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Backgrounds and Aims: APECED is a rare autoimmune disease caused by mutations in
the Autoimmune Regulator gene. A signiﬁcant proportion of patients also have
gastrointestinal symptoms, including malabsorption, chronic diarrhea, and obstipation.
The pathological background of the gastrointestinal symptoms remains incompletely
understood and involves multiple factors, with autoimmunity being the most common
underlying cause. Patients with APECED have increased immune responses against gut
commensals. Our objective was to evaluate whether the intestinal microbiota
composition, predicted functions or fungal abundance differ between Finnish patients
with APECED and healthy controls, and whether these associate to the patients’ clinical
phenotype and gastrointestinal symptoms.
Methods: DNA was isolated from fecal samples from 15 patients with APECED (median
age 46.4 years) together with 15 samples from body mass index matched healthy
controls. DNA samples were subjected to analysis of the gut microbiota using 16S
rRNA gene amplicon sequencing, imputed metagenomics using the PICRUSt2 algorithm,
and quantitative PCR for fungi. Extensive correlations of the microbiota with patient
characteristics were determined.
Results: Analysis of gut microbiota indicated that both alpha- and beta-diversity were
altered in patients with APECED compared to healthy controls. The fraction of
Faecalibacterium was reduced in patients with APECED while that of Atopobium spp.
and several gram-negative genera previously implicated in bioﬁlm formation, e.g.
Veillonella, Prevotella, Megasphaera and Heamophilus, were increased in parallel to
lipopolysaccharide (LPS) synthesis in imputed metagenomics. The differences in gut
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microbiota were linked to patient characteristics, especially the presence of antiSaccharomyces cerevisiae antibodies (ASCA) and severity of gastrointestinal symptoms.
Conclusions: Gut microbiota of patients with APECED is altered and enriched with
predominantly gram-negative bacterial taxa that may promote bioﬁlm formation and lead
to increased exposure to LPS in the patients. The most pronounced alterations in the
microbiota were associated with more severe gastrointestinal symptoms.
Keywords: dysbiosis, gut microbiota, immune dysregula tion, lps, autoantibodies, atopobium,
faecalibacterium, autoimmunity

diarrhea, obstipation, and gastritis (3). The pathological background
of the GI symptoms remains incompletely understood, but they
have been attributed to multiple factors with autoimmunity being
the most common underlying cause. About half of patients with
APECED have autoimmunity against gut neuroendocrine cells
associated with antibodies against tryptophan hydroxylase (TPH)
(4). The loss of neuroendocrine cells leads to decreased serum
serotonin levels, which in turn is associated with symptoms of
obstipation (5). In addition, around a quarter of the patients exhibit
autoimmunity against defensins, culminating in a loss of Paneth
cells (6). Anti-defensin antibodies are linked to gut microbiota
dysbiosis in Aire -/- mice and diarrhea in humans (6). Autoimmune
hepatitis, gastritis, and exocrine pancreatic malfunction also affect
patients’ GI health.
We have previously detected anti-Saccharomyces cerevisiae
antibodies (ASCA) and other anti-commensal antibodies in
patients with APECED, in a pattern reminiscent of the one
seen in Crohn’s disease (7). It has been suggested that an overt
inﬂammatory response against normal gut microbiota plays a
vital role in the pathogenesis of Crohn’s disease, and a deviating
gut microbiota, characterized by a decrease of butyrate producers
and an increase of pro-inﬂammatory Proteobacteria, has been
observed in a signiﬁcant number of patients with Crohn’s disease
(8–11). Previous reports on small numbers of patients (10 and 11
patients) offer some indication that deviations in the gut
microbiota might also be a feature of APECED, but the
differences between patients and controls have been modest (5,
6). Here we present a characterization of the gut microbiota in, to
our knowledge, the largest cohort of APECED patients described
so far, showing clear aberrations of the gut microbiota. These
changes are similar to the ones observed in Crohn’s disease, more
pronounced in patients with anti-Saccharomyces cerevisiae
antibodies, and are associated with chronic diarrhea.

HIGHLIGHTS
APECED is a rare autoimmune disease caused by mutations in the
Autoimmune Regulator gene. A signiﬁcant proportion of patients
have gastrointestinal symptoms, including malabsorption, chronic
diarrhea, and obstipation that lead to decrease in the quality of life.
The pathological background of the gastrointestinal symptoms
remains incompletely understood. We have previously found that
patients with APECED have increased immune responses against
gut commensals, but previous smaller studies have found only small
alterations in the microbiota of the gut of the patients. Our objective
was to evaluate whether the intestinal microbiota composition
differs between patients with APECED (N=15) and healthy
controls, and whether these are associated with the patients’
clinical phenotype and gastrointestinal symptoms. We found both
alpha- and beta-diversity to be altered in patients with APECED
compared to healthy controls. Several gram-negative genera
previously implicated in bioﬁlm formation were increased in
patients, in parallel with lipopolysaccharide (LPS) synthesis in
imputed metagenomics. Interestingly, the most pronounced
changes in the microbiota were associated with more
severe gastrointestinal symptoms in patients with APECED,
suggesting that gut microbiota is a factor to consider when
contemplating therapy.

