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Autoimmune polyendocrine syndrome type I (APS-1) is caused by mutations
in the autoimmune regulator (A/RE) gene and characterised clinically by
multiple autoimmune manifestations and serologically by autoantibodies
against tissue proteins and cytokines. We here hypothesised that lack of
AIRE expression in thymus affects blood immune cells and performed whole-
blood microarray analysis (V= 16 APS-I patients vs 16 controls), qPCR ver-
ification, and bioinformatic deconvolution of cell subsets. We identified B cell
responses as being downregulated in APS-1 patients, which was confirmed by
qPCR; these results call for further studies on B cells in this disorder. The
type I interferon (IFN-I) pathway was also downregulated in APS-1, and the
presence of IFN antibodies is the likely reason for this mild overall downregu-

lation of the IFN-I genes in most APS-1 patients.
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Autoimmune polyendocrine syndrome type I (APS-1)
is a rare monogenic disorder with a prevalence of
1:100 000 in most populations. It is characterised clini-
cally by the triad of autoimmune Addison’s disease,
hypoparathyroidism, and chronic mucocutaneous can-
didiasis [1,2]. The underlying cause is specific muta-
tions in the autoimmune regulator (A/RE) gene, a key
regulator of thymic expression of numerous self-
proteins [3-5]. Consequentially, immune tolerance of
developing T cells is lost, leading to tissue damage.
Highly specific autoantibodies against immunoregula-
tory cytokines and tissue-specific antigens are typical.
Notably, neutralising autoantibodies against type I

Abbreviations

interferons (IFN-I), interleukin (IL)-17, and IL—22 are
specific hallmarks of APS-1 and can provide additional
diagnostic support [6-9].

The rarity of APS-1 and inaccessibility of thymic tis-
sue have severely limited immunological studies in
these patients. The devastating consequence of missing
AIRE in tolerance must have implications for periph-
eral T cells, but also B cells, supported by findings of
circulating antibodies against a range of targets [10].
Although a downregulation of regulatory T cells
(Tregs) levels and/or function is consistently found
[11-14], reports on frequencies of T and B cell subsets
have shown conflicting results [13,15-20]. Perri and

APS-1, autoimmune polyendocrine syndrome type 1; AIRE, autoimmune regulator; FDR, false discovery rate; GS, gene sets; GSEA, gene
set enrichment analysis; IFN, interferon; IL, interleukin; LE, leading edge; NK cells, natural killer cells; PCA, principal component analysis;
PCR, polymerase chain reaction; pDC, plasmacytoid dendritic cells; RIN, RNA integrity numbers; ROAS, Norwegian registry and biobank for
organ-specific autoimmune disorders; Tregs, regulatory T cells.
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Transcriptomics of blood in APS-1

colleagues recently reported that B cells from APS-1
patients display impaired ability to proliferate in
response to CpG in vitro and that patients with long-
standing disease have more disturbed B cell subset
repertoires than patients with less than 15 years of
active (or diagnosed) disease [19]. Sng er al elegantly
showed that the diminished Treg pool in APS-1 patients
correlated with enhanced proliferation and increased
expression in B cells using a surrogate marker for
autoimmune potential (HEp-2-reactive antibodies) [13].
Otherwise, only minor and not verified effects on the
immune repertoire have been examined, including levels
of blood components outside the adaptive immune
response, e.g. monocytes, dendritic cells, and natural
killer (NK) cells [14,17,18,21-23], but again no large
disturbances have been consistently revealed.

We here aimed to identify transcripts and immune
pathways that are up/downregulated in whole blood
from APS-1 patients by a global microarray transcrip-
tomic technique and subsequent designated real-time
PCR. Our data can contribute to understanding of the
deficient immune function in APS-1 patients.

Methods

Ethics approval

This project was conducted in compliance with the Decla-
ration of Helsinki and approved by the Regional Ethical
Committee of Western Norway (approval numbers 2009/
2555 and 2018/1417). All patients were recruited from the
Registry and biobank for organ-specific autoimmune disor-
ders (ROAS), Haukeland University Hospital, Norway,
and gave written informed consent for participation. Con-
trol samples were obtained from the Haukeland University
Hospital blood bank, and these individuals were anon-
ymised when processed and analysed.

Patients and controls

Sixteen Norwegian patients with APS-1 (8 males, 8 females,
mean age 35.9 years +— 16.2) and 16 Norwegian gender
and age-matched controls (£5 years) were included in the
blood microarray expression study. Fourteen of the same
16 patients and 4 additional APS-1 patients were included
in the real-time PCR verification experiments together with
8 additional controls for a total of 18 APS-1 patients and
24 healthy controls.

The included APS-1 patients have all been reported pre-
viously, and diagnosis was always confirmed by the clinical
criteria for this syndrome, A/RE mutational analysis and/
or autoantibody screening against IFN-o [24]. All patients
were additionally analysed for antibodies against organ-
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specific targets known for APS-I and most for the cytokine
targets 1L-22, 1L-17A, IL-17F, IFN-o2, and IFN-a8. None
of them were on immune suppressive treatments except for
glucocorticoids to restore physiological cortisol levels for
patients with autoimmune Addison’s disease. Data of the
patients and degree of overlap between the data sets are
summarised in Table 1.

Both patients and healthy individuals gave blood for
RNA when they were considered to be devoid of infections.
The APS-1 patients are known to be faced with frequent
episodes of Candida albicans infections, but historic
infectious states of fungi or other infections were not
available.

Consent to participate

All patients were recruited from the Registry and biobank
for organ-specific autoimmune disorders (ROAS), Hauke-
land University Hospital, Norway, and gave written
informed consent for participation.

Experimental approach microarray transcriptomics

Sampling of APS-1 patients and controls was performed
in standardised manners in PAXgene blood RNA tubes
(PreAnalytix, Qiagen, Hombrectikon, Switzerland) and
stored at —80 °C until use. Purification of RNA was
achieved by the PAXgene blood RNA kit following the
instructions from the manufacturer. Samples were quality
assessed by Agilent Bioanalyzer, using the Agilent 6000
Nano kit (Agilent, Santa Clara, CA, USA), providing
RNA with RNA integrity numbers (RIN) above 6.0. The
samples were randomly distributed into 4 batches for
RNA extraction, each with 4 patients and 4 sex- and age-
matched controls, and were extracted by the same person
on the same day. Following the procedures from Illumina,
RNA was subsequently transformed to cRNA, and these
constructs were labelled, amplified, and quality-checked
again by the Agilent Bioanalyzer. The cRNAs were then
hybridised to 4 Illumina HumanRef-8 BeadChip microar-
rays, followed by washing and scanning according to the
protocol. Quality control of the arrays was done by
BeadStudio.

