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ABSTRACT

Autoimmune polyendocrine syndrome Type-1 (APS-1) is a rare, but severe organ-specific autoimmune disease caused by muta-

tions in the autoimmune regulator (AIRE) gene. Lack of AIRE causes autoreactive T cells to escape negative selection and alters

the T regulatory cell subset. However, little is known about how the immune cell subsets vary across the lifespan in APS-1. Here

we analysed the peripheral distribution of 13 immune cell subsets along the lifespan using epigenetic quantification. We found the

largest discrepancy in immune cells to appear early in APS-1 patients' lives, coinciding with the time point they obtained most of

their clinical symptoms. We further revealed longitudinal changes in cell compositions both within the adaptive and the innate

arms of the immune system. We found that cell frequencies of B cells, T-cell subgroups, nonclassical monocytes, and Natural Killer

cells to be reduced in young APS-1 patients. We also found B-cell frequencies to decrease with ageing in both patients and healthy

controls. Our results suggest that Tregs, follicular helper T, and natural killer cells have opposing trends of cell frequencies during

life, indicating the importance of considering the age profiles of cohorts which could otherwise lead to conflicting conclusions.

1 | Introduction

Autoimmune polyendocrine syndrome type-1 (APS-1) is a rare,
monogenic disease caused by mutations in the autoimmune reg-
ulator (AIRE) gene [1-3]. The AIRE protein upregulates intra-
thymic expression of a wide range of tissue-specific self-antigens
in medullary thymic epithelial cells and has a key function in
the negative selection of T cells [4, 5]. Dysfunctional elimination
of self-reactive immune cells in APS-1 patients causes autoim-
mune disease starting in the early stages of life, with gradually
progressing clinical symptoms over time [1].

APS-1 is diagnosed either by detecting disease-causing mu-
tations in AIRE or clinically by the presence of at least two
components of the classical triad, which consists of primary
adrenal insufficiency (AAD), chronic mucocutaneous candidi-
asis (CMC) and hypoparathyroidism (hypoPTH) [1, 6]. For in-
dividuals having a sibling previously diagnosed with APS-1, the
presence of one classical triad component is enough for APS-1
diagnosis [6]. In addition to the classical triad, patients typically
present with a wide range of other manifestations associated
with autoimmunity throughout life, such as vitiligo, hypothy-
roidism, Type 1 diabetes, enamel hypoplasia and alopecia [1].

Abbreviations: AAD, autoimmune Addison's disease; APRIL, A proliferation-inducing ligand; APS-1, autoimmune polyendocrine syndrome Type-1; BAFF, B-cell activating factor; Bmem, B
memory cell; ELISA, enzyme-linked immunosorbent assay; f-SMA, smoothed moving average of cell frequencies; HC, healthy Control; ncMonocyte, nonclassical monocyte; NK, natural killer
cell; pDC, plasmacytoid dendritic cell; SMA, smoothed moving average; TFH, T follicular helper cell; Treg, T regulatory cell.
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Several studies have looked at immune cell compositions within
different cohorts of APS-1 patients, and most agree that both
B cells and regulatory T cells are reduced in peripheral blood
mononuclear cells (PBMCs) [7-14]. The autoimmune tissue
destruction is thought to mainly be T cell-driven, while high
levels of autoantibodies produced by B cells serve as excellent
diagnostic markers [15-17]. However, immune cell composition
throughout a lifetime has not been previously investigated.

Epigenetics explores inheritable changes in gene function or ex-
pression that occur without altering the DNA sequence itself, in-
cluding mechanisms like DNA methylation [18]. Quantification
of immune cell subsets can be done by targeting cell type-specific
unmethylated DNA regions in whole blood by bisulfite conver-
sion [19, 20], opening possibilities for using stored EDTA blood
instead of cryopreserved PBMCs for immune phenotyping. We
here ask the question of how the immune system in APS-1 pa-
tients compares to healthy controls in a life-time perspective,
using EDTA blood samples from 27 Norwegian APS-1 patients
collectively spanning from childhood to old age.