INTRODUCTION
APECED (autoimmune polyendocrinopathy-candidiasisectodermal dystrophy, OMIM #240300) is a rare autoimmune
disease caused by autosomal recessive mutations in the gene
encoding the Autoimmune Regulator (AIRE) (1). AIRE is
expressed in medullary thymic epithelial cells where it
regulates the expression of tissue-restricted antigens, most
likely contributing to thymic negative selection. The lack of a
fully functioning AIRE leads to autoimmunity against multiple
endocrine organs, resulting in hormonal deﬁciencies of which
hypoparathyroidism and primary adrenal insufﬁciency are the
most common manifestations (1). Practically all patients with
APECED have neutralizing anti-cytokine antibodies some of
which have been linked susceptibility to Candida albicans
infections (2).
A signiﬁcant proportion of patients with APECED present with
gastrointestinal (GI) symptoms, such as malabsorption, chronic
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MATERIALS AND METHODS
We invited all patients who have taken part in previous large
Finnish clinical studies on APECED (1) to participate in the
current study. Additional patients were recruited from all
Finnish university hospitals and central hospitals by contacting
the respective endocrine units. Out of the 91 Finnish patients
enrolled in previous studies (6), 61 were alive at the time of
recruitment. Altogether 37 (68%) adult patients consented and
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were included in the study during the years of 2015-2016 (12).
Fifteen patients (seven females), in the age range of 19 to 70 years
(mean, 45.9 years) with a body mass index (BMI) range of 17.7
to 40.7 kg/m2 (mean, 23.2 kg/m2) were willing to donate
frozen fecal sample and form the study patient group. Fifteen
control fecal samples, from healthy individuals (ten females)
aged between 20 to 67 years (mean, 34.9 years) with a BMI
between 18.1 to 33.0 (mean, 23.9), were selected from an
inhouse database to be used as controls. The controls were
selected to match patients as closely as possible in relation
to age, BMI and sex. Exclusion criteria in the control group
were medication for hypercholesterolemia or hypertension,
regular or recent (within the past three months) use of
antibiotics, extreme sport, smoking, pregnancy, or lactation.
Sample processing methodology from sampling to DNA
extraction and sequencing was identical between the patient
and control samples.
The Ethics committee of the Helsinki University Hospital
approved the study protocol, and subjects gave their signed
informed consent prior to enrollment. The study was
performed according to the principles of the Declaration
of Helsinki.

medications. Sera were isolated with a standard protocol and
stored at -80°C until analyses.

Quantiﬁcation of Anti-Saccharomyces
cerevisiae Antibodies
The ASCA were quantiﬁed from patient sera with the AntiSaccharomyces cerevisiae Antibodies IgG test kit (Bio-Rad, USA)
as instructed by the manufacturer. Values over 15 U/mL were
considered positive.

Anti-Tryptophan Hydroxylase Antibodies
Immunoprecipitation of radiolabeled antigens was used to screen
sera for autoantibodies against tryptophan hydroxylase-1.
Human complementary DNA from the antigen in expression
vector was used to perform the assay. In vitro transcription and
translation were performed in the presence of 35S-methionine,
according to the manufacturer’s protocol (Promega TNT
Systems). Immunoprecipitation was performed in 96-well
plates overnight at 4°C at 300 rpm with serum samples (2.5 µl)
and 30,000 cpm of radiolabeled protein. A positive control
(positive patient serum to each antigen) and a negative control,
4% bovine serum albumin, were included in each plate. All
samples were analyzed in duplicates. The immune reaction was
transferred to ﬁlter plates (Millipore) and immune complexes
were captured to Protein A sepharose (nProtein A Sepharose 4
fast ﬂow, GE Healthcare) during a 45 min incubation at 4°C at
300 rpm. After ten washing steps with wash buffer (150mM
NaCl, 20 mM TrisHCl pH 8, 0.15% Tween 20, and 0.1% BSA),
plates were dried and scintillation ﬂuid (Optiphase, HiSafe 3,
PerkinElmer) was added. Radioactivity was then measured in a
beta counter (1450 Microbeta Trilux, Wallac). Autoantibody
index values were calculated according to the following:
(sample value – negative control value)/(positive control value
– negative control value) x 100.