Bioinformatic approach microarray transcriptomics

Microarray expression output was analysed using Limma
within R [25]. A list of differentially expressed genes
(GRCh38pl13) between patients and controls was then pro-
vided. Genes targeted by multiple probes were collapsed,
and the list comprising 11 441 features was ranked accord-
ing to log2 fold change and interrogated using gene set
enrichment analysis (gsea) [26]. The 26 978 gene sets (GSs)
identified were compiled on 1 March 2021 using the

1262 FEBS Letters 597 (2023) 1261-1274 © 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

95UB01 7 SUOLUWIOD aA 181D 3|t dde ay) Aq peuenob ase ool VO 85N JO o[l 1oy Akeld1T8UIIUQ AB]1M UO (SUONIPUOD-PUR-SWIS)ALIY™AB | 1M Afe.d 1 jBul JUo//Sdiy) SUORIpUOD pue swie 1 8y} 88s *[£202/0T/c0] Uo AriqiTauliuo A&(IM ‘| BXRI01GIGSIeISPAIUN AQ SZ9YT '89VE-E/8T/Z00T OT/I0P/AL0D" A3 1M AleIq1jU[UO'STR//SANY WO} papeo|uMod ‘6 ‘€202 ‘8IrEELST



18733468, 2023, 9, Downloaded from https:/febs.onlinelibrary.wiley.com/doi/10.1002/1873-3468.14625 by Universitetshiblioteket |, Wiley Online Library on [03/10/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

1263

Transcriptomics of blood in APS-1

"G uelo.d 1eadel-you-aurona| | HOWYN ‘oSejAxXolpAy eulsolAl ‘ese|lAxoipAy ueydoldAly ‘esejAxoqiedsp ploe oulule-T dllewole ‘awAzus sbeAes|o uleyo-epis ‘GQ-oSejAX0QIedep PIoe OlW
-eIn|b ‘ose|AxoipAy-/ | ‘@selAX0IpAY-1Z (8 = N |BI0}) WNnIas ul sey luailed yoes saipogiiueoine Buimo|o) eyl jo Auew moy sjuasaidal Jequuinu 8y :Saipogiiueoine diyoads-uebiQ “oAiebau
'0 "pPesAjeue 1ou YN ‘osuodsel aAllsod deam AISA M "OAILISOd | UWNISS Ul SeIpogiueolny ‘suollelaldialul sisAjeue Aelieoldlu 8yl Ul suoleinw AJIsselo 01 pesn 'eo1ldS Y < D + 6.8
‘G “Inw aod jep/sul 4+ 8suassiw y lap dq g| :snoBAzowoy £119p6/6-/960 € 18y ySluuld 8ylo + | < DB9LD 7 ‘Usluul4 :snobBAzowoy | < DE9/0 ‘| :SISAjeue Aelieoloiw
dnolf uoneinw 3y/y "ge-1e [9p ‘6 :0dNPEYZLO '8 1D < L 9EELD L IV < D + 680 "9 DIOPZOYO ‘G L < OTTO ¥ ‘ELIOP6LE-L9670 '€ YSUIEFZLTZYZLO T 'L < D690 'L suoneinw g4y

€ 14 9 € 9 L z 14 9 14 € 14 € 7 g L € € 7 L 4 ¥ € 8 = N sqy dyoads-uebiQ
AM/L - UN/L /L L/l WN/L WN/L 0/0 L/L /L /L 00 00 L0 UL /L L 0oL L/l 00 oL UL WL UL sqy Buisienau/Buipulg zz7|
L L L L N L 0 L VN LM M L L L L L L 0 L L L L sqy go-N4| Buipuig
/L WN/L SIWL L/L WN/L WN/L L/L WN/L O WN/L O L/L 0/0 WO /L L/L /L LWL L/L UL 00 WN/LL/L L/L L/l sqy Buisijesneu/Bulpulg zo-N4|
L/L LA L/l UN/L O YN/ UL WUN/L O UNL UL LL [ A ¥ A I A W I VA A VI A V) LUl L/L L/l sqy Buisiennsu/Buipulg ©-N|
winias ul seipogliueoiny

X X X X X X X X X X X X X X X X X X CO_Hmo_tL®> N_Un_ Orc_u _mmm

X X X X X X X X X X X X X X X X w_w>_mcm pPoo|q >m.._\_mo\_o__>_

Apnisgns ul pepnjou|

€ € € z g z 4 L L € € ¥ € € € 4 dnoib uoneinw 34/v

8/l e/e g/ 6l YL 8/l 9/9 /e e/e ele UL 9/9 7/l 7L UL UL €€ €€ G g €€ gl Tl uoneinw 34y
€ z L L z € 14 L Allwie

£z 44 AR T4 6l 8L Ll 9l GL ¥l €l zZL Ll ol 6 8 L 9 G v € z L Jequinu |-Sdv

‘syuened |-Sdy Jo uonesusioeley) 'L ajqel

FEBS Letters 597 (2023) 1261-1274 © 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

B. E. Oftedal et al.



Transcriptomics of blood in APS-1

resources described in [27]. Permutation number was
deemed adequate at 1000 iterations, 8972 GSs passed the
size thresholds set at >10 and <500 member genes, and for
all other parameters, default values were used.

The contribution of individual genes within each GS is
subsequently addressed via leading edge (LE) analyses.
They identify each GS’s member genes that appear in the
ranked list at or before the point at which the running sum
reaches its maximum deviation from zero. Thus, genes
assigned to a GS’s LE are the specific genes that account
for this GS’s significant enrichment or depletion signal [26].

To interpret gsea results comprehensively, GSs were
mapped using network-based algorithm described previ-
ously [28]. In summary, the latter organise GSs that passed
the significance threshold (FDR < 0.001) using forces of
attraction, i.e., edge-weights, exerted in cases where GSs
share more than or equal to 5% of their member genes.
Consequently, pairwise shared LE members between the
GSs determined their position and organisation within the
network clusters. The emerging transcriptional landscape
was then visualised using the yFiles organic layout in
Cytoscape 3.8.2 [29].