2 | Methods
2.1 | Experimental Design

Patient data and samples were obtained from the Norwegian
registry for organ specific autoimmune diseases (ROAS) bio-
bank. All patients have provided informed consent, and the
study was approved by the Regional Committee for Medical and
Health Research Ethics (REK no. 2009/255 and 2018/1417).

Twenty-seven patients (14 males and 13 females), all fulfilling
the clinical diagnostic criteria for APS-1 with confirmed reces-
sive mutations in the AIRE gene, were included in this study.
Longitudinal blood samples (range: 3-7) were used from each
patient, with 10 (+5) year intervals between each time point, in
total 106 samples (55 males, 51 females) (Figure 1A, Table 1). 48
blood donors were recruited from the Haukeland Hospital blood
bank and used as healthy controls (HC). From each HC, a blood
sample was taken at one point. The patient and control cohorts
were divided into six age groups: 0-19, 20-29, 30-39, 40-49,
50-59, and 60-69. Each age group consisted of four female HC
and four male HC samples (Figure 1A, Table 1). 26 of 27 APS-1
patients had longitudinal serum samples in ROAS, stored simul-
taneously with whole blood. A total of 130 serum samples (84
APS-1 samples, 46 HC samples) were used for ELISA analysis of
BAFF and APRIL (Table 1). Different HC samples were used as
controls in the whole blood (epigenetic quantification) and serum
(ELISA) analyses. Most of these patients have been previously
reported by us [6, 21], and have also been previously included
in studies of blood and PBMCs by flow cytometry and RNA se-
quencing, although only at a single time point [10, 14, 22, 23].

Venous peripheral whole blood samples were collected in
K,EDTA tubes and stored at-80°C until analysis. Patient and
control samples were randomly grouped in batches for epigen-
etic analysis. Each batch included patient and control samples
from both females and males. All longitudinal samples from the
same patient were analysed in the same batch.

Epigenetic quantification was performed on all blood sam-
ples (n=154), with a panel of 13 immune cell types, estab-
lished from the available cell types (Epimune GmbH): CD3+
T, CD4* T, CD8* T cells, regulatory T cells (Treg), T helper 17
(Th17), T follicular helper cells (TFH), B (CD19%) and mem-
ory B cells (Bmem), monocytes (CD14%) and nonclassical
monocytes (ncMonocyte)(CD14-CD16%), natural Kkiller cells
(NK)(CD16*CD564™), plasmacytoid dendritic cells (pDC) and
neutrophils. Cell type-specific regions of the bisulfite-converted
DNA (bisDNA) have been identified and quantified for the es-
tablished panel (Table S1) [24].

2.2 | Epigenetic Quantification: Bisulfite
Conversion and qPCR

Cell lysis, DNA extraction and bisulfite conversion by i.Mune
Prep kit (Epimune GmbH) were performed using 40 uL of blood,
according to the manufacturer's instructions. qPCR was then
performed with bisDNA materials using a customised amplifi-
cation assay kit from Epimune GmbH, including two positive
and one negative control. Samples were run on the QuantStudio
5 Real-Time PCR System (Thermo Fisher), using instructions
provided by Epimune GmbH (15s at 95°C and 1min at 61°C,
45cycles in PCR stage). The collected data was processed by
QuantStudio Design & Analysis Software (v1.5.3, Thermo
Fisher), followed by analysis in Analysis Tool qPCR1&2 and
QuantStudio File Converter (both Epimune GmbH). After initial
analysis and quality control, data were further analysed using R
(v4.3.0), RStudio (v2023.12.1+402), zoo package (v1.8-12) and
GraphPad Prism (v9.5.1).