Clinical Data
Clinical details for APECED patients were collected from
medical records, through a questionnaire and patient
interviews, which included questions on medical history, prior
infections, medications, and other relevant parameters. All
patients were clinically examined by a medical doctor (S.L.).
The grading of the severity of GI symptoms experienced by the
patients was done based on discussion and a unanimous decision
by two physicians (I.H. and S.L.). The severity of diarrhea was
classiﬁed according to the degree of symptoms experienced: 1)
no symptoms, 2) intermittent diarrhea, episodes of diarrhea
separated by obstipation or symptom-free periods, 3) chronic
difﬁcult diarrhea.

Quantitative PCR for Fungi
For qPCR targeting fungal ITS1-region, 5 ng of DNA was mixed
with 2 mM of ITS1F and ITS2 primers (14) and 2X Power SYBR
green PCR Master Mix (Thermo Fisher, USA) in a total volume
of 20 ml. The PCR reaction was performed in the C1000 Touch
Thermal Cycler (Bio-Rad, USA) as follows: 95°C for 15 min,
followed by 40 cycles of 95°C 15 sec, 55°C 30 sec and 72°C 30 sec
and ending in 95°C 1 min and 60°C 1 min. Results were analyzed
using the comparative Ct method (15).

Sample Collection and Processing of
Fecal Samples
Fecal samples for the patients and controls were collected at
home and immediately stored at -20°C. They were transported to
a study center within 1 week. An uninterrupted frozen cold chain
was ensured in the provision and handling of the fecal samples.
Bacterial DNA was extracted from ca. 250 mg of fecal matter
using the Repeated Bead Beating (RBB) method (13) with the
following modiﬁcations for automated DNA puriﬁcation: 340 ml
and 145 ml of lysis buffer was added to ﬁrst and second round of
bead beating, respectively. 200 µl of the clariﬁed supernatant
collected from the two bead beating rounds was used for DNA
extraction with the Ambion Magmax™ -96 DNA Multi-Sample
Kit (Thermo Fisher Scientiﬁc, USA) using the KingFisherTM
Flex automated puriﬁcation system (Thermo Fisher Scientiﬁc,
USA). DNA was quantiﬁed using Quanti-iT™ Pico Green
dsDNA Assay (Invitrogen, San Diego, CA, USA).
Blood samples were collected in the morning between 7 and
10 am after an 8- to 12-hour fast before taking morning
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Microbiota Analysis
Library preparation and Illumina MiSeq sequencing of the
hypervariable V3-V4 regions of the 16S rRNA gene and
sequencing data preprocessing for the patient and control
samples as well as negative controls were performed as
previously described (16).

Sequencing Data Preprocessing Analysis
and Statistics
The pre-processing of the sequencing reads, their taxonomic
annotation, and statistical analysis were performed using
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Whitney U test in SPSS 25 (IBM). For all tests, P-values < 0.05
were considered as statistically signiﬁcant.

R package mare (Microbiota Analysis in R Easily) (17) as
previously described (16, 18). Samples from cases and controls
were sequenced in two different MiSeq runs with non-template
negative controls. The lowest number of reads per sample was
28175 and the mean number of reads was 72610 for patients and
73661 for controls. The three negative control samples in the run
with APECED samples contained 139, 259, and 728 reads
assigned to two uncultured lactobacilli. As the reads assigned
to Lactobacillus in the APECED samples were also mostly
assigned to the two uncultured lactobacilli in negative controls,
we excluded Lactobacillus from all data analyses. To account for
the varying sequencing depth, the number of reads per sample
was used as an offset in all statistical models. The b-diversity was
estimated using Bray-Curtis dissimilarity as the distance measure
and the contribution of different variables to microbiota
variation was calculated using permutational ANOVA
(PERMANOVA) adonis function in vegan (19) on genus,
family and phylum levels. The BMI or gender were not
associated with microbiota variation (permutational ANOVA
4% and 3%, respectively, FDR-P > 0.3 for both) and were not
used as confounding factors. Also, age did not have a statistically
signiﬁcant effect on permutational ANOVA, but it correlated
with the relative abundance of some of bacteria of interest in
patients (Faecalibacterium, Megasphaera and Prevotella) so it
was used as a confounder in all models. The differences in the
microbiota between patients and controls or between patients
with different clinical characteristics were analyzed using
generalized linear models with negative binomial distribution
implemented in the mare package for prevalent bacteria i.e.
bacterial genera detected in > 60% of the samples. P-values
were adjusted by the Benjamini-Hochberg method for multiple
testing and reported as FDR-P. All signiﬁcant ﬁndings from
differential abundance testing underwent visual inspection when
applicable to eliminate statistically signiﬁcant ﬁndings driven by
few extreme values. Only statistically signiﬁcant and visually
validated results are reported. In the univariate data, a statistical
difference was evaluated using the Independent-Samples Mann-

Imputed Metagenomic Analysis
Bacterial metagenome content was predicted from the 16S rRNA
gene-based microbial compositions. Functional inferences were
made from the Kyoto Encyclopedia of Gene and Genomes
(KEGG) catalog (20) using PICRUSt2 (21). The “DESeq”
function in DESeq2 (22) was used to test for differentially
abundant KEGG pathways between the groups.