Real-time PCR to verify IFN-I regulated responses
in whole blood

Custom array RT2 profiler PCR plates were ordered from
Qiagen (Hilden, Germany), and the protocol from the man-
ufacturer was followed using 200 ng of RNA as input with
the QuantStudio5 equipment from Thermo Scientific (Wal-
tham, MA, USA). All samples were run in doublets, and
the mean of the results for the three housekeeping genes
GADPH, ACTB, and HPRT1 was used as normalisation
base. The 272" method was used to provide fold change
values for each gene for each individual relative to the
mean result of the healthy controls. Differences between
groups were analysed by the Student’s ¢-test in Prism
(Graph Pad Software, Inc., San Diego, CA, USA),
P <0.05.

Analysis of autoantibodies against interferons,
IL-22, and organ-specific proteins

Binding and neutralising autoantibodies against organ-
specific targets, IFN-o2, IFN-a8, IFN-o, and 1L-22 were
analysed by radioimmune assay (RIA) or enzyme-linked
immunosorbent assay (ELISA) and antiviral interferon
neutralisation assay (AVINA), respectively, as described
previously [6-8,30]. The organ-specific targets for autoanti-
body radioimmune analysis included in Table 1 were 21-
hydroxylase, 17-hydroxylase, glutamic acid decarboxylase-
65, NACHT leucine-rich-repeat protein 5, aromatic
L-amino acid decarboxylase, tryptophan hydroxylase, tyro-
sine hydroxylase, and side-chain cleavage enzyme.

B. E. Oftedal et al.

Results

Global microarray RNA expression analysis
reveals impairment of B cell and interferon
pathways

To explore immune cell signalling pathways in the blood
of APS-1 patients, we performed transcriptional studies
in whole blood and compared with age- and gender-
matched healthy control subjects. From the microarray
results, the principal component analysis (PCA) revealed
no major clustering of APS-1 nor healthy controls
(Fig. S1). We observed that the individual responses var-
ied to a high degree between individuals, and this was
not affected by the different 4IRE mutations. However,
the gene enrichment analysis based on differentially
expressed genes (FDR < 0.05) identified one large clus-
ter of the IFN-I pathway to be downregulated in APS-1
patients while also B cell regulation, the clathrin/endocy-
tic pathway, and “cellular response to pH” were signifi-
cantly less active in patients compared to healthy
controls. Clusters annotated “cell cycle and transcription
activity,” “detection of biotic stimuli,” “responses to
viral/bacterial exposure,” and “mitochondrial activity”
were found to be more activated in APS-1 patients
(Fig. 1A.B, Fig. S3). Raw data from these analyses are
provided online in ArrayExpress (accession E-MTAB-
11630).

To dissect the downregulated pathways further, we
focused on genes characteristic for the IFN-I response
and B cell regulation clusters (Fig. 2A-D). Among the
leading-edge (LE) genes for the IFN-I response, M X/
(Mycovirus resistance 1), Interferon-indusert transmem-
branprotein 3, (IFITM3) and LY6E lymphocyte antigen
6 family member E (Ly6E) were significantly downre-
gulated in APS-1. MXI is a prototypic IFN-I-
regulated gene and a STATI-regulated member of the
dynamin-like GTPase family with a broad antiviral
activity against a wide range of viruses [31], and
IFITM3 and Ly6FE are also linked to viral immunity.
Some of the characteristic IFN-I genes in the microar-
ray experiment did not appear lower in APS-1
patients, exampled by the interferon regulatory factors
(IRF) 3 and 4, where IRF3 is important for produc-
tion of IFN-I and IRF4 involved in regulating inflam-
matory responses from myeloid cells [32]. Of specific
interest is that patient 13, who is one of two informa-
tive patients without measurable antibodies against
IFNo, had a consistent deviant higher expression of
the whole IFN-I pathway.

Gene expression levels measured by real-time PCR
experiments of genes related to the IFN I pathway
did not confirm a downregulation of the IFN-I
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scape delineating all gene sets from the gene enrichment analysis of differentially expressed genes found significantly altered in APS-1
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pathway in APS-1 patients based on IFI44, IFITM3,
IRF3, CD74, ISGI5 analysis (Fig. 3A), although
upregulation of IFN-I gene expression in patient 13
was still consistently found. To be able to differenti-
ate between IFN-I and IFN-II responses, we also
performed real-time PCR on two important genes for
the IFN-II responses, namely IFNGRI and JAK2.
These were increased in APS-1 patients compared to
controls (Fig. 3B).

In the B-cell regulation cluster (Fig. 2C,D), CD794
and B, CDI19, and IGLLI were all among the LE
genes from the microarray experiment. Downregula-
tion of B cell pathway genes (CD794, CD79B, CDS83,
JUN, CD19) were also consistently observed in APS-1
patients by real-time PCR, although some of the genes
failed to reach statistical significance (Fig. 3C). It is
worth mentioning that CD74, being involved in both
the IFN-I and B cell pathway (in antigen presenta-
tion), was significantly downregulated in patients in
the microarray experiment, although no large devia-
tions of expression between the groups were noted
from the real-time verification.

At the individual level, heterogeneity was evident
both in the control and the patient group for IFN-I
and B cell responses. As all included APS-1 patients
had measurable IFN-® antibodies in their sera, and
most were confirmed to be able to neutralise IFN
viral responses in vitro, we could not determine the
dependency of the IFN-I responses to IFN-I
autoantibodies.

Real-time PCR of representative genes for the viral/
bacterial exposure pathway (CLEC7A and SI100A8)
and the mitochondrial pathway (COX7A4) copied find-
ings from the microarray chip and showed upregula-
tion in APS-1 patients (Fig. S2). Genes for
antimicrobial activity showed both increased activity
(S100A48) and no variation (IL23A).

The level and distribution of expressed RNA can
be translated to profile which cells are active or inac-
tive in a person’s blood. Using this approach, we
found that CD4+ central memory T cells, erythroid
CD34— CD71+ cLyA— cells, granulocytes and hema-
topoietic stem cells, megakaryocytes, and monocytes
were upregulated in APS-1 patients compared to
healthy individuals. B cell populations (pro B cells,
mature naive B cells, and mature B cells switched
and able to switch), in addition to basophils and
eosinophils, were downregulated (Fig. 4, Fig. S4).
Notably, the main producers of IFN-I, the plasmacy-
toid dendritic cells (pDCs), showed less profound
expression, though not to statistical significance, in
APS-1 patients.