2.3 | Flow Cytometry

For an in-depth study of B-cell subsets, flow cytometry anal-
ysis on PBMC was performed with a B-cell panel. PBMC isola-
tion was performed on heparin blood using Ficoll Paque Plus
(Cytiva), and cells were then frozen in human AB-serum (Sigma-
Aldrich, Darmstadt, Germany) with 10% DMSO (Sigma-Aldrich)
at —150°C until use. Nine APS-1 patients (average age 44.7years
(£11.04years), 22.2% females) and 9 age- and sex-matched con-
trols were included. On the day of analysis, cells were thawed
and transferred to 37°C Dulbecco's modified Eagle medium
GlutaMAX (DMEM) (Gibco, Thermo Scientific), supplemented
with 10% fetal bovine serum (FBS) (Gibco) and 1% Penicillin—
Streptomycin (Sigma-Aldrich). Samples were centrifuged and
subsequently resuspended in 4mL PBS with 2% FBS and filtered
using a MACS SmartStrainer 70 um (Miltenyi Biotec).

Two microliters undiluted Fc-block (BD, Franklin, New
Jersey, US) were added, and cells were incubated for 20 min
before being stained with 1uL live/dead marker (Zombie
Violet BV421, BioLegend). After washing, samples were sub-
sequently incubated in the dark at 4°C for 20 min with a panel
of antibodies to identify B-cell subsets (Table S2). Acquisition
was conducted on the LSR Fortessa Flow Cytometer (BD),
and analysis was performed using FlowJo (v10.7.1, BD) by
the gating strategy outlined in Figure S1, based on Clavarino
et al. [25].
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FIGURE1 | Experimentdesign and characteristics of patient cohort. (A) Study cohort of APS-1 and healthy controls, age and sex profiles. (B) Sex
and age distribution of APS-1 patient samples included in the study, shown together with onset age of classical triad components. Each row represents
one APS-1 patient. Patient naming on y-axis includes sex (F: Female, M: Male). The black points on horizontal bars represent the age of patients when
the sample was taken. Letters on the graph indicate the age of patients when each component of the clinical diagnosis criteria was first presented clin-
ically (onset). A, primary adrenal insufficiency; C, chronic mucocutaneous candidiasis; P, hypoparathyroidism; U, candidiasis with undetermined
age of onset. The components separated by comma indicate that age of onset is mutual. (C) Distribution of number of classical triad components in
APS-1 cohort, starting before or after age 15. (D) Mean = SD of number of all clinical manifestations in APS-1 cohort through ageing. Y-axis shows
the total number of manifestations, including classical triad and other manifestations. Mean + SD of number of manifestations were calculated with
5-year intervals. Figure A created in BioRender. Figures B-D created in GraphPad Prism.

2.4 | ELISA of BAFF and APRIL APRIL/TNFSF13 DuoSet ELISA (DY884B), both from R&D
systems (Abingdon, United Kingdom) in accordance with the

Effects on B-cell activity and survival were measured by BAFF ~ manufacturer's protocol.

(B-cell activating factor) and APRIL (a proliferation-inducing

ligand) concentrations in longitudinal serum samples using

ELISA. BAFF and APRIL levels were analysed in 25uL serum 2.5 | Statistical Analysis

from 26 patients longitudinally (84 samples) and 46 single-point

samples from healthy controls (Table 1) by the Human BAFF/ Analysis of epigenetic quantification and ELISA were

Blys/TNFSF13B Quantikine ELISA kit (DBLYSOB) and Human performed using R (version 4.3.0), RStudio (version
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TABLE1 | Patient and control cohorts, including their distribution into sex and age groups.
Number of samples
Number Age groups (Person’s age at sampling)
Sex of people <20 20-29 30-39 40-49 50-59 60-69 Total Total
Blood
Patients (n=27) Female 13 3 12 9 12 9 6 51 106
Male 14 9 7 10 11 13 5 55
Controls (n=48) Female 24 4 4 4 4 4 4 24 48
Male 24 4 4 4 4 4 4 24
Serum
Patients (n=26) Female 13 4 6 7 11 8 6 42 84
Male 13 5 6 8 8 10 5 42
Controls (n=46) Female 24 4 4 4 4 4 4 24 46
Male 22 2 4 4 4 4 4 22

