-011-9559-x
https://doi.org/10.1038/s41586-018-0846-z
https://doi.org/10.1096/fj.14-268409
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1084/jem.20032158
https://doi.org/10.1111/j.1365-3083.2010.02397.x
https://doi.org/10.1111/j.1365-3083.2010.02397.x
https://doi.org/10.1016/j.jaci.2005.08.036
https://doi.org/10.1016/j.jaci.2005.08.036
https://doi.org/10.4049/jimmunol.178.2.1208
https://doi.org/10.1038/s41467-021-21015-8
https://doi.org/10.1038/s41467-021-21015-8
https://doi.org/10.1126/sciimmunol.aaw2707
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1038/ng1297-399
https://doi.org/10.1126/science.1075958
https://doi.org/10.1126/science.1075958
https://doi.org/10.1016/j.immuni.2016.02.009
https://doi.org/10.1038/s41467-021-24051-6
https://doi.org/10.1038/s41467-021-24051-6
https://doi.org/10.1038/s41586-021-03552-w
https://doi.org/10.1038/s41586-021-03552-w
https://doi.org/10.1016/j.jaut.2010.07.008
https://doi.org/10.1016/j.jaut.2010.07.008
https://doi.org/10.1016/j.cmet.2020.07.001
https://doi.org/10.1126/science.abi9591
https://doi.org/10.1016/j.immuni.2004.09.002
https://doi.org/10.1182/blood-2004-03-0859
https://doi.org/10.1210/jc.2009-1368