Transcriptomics of blood in APS-1

Discussion

In this comprehensive transcriptional immune profiling
of whole blood from a large cohort of APS-1 patients,
we identified impairment of B cell signalling and a
mildly decreased level of IFN-I responses compared to
healthy controls. Although this has been reported pre-
viously, our data add rigour and details and include a
large number of patients for this rare disease.

Human IFN-Is play pivotal roles in coordinating anti-
viral host defence [33] and are also associated with patho-
logical roles in several autoimmune disorders [34-41]. In
addition, IFN-a treatment can trigger autoimmune dis-
ease [42,43]. Our findings of slightly lower expression of
IFN-I signature genes in APS-1 patients” whole blood is
in concordance with previous analyses on peripheral
blood mononuclear cells, monocyte-derived DCs, and
pDCs in APS-1 patients [14,44]. It is worth to note that
even though our data do not reveal large differences
between patients and controls, APS-1 is still an outlier
within autoimmune disorders as most other autoimmune
patients show an upregulation of IFN pathways [45]. The
deficient response in APS-1 is probably caused by pres-
ence of high-titre neutralising IFN-I autoantibodies pre-
sent in nearly 100% of APS-1 patients, which limit
systemic IFN-I activity. Importantly, one APS-1 patient
without neutralising IFN-02 autoantibodies and with the
rare manifestations of type I diabetes and thyroid disease
was found to have a “common autoimmune profile” with
upregulation of at least parts of the IFN-I response (this
study and [44,46,47]). We have also previously shown an
inverse correlation between neutralising IFN-I autoanti-
bodies and type I diabetes, indicating that these anti-
bodies may limit pathological events in the pancreas [46].
Supporting the fact that IFN-I antibodies can be benefi-
cial in specific contexts is also a recent paper by Fillatreau
et al., showing that lupus-patients with neutralising auto-
antibodies against IFN-o had less disease activity com-
pared to those without [48].

Albeit the lower IFN-I activity, frequent severe virus
infections are seldom reported in APS-1 (other than
rare patients in large cohorts [2]). The antibodies
might still compromise host defence in some circum-
stances, as exemplified by the proneness for APS-1
patients to severe COVID-19 and Herpesvirus infec-
tions [49-54]. Another report does however rebut this
view [55], and our own observations through a study
of 36 Norwegian APS-1 patients found that vaccinated
individuals with IFN-I autoantibodies were protected
against severe SARS-CoV2-infections (Wolff ez al. sub-
mitted manuscript). This suggests that the presence of
IFN-I autoantibodies is a moderate risk factor rather
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Fig. 3. Real-time PCR on designated pathways from the microarray study. (A) Expression of IFN-I regulated transcripts in whole blood from
APS-| patients compared to age-and gender-matched healthy controls using quantitative PCR. (B) Expression of IFN-II regulated transcripts
in whole blood from APS-| patients compared to age-and gender-matched healthy controls (CXCL10 is regulated by both IFN-Is and IFN-II).
All controls and all patients with IFN-o antibodies are labeled by a black circle whereas two odd patients without IFN-o antibodies are labeled
by a red circle. (C) Expression of B cell relevant transcripts in whole blood from APS-| patients compared to age-and gender-matched healthy
controls using quantitative PCR. Differences between groups were analysed using the Student's ttest, P < 0.01 (although P-values below

0.05 was also annotated) *P < 0.05; **P < 0.01.

than a determinant for severe COVID-19. Indeed,
IFNs show a high degree of redundancy and other
IFNs may come into play if specific IFNs are neutra-
lised. APS-1 patients rarely have antibodies against
IFN-B with high affinity for the receptors IFNARI
and IFNAR2 [2,56], which could compensate for defi-
cient IFN-o/@ mechanisms. Still, the impact of circu-
lating cytokine antibodies in APS-1-patients, and how
they affect immune activity in tissues, is a mystery.
Thymic defects due to AIRE mutations create a
severe break of T cell tolerance, but B cell tolerance is
also affected since patients develop autoantibodies
against a range of self-molecules [24]. Also, the mere
loss of T cell tolerance directly implicates peripheral B
cell mechanisms as T helper functions in these patients

0.5

should be aberrated. B cells are further vital as
antigen-presenting cells in the thymus and periphery
and are necessary to maintain the pool of Tregs in
mice [57-60]. Hence, they are crucial for sustaining
peripheral tolerance [13]. The B cell-specific CD19 was
one of the LE molecules, which lead to the result of
deregulation of B cells in APS-1 in the microarray
analysis, further supported by downregulation of
CDI19 in whole blood measured by real-time PCR.
However, previous studies have suggested that CD19+
B cell subset levels are comparable to those in healthy
subjects in immunotyping approaches [14,18,19]. It is
commonly known that RNA levels do not always
match protein levels, but the implications of the
observed deviations are not clear. The transcriptomic
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Fig. 4. Significant alterations in immune cell subsets inferred via gene signature-based expression deconvolution. Boxplot of immune cell
subsets comprised in the DMAP signatures of ImmQuant [74], which showed significant differences between APS-1 patients and controls.
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microarray profiling further revealed expression of the
B cell associated CD79A/B, CD74, CD40, and IGLLI
to be reduced in whole blood from APS-1 patients
compared to controls [61-64], supported to some
extent by real-time qPCR. Hence, our data consis-
tently showed lower B cell regulation/activity in APS-1
patients, and although the deconvolution approach
suggests distinct B cell subsets to be affected, this
needs to be verified by proteomic techniques. Indeed,
Sng et al previously published data suggesting that
early B cell development and initial tolerance are intact
in APS-1 individuals and that aberrant T cells cause
the later B cell deviations [13].