2023.12.1+402 ‘Ocean Storm’ Release for Windows), and
GraphPad Prism (version 9.5.1 for Windows). The differences
between APS-1 and HC within each age group were analysed
by Mann-Whitney U test followed by Holm-Sidék method
for multiple testing adjustments using GraphPad Prism. The
threshold for p value comparisons was set to 0.05. Simple mov-
ing average (SMA) method was used for plotting the cell fre-
quencies over a long-term timeline. The dot plots displaying
the moving average of cell frequencies were created in R using
the zoo package (version 1.8-12). For SMA analysis of epigen-
etic quantification and ELISA, the cell frequency and serum
concentration data were sorted by the age of individuals at the
time of sampling. For the SMA of cell frequencies (f-SMA), the
window range of 15-19 data points were included in calcula-
tion, with the aim of using the smallest possible window size
for each cell type that provides a smoothed transition in the
plots. A window size of 19 data points was used for each cell
type except TFH, consisting of a central value and 9 neigh-
bouring data points before and after. A window size of 15 data
points was used for TFH, with 7 neighbouring data points be-
fore and after a central point. For the SMA of serum BAFF
and APRIL concentrations, a window size of 9 data points was
used, consisting of a central value and 4 neighbouring data
points before and after.

In flow cytometry experiments, differences between groups
were analysed by the Student -test in GraphPad prism (version
10 for Windows).

3 | Results

3.1 | Clinical Manifestations Throughout Life

Our patient cohort included 27 APS-1 patients of various ages,
from which blood and serum samples were collected at mul-

tiple timepoints ranging between 5 and 67years of age. We
analysed a total of 154 EDTA blood samples for epigenetic

quantification and 130 serum samples for ELISA. 11 patients
presented with all three components of the classical triad, 11
patients had two of the three components, and five patients
had one component together with a sibling previously diag-
nosed with APS-1(Figure 1B). Patients acquired most of the
classical components before age 15 (Figure 1C), with the ear-
liest age of debut being at newborn stage. Ageing was signifi-
cantly associated with the total number of manifestations,
causing a linear trend of increase (p <0.0001) where the total
number of clinical manifestations showed a rapid increase
until age 25 (Figure 1D). No changes were found when ac-
counting for gender.

3.2 | Longitudinal Patterns of Immune Cells in
APS-1

To identify changes in immune cell composition that might
reflect the clinical picture in APS-1, a longitudinal study of
the immune cell subsets was done. In CD3+ T, CD4+ T, and
CD8+ T cell populations, no significant differences between
patients and controls were found (Figure S2A-C). In CD4+T
cells, we observed that the f~-SMA levels fluctuated between
14% and 17% in healthy controls throughout life, with values
above 15% before age 40 and below 15% after age 40 (Table S3,
Figure S2B). In patient samples, the fluctuations followed the
opposite directions across the lifespan. In CD8+ T cells, -SMA
levels in the patient cohort decreased after age 40, whereas the
decline in the control cohort was observed across the lifespan
(Table S3, Figure S2C). In the 0-19 age group, patients had
lower f-SMA levels compared to controls; however, the differ-
ence in CD8+ T cell frequencies between the groups was not
significant at any age. The cell frequencies of memory B cells
(Bmem), monocytes, plasmacytoid dendritic cells (pDC) and
neutrophils did not show significant variation between pa-
tients and controls across any age group (Figure S1D-G). In
the analysis of f-SM A values in APS-1 patients, we observed an
increasing trend until age 40years in Bmem and monocytes,
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followed by a decline thereafter. In both patients and control
cohorts, neutrophil f-SMA values were observed to rise until
age 40, with a decline seen beyond this age (Figure S2F),
whereas the f-SMA values of pDCs exhibited a decline across
the lifespan (Figure S2G).