The genetic underlying reason for APS-1 is simple
as mutations in only one gene cause disease. However,
the immune functional implications of AIRE deficiency
are extremely complex, as both autoimmune and
immune deficient mechanisms come into play at the
same time and contribute to the pathogenesis and
immune cell disturbances. It might be possible to link
lower B-cell regulation to IFN-I activity as pDCs,
CD38+ CD43+ plasmablasts and early-stage transi-
tional B cells [65-69] can produce IFN-Is in the con-
text of autoimmunity. Also, IFN-a have been found to
induce differentiation of regulatory B cells through
IL10-production [69]. Perpetual IFN-I receptor stimu-
lation can furthermore regulate B cell signalling and
keep it over the “tolerance threshold,” thereby boost-
ing development of autoreactive B cells. Of relevance
is also the strong connection between IFN-I and IFN-II
responses. While the IFN-I responses were decreased or
maintained in APS-1 subjects in our study, the IFN-II
(IFN-vy) axis seemed to follow a “regular autoimmune
profile” with increased responses in patients. Indeed,
this fits with the findings of Break et al. [70], where
mucosal fungal infection susceptibility in APS-1 was
shown to be caused by exaggerated local IFN-II
mechanisms.

There are obvious limitations to our study. The
microarray analysis and the real-time PCR are both
executed on a relatively large population of APS-1
patients, and the starting material is whole blood in
both cases. Even though, the results did not replicate
within the two methods, which could be due to differ-
ences in their RNA targeting approach and their sensi-
tivity. The difference in the source of cells/biological
material is probably also the reason why, e.g., the
IFN-I profile is less disturbed found by us here in
whole blood compared to our previous studies focus-
ing on isolated mononuclear cells or even purified cell
suspensions which have profound IFN-I expression
profiles [44,46]. Still, when we here can mirror in
whole blood previous findings regarding normalised or

B. E. Oftedal et al.

even decreased IFN-I-responses and decreased number
of B cells in APS-I-patients, this is a strength rather
than a weakness. Unfortunately, we do not have more
material from matched patients taken at the same
time. Studies that combine molecular immune
responses in different compartments, under different
conditions (e.g., after vaccine administrations, in whole
blood vs. peripheral blood mononuclear cells, in iso-
lated cell subsets etc.) and at multiple timepoints,
should follow our study.

To sum up, APS-1 patients show downregulation of
IFN-I and B cell signalling in blood. Further studies
are needed to understand how this may impact the
proteomic and cell level, and how the IFN-I autoanti-
bodies impact on immune cell activity within tissues.

Acknowledgments

We wish to thank the patients and ROAS network
consisting of endocrinologists throughout Norway. We
are grateful for excellent technical help from Elisabeth
Halvorsen, Elin Theodorsen, Hajirah Muneer, Lars
Breivik, and Marie Karlsen. We are grateful to Rita
Holdhus for the GCF service and to Professor Per M.
Knappskog for genetic advises.

Conflict of interests

ND owns the company he works for (2cSysBioMed,
Contra, Switzerland). The company was paid to per-
form some of the bioinformatical analyses in the article.
The other authors have no relevant financial or non-
financial interests to disclose.

Author contributions

BEO, ESH and ASBW conceived and designed the
study; ESH recruited patients; BEO, ND, DD, AM,
ESH and ASBW acquired, processed, analysed, and
interpreted the data. BEO and ASBW drafted the
manuscript. All authors critically revised the manu-
script for important intellectual content.

Funding

The main funding of this project came from KG Jebsen
Center for autoimmune disorders, Western Norway
Health Authorities, and the Novo Nordisk Foundation
(grant NNF170C0027492). BEO is funded by Novo
Nordisk Foundation (NNF210C0067918). The Geno-
mics Core Facility (GCF) at the University of Bergen,
which is a part of the NorSeq consortium, provided ser-
vices on the microarray and transcriptomic analysis;

1270 FEBS Letters 597 (2023) 1261-1274 © 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

95UB01 7 SUOLUWIOD aA 181D 3|t dde ay) Aq peuenob ase ool VO 85N JO o[l 1oy Akeld1T8UIIUQ AB]1M UO (SUONIPUOD-PUR-SWIS)ALIY™AB | 1M Afe.d 1 jBul JUo//Sdiy) SUORIpUOD pue swie 1 8y} 88s *[£202/0T/c0] Uo AriqiTauliuo A&(IM ‘| BXRI01GIGSIeISPAIUN AQ SZ9YT '89VE-E/8T/Z00T OT/I0P/AL0D" A3 1M AleIq1jU[UO'STR//SANY WO} papeo|uMod ‘6 ‘€202 ‘8IrEELST



B. E. Oftedal et al.

GCF is supported in part by major grants from the
Research Council of Norway (grant no. 245979/F50)
and Bergen Research Foundation (BFS) (grant no.
BFS2017TMT04 and BFS2017TMTO08).

Peer review

The peer review history for this article is available at
https://www.webofscience.com/api/gateway/wos/peer-
review/10.1002/1873-3468.14625.

Data availability statement

The data that support the findings from the microar-
ray approach of this study are openly available in
ArrayExpress at ArrayExpress < EMBL-EBI, reference
number E-MTAB-11630.

References

1 Husebye ES, Anderson MS and Kampe O (2018)
Autoimmune Polyendocrine Syndromes. N Engl J Med
22 (378), 1132-1141.

2 Wolff AS, Erichsen MM, Meager A et al. (2007)
Autoimmune polyendocrine syndrome type 1 in
Norway: phenotypic variation, autoantibodies, and
novel mutations in the autoimmune regulator gene. J
Clin Endocrinol Metab 92, 595-603.

3 Anderson MS, Venanzi ES, Klein L et al. (2002)
Projection of an immunological self shadow within
the thymus by the aire protein. Science 15 (298), 1395-
1401.

4 Liston A, Lesage S, Wilson J, Peltonen L and
Goodnow CC (2003) Aire regulates negative selection of
organ-specific T cells. Nat Immunol 4, 350-354.

5 Fierabracci A (2011) Recent insights into the role and
molecular mechanisms of the autoimmune regulator
(AIRE) gene in autoimmunity. Autoimmun Rev 10, 137—
143.

6 Kisand K, Boe Wolff AS, Podkrajsek KT et al. (2010)
Chronic mucocutaneous candidiasis in APECED or
thymoma patients correlates with autoimmunity to Th17-
associated cytokines. J Exp Med 15 (207), 299-308.

7 Meager A, Visvalingam K, Peterson P ez al. (2006)
Anti-interferon autoantibodies in autoimmune
Polyendocrinopathy syndrome type 1. PLoS Med 13
(3), €289.

8 Oftedal BE, Boe Wolff AS, Bratland E et al. (2008)
Radioimmunoassay for autoantibodies against
interferon omega; its use in the diagnosis of
autoimmune polyendocrine syndrome type 1. Clin
Immunol 15 (129), 163-169.

9 Puel A, Doffinger R, Natividad A et al. (2010)
Autoantibodies against IL-17A, IL-17F, and IL-22 in

15

16

17

20

21

Transcriptomics of blood in APS-1

patients with chronic mucocutaneous candidiasis and
autoimmune polyendocrine syndrome type 1. J Exp
Med 207, 291-297.

Fishman D, Kisand K, Hertel C, Rothe M, Remm A,
Pihlap M, Adler P, Vilo J, Peet A, Meloni A et al.
(2017) Autoantibody repertoire in APECED patients
targets two distinct subgroups of proteins. Front
Immunol 16, 976.

Kekalainen E, Miettinen A and Arstila TP (2007) Does
the deficiency of Aire in mice really resemble human
APECED? Nat Rev Immunol 7, 1.

Kekalainen E, Tuovinen H, Joensuu J et al. (2007) A
defect of regulatory T cells in patients with autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy. J
Immunol 15 (178), 1208-1215.

Sng J, Ayoglu B, Chen JW et al. (2019) AIRE
expression controls the peripheral selection of
autoreactive B cells. Sci Immunol 12, 4.

Wolff AS, Oftedal BE, Kisand K, Ersvaer E, Lima K
and Husebye ES (2010) Flow cytometry study of blood
cell subtypes reflects autoimmune and inflammatory
processes in autoimmune polyendocrine syndrome type
1. Scand J Immunol 71, 459-467.

Laakso SM, Kekalainen E, Rossi LH ef al. (2011) IL-7
dysregulation and loss of CD8+ T cell homeostasis in
the monogenic human disease autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy. J
Immunol 15 (187), 2023-2030.

Lindh E, Lind SM, Lindmark E ez al. (2008) AIRE
regulates T-cell-independent B-cell responses through
BAFF. Proc Natl Acad Sci USA 25 (105), 18466-18471.
Lindh E, Rosmaraki E, Berg L et al. (2009) AIRE
deficiency leads to impaired iNKT cell development. J
Autoimmun 34, 66-72.

Perniola R, Lobreglio G, Rosatelli MC, Pitotti E,
Accogli E and De Rinaldis C (2005)
Immunophenotypic characterisation of peripheral blood
lymphocytes in autoimmune polyglandular syndrome
type 1: clinical study and review of the literature. J
Pediatr Endocrinol Metab 18, 155-164.

Perri V, Gianchecchi E, Scarpa R, Valenzise M,
Rosado MM, Giorda E, Crino A, Cappa M, Barollo S,
Garelli S ef al. (2017) Altered B cell homeostasis and
toll-like receptor 9-driven response in patients affected
by autoimmune polyglandular syndrome type 1: altered
B cell phenotype and dysregulation of the B cell
function in APECED patients. Immunobiology 222,
372-383.

Tuovinen H, Pontynen N, Gylling M et al. (2009)
Gammadelta T cells develop independently of Aire. Cell
Immunol 257, 5-12.

Hong M, Ryan KR, Arkwright PD, Gennery AR,
Costigan C, Dominguez M, Denning DW, McConnell
V, Cant AJ, Abinun M et al. (2009) Pattern recognition
receptor expression is not impaired in patients with

FEBS Letters 597 (2023) 1261-1274 © 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of 1271

Federation of European Biochemical Societies.

95UB01 7 SUOLUWIOD aA 181D 3|t dde ay) Aq peuenob ase ool VO 85N JO o[l 1oy Akeld1T8UIIUQ AB]1M UO (SUONIPUOD-PUR-SWIS)ALIY™AB | 1M Afe.d 1 jBul JUo//Sdiy) SUORIpUOD pue swie 1 8y} 88s *[£202/0T/c0] Uo AriqiTauliuo A&(IM ‘| BXRI01GIGSIeISPAIUN AQ SZ9YT '89VE-E/8T/Z00T OT/I0P/AL0D" A3 1M AleIq1jU[UO'STR//SANY WO} papeo|uMod ‘6 ‘€202 ‘8IrEELST


https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1873-3468.14625
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1873-3468.14625
https://www.ebi.ac.uk/arrayexpress/

Transcriptomics of blood in APS-1

22

23

24

25

26

27

28

29

30

31

32

33

34

35

1272

chronic mucocutanous candidiasis with or without
autoimmune polyendocrinopathy candidiasis ectodermal
dystrophy. Clin Exp Immunol 156, 40-51.

Pontynen N, Strengell M, Sillanpaa N et al. (2008)
Critical immunological pathways are downregulated in
APECED patient dendritic cells. J Mol Med (Berl) 86,
1139-1152.

Ramsey C, Hassler S, Marits P er al. (2006) Increased
antigen presenting cell-mediated T cell activation in
mice and patients without the autoimmune regulator.
Eur J Immunol 36, 305-317.

Bruserud O, Oftedal BE, Landegren N, Erichsen MM,
Bratland E, Lima K, Jorgensen AP, Myhre AG,
Svartberg J, Fougner KJ et al. (2016) A longitudinal
follow-up of autoimmune polyendocrine syndrome type
1. J Clin Endocrinol Metab 101, 2975-2983.

Ritchie ME, Phipson B, Wu D et al. (2015) Limma
powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic Acids Res
20 (43), e47.

Subramanian A, Tamayo P, Mootha VK et al. (2005)
Gene set enrichment analysis: a knowledge-based
approach for interpreting genome-wide expression
profiles. Proc Natl Acad Sci USA 25 (102), 15545—
15550.

Merico D, Isserlin R, Stueker O, Emili A and Bader
GD (2010) Enrichment map: a network-based method
for gene-set enrichment visualization and interpretation.
PLoS One 15 (5), e13984.

Delaleu N, Nguyen CQ, Tekle KM, Jonsson R and
Peck AB (2013) Transcriptional landscapes of emerging
autoimmunity: transient aberrations in the targeted
tissue’s extracellular milieu precede immune responses
in Sjogren’s syndrome. Arthritis Res Ther 31 (15),
R174.