3.3 | BCellsin APS-1

We observed a significant difference in B cell frequencies
of patients and controls throughout life. In the 0-19 age
group, the mean frequency of HC (21.5+9.84 SD) was more
than double that of the mean frequency of APS-1 (7.78 £3.98
SD). Both in patients and controls, the percentage of B cells
in blood decreased with ageing, and the gap between APS-1
and HC groups narrowed upon increasing age (Figure 2A,B;
Table 2). In the 40-49 age group, APS-1 and HC cohorts had
the most similar B-cell frequency profiles (APS-1: 3.62 + 3.04
SD; HC: 3.81+1.42 SD). Analysing B-cell subsets by flow cy-
tometry confirmed a decrease, mainly within the transitional
B cells in APS-1 patients, including an upregulation of the
activation marker CD69, as shown in other APS-1 cohorts
(Figure 2C-F). To further elucidate the discrepancies in B-cell
frequencies, serum levels of the B cell activation factors BAFF
and APRIL were analysed longitudinally, revealing a trend to-
wards elevated levels in all age groups for the APS-1 patients
(Figure 2G-1J, Figure S3).

3.4 | T-Cell Subsets Are Aberrant Early in Life
of APS-1 Patients

Looking into the different T cell subsets, Tregs in the 0-19
age group were three times higher in HC compared to APS-1
(mean £ SD, APS: 1% £0.53%; HC: 3.24% +1.08%, p=0.0004),
and the gap between HC and APS-1 Treg frequencies nar-
rowed with age (Figure 3A,B; Table 2). In the f-SMA analysis,
the healthy controls showed a decreasing trend until age 45,
where they reached the f-SMA of 1% of the leukocytes and re-
mained stable after this age. In patient samples, however, the
f-SMA was below 1% until age 40, then surpassed 1% up to
1.25% until age 50, followed by a decrease back to 1% by age
60. The Th17 cell subset of APS-1 patients was furthermore
significantly lower than controls in the 0-19 age group (APS-
1: 0.82% +0.45%, HC: 2.07% + 1.22%, p=0.005) (Figure 3C,D).
Similarly, in the 0-19 age group, the frequency of TFH cells
was reduced in APS-1 patients compared to controls (APS-1:
2.01% +1.13%, HC: 8.4% £2.42%, p=0.000095) (Figure 3E,F).
Looking at the f-SMA values, both TFH and Th17 cell pop-
ulations showed an upward trend until age 40 in the APS-1
patients followed by a decline thereafter, while the healthy
controls had the highest f-SMA values early in life, with a con-
tinuous decline until age 40, where it levelled off subsequently.

3.5 | Innate Immune Cells Change in Early Stages
of Life

The ncMonocytes also showed a similar trend in patients with the
lowest frequency in the youngest age group (APS-1: 0.41% £ 0.2%,
HC: 0.73%+0.11%, p=0.039) increasing with age, to have a

similar f-SMA profile as controls after age 40 (Figure 4A,B).
NK cells presented with a larger gap between APS-1 and con-
trols in early stages of life, with the mean frequency of controls
being significantly higher than patients (0-19 age group, APS:
2.54% +1.62%, HC: 7.89% £ 4.2%, p=0.001) (Figure 4C,D). Until
40-50years of age, NK frequency in controls remained greater
than in patients; however, with a diminishing difference. After
the 40-49 age group, NXK cell frequencies in the blood of APS-1
and HC remained at a similar level with a slight increase upon
ageing (Table 2).

4 | Discussion

In this study, we examined the peripheral immune composition
of APS-1 patients using samples collected over a 28-year period.
We analysed the cell frequencies in whole blood samples col-
lected at various time points throughout the study. This high-
lights the possible use of long-term stored EDTA blood samples
for longitudinal immune cell composition studies, especially
when the quantity or quality of blood or sampling and storage fa-
cilities are insufficient for flow cytometry analysis. With the aim
of diagnosing APS-1 patients as early in life as possible and con-
sidering the need for the ability to work with limited volumes
of blood obtained from newborns, epigenetic quantification has
a crucial benefit of enabling work with small sample volumes
with similar efficiency as flow cytometry. Our epigenetic quan-
tification results both confirm previous findings and add to our
knowledge about immune cell subsets and mechanisms by de-
scribing differences in the immune cell compartment in patients
with APS-1.