Consortium TC (2019) Cytoscape. https://cytoscape.
org/

Hapnes L, Willcox N, Oftedal BE et al. (2012 Apr)
Radioligand-binding assay reveals distinct autoantibody
preferences for type I interferons in APS I and
myasthenia gravis subgroups. J Clin Immunol 32, 230—
237.

Verhelst J, Hulpiau P and Saelens X (2013) Mx
proteins: antiviral gatekeepers that restrain the
uninvited. Microbiol Mol Biol Rev 77, 551-566.
Jefferies CA (2019) Regulating IRFs in IFN driven
disease. Front Immunol 10, 325.

Stetson DB and Medzhitov R (2006) Type I interferons
in host defense. Immunity 25, 373-381.

Rich SA (1981) Human lupus inclusions and interferon.
Science 14 (213), 772-775.

Steinberg AD, Baron S and Talal N (1969) The
pathogenesis of autoimmunity in New Zealand mice, I.
induction of antinucleic acid antibodies by polyinosinic-

36

37

38

39

40

41

42

43

44

45

46

47

48

49

B. E. Oftedal et al.

polycytidylic acid. Proc Natl Acad Sci USA 63, 1102—
1107.

Ferreira RC, Guo H, Coulson RM er al. (2014) A type
I interferon transcriptional signature precedes
autoimmunity in children genetically at risk for type 1
diabetes. Diabetes 63, 2538-2550.

Newby BN and Mathews CE (2017) Type I interferon
is a catastrophic feature of the diabetic islet
microenvironment. Front Endocrinol 8, 232.

Tomer Y, Blackard JT and Akeno N (2007) Interferon
alpha treatment and thyroid dysfunction. Endocrinol
Metab Clin North Am 36 (4), 1051-1066.

Ruiz Castro PA, Yepiskoposyan H, Gubian S et al.
(2021) Systems biology approach highlights mechanistic
differences between Crohn’s disease and ulcerative
colitis. Sc¢i Rep 1 (11), 11519.

Loberman-Nachum N, Sosnovski K, Di Segni A et al.
(2019) Defining the celiac disease transcriptome using
clinical pathology specimens reveals biologic pathways
and supports diagnosis. Sci Rep 7 (9), 16163.

Wolf J, Willscher E, Loeffler-Wirth H et al. (2021)
Deciphering the transcriptomic heterogeneity of
duodenal coeliac disease biopsies. Int J Mol Sci 4, 22.
Roti E, Minelli R, Giuberti T, Marchelli S, Schianchi
C, Gardini E, Salvi M, Fiaccadori F, Ugolotti G, Neri
TM et al. (1996) Multiple changes in thyroid function
in patients with chronic active HCV hepatitis treated
with recombinant interferon-alpha. Am J Med 101,
482-487.

Preziati D, La Rosa L, Covini G et al. (1995)
Autoimmunity and thyroid function in patients with
chronic active hepatitis treated with recombinant
interferon alpha-2a. Eur J Endocrinol 132, 587-593.
Kisand K, Link M, Wolff AS ez al. (2008) Interferon
autoantibodies associated with AIRE deficiency
decrease the expression of IFN-stimulated genes. Blood
1 (112), 2657-2666.

Di Domizio J and Cao W (2013) Fueling
autoimmunity: type I interferon in autoimmune
diseases. Expert Rev Clin Immunol 9, 201-210.

Meyer S, Woodward M, Hertel C, Vlaicu P, Haque Y,
Karner J, Macagno A, Onuoha SC, Fishman D,
Peterson H et al. (2016) AIRE-deficient patients harbor
unique high-affinity disease-ameliorating
autoantibodies. Cell 28 (166), 582-595.

Fierabracci A (2016) Type 1 diabetes in autoimmune
Polyendocrinopathy-candidiasis-ectodermal dystrophy
syndrome (APECED): a “rare” manifestation in a
"rare" disease. Int J Mol Sci 17, 1106.

Fillatreau S (2023) Antibodies against type I IFN: the
bad guys self-restrain in systemic lupus erythematosus.
Cell Rep Med 17 (4), 100903.

Bastard P, Orlova E, Sozaeva L et al. (2021) Preexisting
autoantibodies to type I IFNs underlie critical COVID-

FEBS Letters 597 (2023) 1261-1274 © 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

95UB01 7 SUOLUWIOD aA 181D 3|t dde ay) Aq peuenob ase ool VO 85N JO o[l 1oy Akeld1T8UIIUQ AB]1M UO (SUONIPUOD-PUR-SWIS)ALIY™AB | 1M Afe.d 1 jBul JUo//Sdiy) SUORIpUOD pue swie 1 8y} 88s *[£202/0T/c0] Uo AriqiTauliuo A&(IM ‘| BXRI01GIGSIeISPAIUN AQ SZ9YT '89VE-E/8T/Z00T OT/I0P/AL0D" A3 1M AleIq1jU[UO'STR//SANY WO} papeo|uMod ‘6 ‘€202 ‘8IrEELST


https://cytoscape.org/
https://cytoscape.org/

B. E. Oftedal et al.

50

19 pneumonia in patients with APS-1. J Exp Med S,
218.

Beccuti G, Ghizzoni L, Cambria V, Codullo V, Sacchi
P, Lovati E, Mongodi S, Iotti GA and Mojoli F (2020)
A COVID-19 pneumonia case report of autoimmune
polyendocrine syndrome type 1 in Lombardy, Italy:
letter to the editor. J Endocrinol Invest 43, 1175-1177.

63

64

Transcriptomics of blood in APS-1

Maity PC, Datta M, Nicolo A and Jumaa H (2018)
Isotype specific assembly of B cell antigen receptors and
synergism with chemokine receptor CXCR4. Front
Immunol 9, 2988.

Winkler TH and Martensson IL (2018) The role of the
pre-B cell receptor in B cell development, repertoire
selection, and tolerance. Front Immunol 9, 2423.

51 Carpino A, Buganza R, Matarazzo P et al. (2021) 65 Ruiz-Riol M, Barnils Mdel P, Colobran Oriol R et al.
Autoimmune Polyendocrinopathy-candidiasis- (2011) Analysis of the cumulative changes in Graves’
ectodermal dystrophy in two siblings: same mutations disease thyroid glands points to IFN signature,
but very different phenotypes. Genes (Basel) 12, 169. plasmacytoid DCs and alternatively activated

52 Lemarquis A, Campbell T, Aranda-Guillen M et al. macrophages as chronicity determining factors. J
(2021) Severe COVID-19 in an APSI patient with Autoimmun 36, 189-200.
interferon autoantibodies treated with plasmapheresis. J 66 Akita K, Yasaka K, Shirai T, Ishii T, Harigae H and
Allergy Clin Immunol 148, 96-98. Fujii H (2020) Interferon alpha enhances B cell

53 Bastard P, Rosen LB, Zhang Q et al. (2020) activation associated with FOXM1 induction: potential
Autoantibodies against type I IFNs in patients with novel therapeutic strategy for targeting the Plasmablasts
life-threatening COVID-19. Science 23, 370. of systemic lupus erythematosus. Front Immunol 11,

54 Tivo H, Saila L, Hannamari V et al. (2021) Patients 498703.
with autoimmune polyendocrine syndrome type 1 have 67 Hamilton JA, Hsu HC and Mountz JD (2018) Role of
an increased susceptibility to severe herpesvirus production of type I interferons by B cells in the
infections. Clin Immunol 8, 108851. mechanisms and pathogenesis of systemic lupus

55 Meisel C, Akbil B, Meyer T et al. (2021) Mild COVID- erythematosus. Discov Med 25, 21-29.

19 despite autoantibodies against type I IFNs in 68 Piper CJM, Wilkinson MGL, Deakin CT, Otto GW,
autoimmune polyendocrine syndrome type 1. J Clin Dowle S, Duurland CL, Adams S, Marasco E, Rosser
Invest 15, 131. EC, Radziszewska A et al. (2018) CD19(+)CD24(hi)

56 Wittling MC, Cahalan SR, Levenson EA and Rabin CD38(hi) B cells are expanded in juvenile
RL (2020) Shared and unique features of human dermatomyositis and exhibit a pro-inflammatory
Interferon-Beta and Interferon-alpha subtypes. Front phenotype after activation through toll-like receptor 7
Immunol 11, 605673. and interferon-alpha. Front Immunol 9, 1372.

57 Yamano T, Nedjic J, Hinterberger M et al. (2015) 69 Menon M, Blair PA, Isenberg DA and Mauri C
Thymic B cells are licensed to present self antigens for (2016) A regulatory feedback between plasmacytoid
central T cell tolerance induction. Immunity 16 (42), dendritic cells and regulatory B cells is aberrant in
1048-1061. systemic lupus erythematosus. Immunity 15 (44),

58 Gies V, Guffroy A, Danion F et al. (2017) B cells 683-697.
differentiate in human thymus and express AIRE. J 70 Break TJ, Oikonomou V, Dutzan N et al. (2021)
Allergy Clin Immunol 139, 1049-52.¢12. Aberrant type 1 immunity drives susceptibility to

59 Suzuki E, Kobayashi Y, Kawano O, Endo K, Haneda mucosal fungal infections. Science 15, 371.

H, Yukiue H, Sasaki H, Yano M, Maeda M and Fujii 71 Chen J, Guccini I, Di Mitri D et al. (2018)
Y (2008) Expression of AIRE in thymocytes and Compartmentalized activities of the pyruvate
peripheral lymphocytes. Autoimmunity 41, 133-139. dehydrogenase complex sustain lipogenesis in prostate

60 Xing C, Ma N, Xiao H, Wang X, Zheng M, Han G, cancer. Nat Genet 50, 219-228.

Chen G, Hou C, Shen B, Li Y et al. (2015) Critical role 72 Di Mitri D, Mirenda M, Vasilevska J er al. (2019) Re-
for thymic CD19+CD5+CD1dhilL-10+ regulatory B cells education of tumor-associated macrophages by
in immune homeostasis. J Leukoc Biol 97, 547-556. CXCR2 blockade drives senescence and tumor

61 Tedder TF, Inaoki M and Sato S (1997) The CD19- inhibition in advanced prostate cancer. Cell Rep 20
CD21 complex regulates signal transduction thresholds (28), 2156-68.e5.
governing humoral immunity and autoimmunity. 73 Emming S, Bianchi N, Polletti S, Balestrieri C, Leoni
Immunity 6, 107-118. C, Montagner S, Chirichella M, Delaleu N, Natoli G

62 Hashimoto S, Chiorazzi N and Gregersen PK (1994) and Monticelli S (2020) A molecular network regulating
The complete sequence of the human CD79b (Ig beta/ the proinflammatory phenotype of human memory T
B29) gene: identification of a conserved exon/intron lymphocytes. Nat Immunol 21, 388-399.
organization, immunoglobulin-like regulatory regions, 74 Frishberg A, Brodt A, Steuerman Y and Gat-Viks I
and allelic polymorphism. Immunogenetics 40, 145-149. (2016) ImmQuant: a user-friendly tool for inferring

FEBS Letters 597 (2023) 1261-1274 © 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of 1273

Federation of European Biochemical Societies.

95UB01 7 SUOLUWIOD aA 181D 3|t dde ay) Aq peuenob ase ool VO 85N JO o[l 1oy Akeld1T8UIIUQ AB]1M UO (SUONIPUOD-PUR-SWIS)ALIY™AB | 1M Afe.d 1 jBul JUo//Sdiy) SUORIpUOD pue swie 1 8y} 88s *[£202/0T/c0] Uo AriqiTauliuo A&(IM ‘| BXRI01GIGSIeISPAIUN AQ SZ9YT '89VE-E/8T/Z00T OT/I0P/AL0D" A3 1M AleIq1jU[UO'STR//SANY WO} papeo|uMod ‘6 ‘€202 ‘8IrEELST



Transcriptomics of blood in APS-1

immune cell-type composition from gene-expression
data. Bioinformatics 15 (32), 3842-3843.

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. Principal component analysis.
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Fig. S2. Real-time PCR on designated pathways from
the microarray study for clusters III-VII (not the IFN
and B cell regulation clusters).

Fig. S3. Volcano plots of the leading edge (LE) genes
underlying the significant depletion/up-regulation of
clusters III-VII in APS-1 patients versus controls in
the microarray array.

Fig. S4. All alterations in immune cell subsets inferred
via gene signature-based expression deconvolution.
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