The onset of disease and the appearance of the different com-
ponents varied between the patients, with an overweight ap-
pearing before the age of 15years. Interestingly, we also found
most changes in the immune cell frequencies within the group
below 20years of age, and one could speculate if these changes
in immune composition might hint towards pathological
mechanisms and possible points of intervention. Looking at
the trends during a lifetime, several studies have investigated
immune cell composition in the general population by differ-
ent methods like flow cytometry, RNA sequencing and single-
cell sequencing [26, 27]. We have been able to replicate these
studies using stored whole blood and observed similar trends,
such as decreased B-cell activity with age [26, 28]. Several
studies have looked at the gender impact of immune cell sub-
sets during ageing in the normal population [26, 28], and at
single-cell levels, it was found that NK cells and Tregs had
sex-associated differences while B-cell populations were sim-
ilar in males and females [28]. We show the main differences
to be sourced from ageing, with males and females of the same
age groups having similar trends in immune profiles [26, 27].
However, we have few samples included in the over 69-years
cohort, and the majority of the age-related changes were most
prominent above this age.

Looking at the differences between APS-1 patients and con-
trols before the age of 40, the frequencies of TFH, Th17 and B-
cell populations are lower in patients, most prominently under
age 19years. This trend reversed after 40years of age, except
for Tregs, which converged around 45years of age, portraying
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FIGURE 2 | B-cell characterisation in APS-1 versus HC: Cell frequencies, flow cytometry analysis and BAFF-APRIL levels. Epigenetic quantifi-
cation (A,B): (A) Longitudinal simple moving average (sma) of B-cell frequencies (rolling mean + SD) for APS-1 patients (red) versus controls (blue)
and the frequencies within the different age groups (B). (C) Frequency of CD19+ cells within the live cell population (gated on total cells, singlets, live
and lineage negative). (D) Frequency of transitional B cells (CD19 + CD38++CD10 + CD5+). The experiment (G and includes 9 APS-1 patients and 9
age- and sex-matched controls. (E) CD69+ cell percentage within CD19+ cells and transitional B cells (F). (G) Longitudinal sma of serum BAFF con-
centrations for APS-1 versus HC and (H) the levels within the different age groups. (I) Longitudinal sma of serum APRIL concentrations for APS-1
versus HC and the levels within the different age groups (J). Figures A, G, I were created in R, with rolling mean window sizes of 19 (A) and 9 (G, I).
Figures B-F, H, J are created and analysed in GraphPad Prism, columns show mean +SD. In B, H, J; percentages within each sample were analysed
using Mann-Whitney U test followed by Holm-Sidak method for multiple testing adjustment. *p <0.05, **p <0.01, ***p <0.001. ns, Nonsignificant.

a more stable trajectory in the older age groups. Tregs have
been extensively investigated in APS-1 patients, both by us
and others, showing a decrease in the Treg population [10, 12—
14, 23, 29]. Here we further elaborate by showing that the time
point in life could impact the results and that the Treg popula-
tion stabilises in the middle-aged patient population, possibly
reflecting the early onset of clinical manifestations in APS-1.
The decrease of Treg frequencies in patients followed by sta-
bilisation and having a similar profile to controls in older ages
might be explained by the age-related regression of thymus

in activity and volume [30]. A reduced thymic function in the
elderly groups of both cohorts can be speculated to cause the
declining differences in Treg frequencies. Circulating TFH
cells have previously been found decreased in APS-1 patients,
and our results align with this in the young population [31].
This is likely to support their homing to secondary lymphoid
organs during the time of active autoimmune destruction, as
TFH cells play essential roles in germinal centre formation, B-
cell proliferation and differentiation leading to antibody pro-
duction [32]. The difference in TFH cell frequencies parallels

6of 12

Scandinavian Journal of Immunology, 2025



TABLE 2 | Mean values of frequencies of B cells, Tregs and NK cells within each age group.

Patients (APS-1)

Healthy controls (HC)

Cell type Age groups Mean (%) Std deviation (*) Mean (%) Std deviation () p (adjusted)
B CELLS 0-19 7.78 3.98 21.50 9.85 0.011849
20-29 3.53 1.81 5.61 1.71 0.042885
30-39 2.32 1.71 4.45 2.39 0.033361
40-49 3.62 3.04 3.81 1.42 0.259097
50-59 1.84 1.50 3.92 1.56 0.029376
60-69 1.65 0.64 4.14 1.98 0.029376
TREG 0-19 1.01 0.53 3.24 1.08 0.000429
20-29 0.77 0.41 1.08 0.50 0.404815
30-39 0.77 0.43 1.23 0.39 0.124202
40-49 1.21 0.54 0.86 0.22 0.321789
50-59 1.04 0.72 1.07 0.41 0.686234
60-69 0.95 0.55 1.03 0.44 0.686234
NK 0-19 2.54 1.62 7.89 4.20 0.001809
20-29 2.99 1.26 4.57 2.81 0.703501
30-39 2.65 1.58 3.89 1.35 0.154644
40-49 3.59 1.91 3.21 1.16 0.893803
50-59 3.57 1.71 4.81 2.43 0.634187
60-69 4.12 2.75 4.72 3.30 0.893803

that of B cells throughout life in APS-1 patients and controls,
possibly as a result of TFH-B cell interaction mechanisms in
the lymph nodes.

Protection against CMC is thought to be mediated mainly by
IL-17 producing Th17 cells [33-37]. It has been reported that
APS-1 patients have reduced levels of peripheral Th17 cells
[12, 13, 31, 38], caused by impaired regulation of IL-17, IL-23
and dysregulated IL-23p19, which is required for Th17 forma-
tion [39]. The reduced frequency of Th17 cells in blood could
suggest their redistribution to mucosa. However, a protective ef-
fect of Th17 cells against CMC is not observed in APS-1 patients,
likely because of the high levels of neutralising autoantibodies
against Th17-specific cytokines in APS-1 [33, 37]. Our findings
of distinctly lower Th17 frequency in young APS-1 patients (age
group 0-19), together with poor immune responses of Th17 cells
against CMC, might explain why CMC is the earliest presented
manifestation in APS-1.

In concordance with previous findings in B cells of APS-1 pa-
tients, including the Norwegian APS-1 cohort [7, 31, 38, 40],
we found a clear decrease of B cells in all age groups except the
40-49years group from the epigenetic quantification. To further
investigate the different subtypes previously reported to be more
severely affected by APS-1, we used flow cytometry analysis on
PBMCs. Although we did not find an overall reduction of CD19+
B cells, we confirmed the findings that transitional B cells are
reduced in APS-1 patients. BAFF and APRIL are important

cytokines involved in immune homeostasis, immune cell differ-
entiation, affecting B-cell maturation and function by regulating
activation, survival and proliferation of B cells [41-45]. Elevated
levels of BAFF and APRIL have been observed in various other
autoimmune diseases [46-50], and increased BAFF levels have
been found in APS-1 patients [11, 38]. Our data resemble what
was found in the Finnish APS-1 cohort where higher APRIL
levels were detected in patients, but no changes in BAFF [31].
In addition, we did not find any changes in BAFF or APRIL in
relation to the age or gender of the included subjects.

In the youngest age group, CD8+T cells followed a declining
pattern parallel to B cells in APS-1 patients. B cells are known
to be involved in the activation and priming of CD8+T cells
[51]. In multiple human and mouse studies, the effect of B cells
on CD8+T cells has been shown previously in various autoim-
mune diseases, demonstrating that CD8+T cell count, activ-
ity and proliferation reduce after B cell depletion [51, 52]. We
speculate from our findings that the decreasing frequency and
the lack of activating and priming effect of B cells lead to a de-
creasing frequency of the CD8 +T cell population in the young
patients.

Interestingly, we found the innate immune cell compartment in
APS-1 patients to be affected in the early stage of life, where both
NK cells and ncMonocyte populations were lower in patients
under age 19. A lower frequency of CD16+ monocytes has also
been reported for this patient cohort previously [10]. For the NK
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FIGURE 3 Epigenetic quantification of T-cell subsets in APS-1 versus HC samples. (A) Longitudinal simple moving average (sma) of Treg

cells frequencies (rolling mean =+ SD) for APS-1 patients (red) versus controls (blue) and the frequencies within the different age groups (B). (C)
Longitudinal sma of Th17 cells frequencies for APS-1 versus HC and the frequencies within the different age groups (D). (E) Longitudinal sma of
regulatory TFH cells frequencies for APS-1 (red) versus HC (blue) and the frequencies within the different age groups (F). A sma window of 19 was
used for Treg and Th17 cells (A,C) and window of 15 for TFH (E). In B, D, F; columns show mean + SD. Percentages of cell types within each sample
were analysed using Mann-Whitney U test followed by Holm-Sidak method for multiple testing. Figures A, C, E created in R. Figures B, D, F created

in GraphPad prism. *p <0.05, **p <0.01, ***p <0.001.
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cells, their trend in APS-1 patients was increasing with ageing,
as opposed to the decreasing frequencies in HCs over the years.
NK cells have not been found to be less abundant before but are
described to have both a protective and pathogenic role in au-
toimmune diseases [53]. In type 1 diabetes, a reduced number
and decreased cytolytic activity of NK cells have been reported
[54-57], but more studies in a young APS-1 cohort will be nec-
essary to validate and functionally determine the impact of our
findings.

The main limitation of this study is the rareness of APS-1
(1:100000 in the Norwegian population) which affected the size
of the patient cohort in the study. We aimed to include patients

having multiple samples covering a lengthy period of time to best
represent the immune landscape at different ages, but the ma-
jority of samples are collected between the ages of 20-60years,
limiting our statistical power in the early and late phases of
life. Our study design involved multiple samples from each pa-
tient for longitudinal representation of immune composition in
blood, while each healthy control could provide only a single
cross-sectional sample. This difference in collection of blood
from individuals might affect the interpretation of data. To min-
imise this potential effect and provide a better representation of
a healthy population, we included eight healthy controls in each
age group. The control cohort was limited to individuals aged
18 years and above, which may impact the representation of the
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0-19 age group. Future studies would benefit from including
a control cohort under the age of 18 to enable a more accurate
characterisation of immune profiles of the younger population.

This study investigates immune cell compositions in peripheral
blood, and it is worth noting that as little as ~2% of immune cells
are found in blood [58]. Therefore, the conclusions we make
based on the peripheral blood data alone do not reflect the com-
plete picture of immune activity, particularly autoimmune reac-
tions that take place in various tissues. The decreased frequency
of B cells in young APS-1 patients despite higher levels of BAFF
might suggest an increase in B-cell population and activity in
secondary lymphoid organs of the APS-1 patients, leading to a
decreased proportion in blood.

In addition to the reduced number of B cells and early life
changes of TFH cells, ncMonocytes, Tregs and NK cells in
APS-1 patients, and their possible effects on onset ages of mani-
festations, this study highlights that variations in age can impact
study findings. The potential of age to influence the outcome
of immune cell studies can be so sensitive that even a 10-year
age difference between cohorts may lead to noticeable changes
in study findings. Therefore, it must be a key consideration for
future studies when designing experiments and interpreting
findings.
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