Random Forest Classiﬁcation
Random forest model was used to evaluate the predictive
performance of all identiﬁed genera (N = 65) or predicted
functions (N = 222) based on leave-one-out cross-validation.
The random forest analysis was performed using the default
settings of the “randomForest” function implemented in the
randomForest R package. We then used the receiver operating
characteristic (ROC) curve and calculated the area under the
ROC curve (AUC), implemented in the pROC package, as the
measure of performance. The importance of input features was
evaluated by mean decrease Gini values.

RESULTS
Wide Spectrum of Intestinal
Manifestations in the Patients
With APECED
The microbiome samples of altogether 15 patients (7 females)
with APECED were investigated. The patients were examined at
the median age of 46.4 years (range, 19.3 – 70.1). Characteristics
of the patients are presented in Table 1 in comparison to 22
patients with APECED from whom we were unable to acquire
stool samples. The patient characteristics differ little between the
two groups suggesting that the sample of patients participating in
the study represents well the overall APECED population.

TABLE 1 | Clinical characteristics of the 15 adult patients with APECED included in the present study.
Characteristic
N (%) or median (range)
Female
Age (year)
Height SDS
BMI (kg/m2)
AIRE genotype
c.769C>T / c.769C>T
c.769C>T / c.967_979del13
c.769C>T / other
Diarrhea
(No / episodic / chronic)
Obstipation
Failure of exocrine pancreas
Anti-fungal medication
(No / preventive / treatment dose)
Probiotics in use

Patient with microbiome analyses
N = 15

Patients without microbiome analyses
N = 22

P-value

7 (47%)
46.4 (19.3 – 70.1)
-1.5 (-2.9 - +1.3)
22.7 (17.7 – 40.7)

15 (68%)
39.5 (21.9 – 62.7)
-1.2 (-2.6 - +1.4)
22.3 (15.0 – 36.6)

0.19
0.26
0.13
0.87

12 (80%)
2 (13%)
1 (7%)
6 (40%) / 6 (40%) / 3 (20%)

18 (82%)
2 (9%)
2 (9%)
9 (41 %) / 10 (45%) / 3 (14%)

0.82

4 (27%)
0
11 (73%) / 3 (20%) / 1 (7%)

10 (46%)
4 (18)
15 (68%) / 3 (14%) / 4 (18%)

0.31
0.13
0.65

4 (27%)

1 (5%)

0.14

Their clinical and genetic features did not differ from the 22 patients with APECED for whom no data on stool microbiome was available.
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P = 0.0003 respectively, Table 2 and Figure 2). Atopobium was
almost undetectable in the majority of the controls while it was
observed in all patients accounting up to 20.3% of the total
microbiota in one patient. The relative abundance of other gramnegative bacteria, Veillonella and Prevotella, was signiﬁcantly
increased in patients (fc = 5.4, FDR-P = 0.02; fc = 2.0, FDR-P =
0.04; respectively, Table 2 and Figure 2). Of interest, the reads
derived from Megasphaera spp. within the Veillonnellaceae
family accounted for up to 37.1% and 0.8% of reads in two
patients, respectively, but was otherwise virtually undetectable in
the majority of patients and controls (Figure 2). All genera with
relative abundances that are signiﬁcantly different between the
patients and controls are summarized in Table 2.

All patients harbored at least one copy of the Finnish founder
mutation c.769C>T, p.(Arg257Ter) in the AIRE gene
(NM_000383.4). Altogether 13/15 of patients had primary
adrenal insufﬁciency, and 12/15 had hypoparathyroidism. The
patients had median of 7 (range 4-11) disease components of
APECED. Additional symptoms, each present in one individual,
included high blood pressure, asthma, depression, migraine, APC
resistance, hypercholesterolemia and mild hypertrophic
cardiomyopathy. All 15 patients had experienced mucocutaneus
candidiasis. One patient was using anti-fungal medication with
treatment dose and three patients with prophylaxis dose. Either
periodic or chronic diarrhea was evident in 60% of the patients.
None of the patients had used antibiotics within 1 month prior to
the sampling. Four patients were using probiotics at the time of
sampling, but these patients did not signiﬁcantly differ from other
patients in their microbial composition (data not shown). None
of the controls had used antibiotics within 3 months prior to the
sampling and none of them used probiotics.

Imputed Metagenomic Analysis Reveals
Upregulation of Modules Related to
Lipopolysaccharide Synthesis
To understand functional implications of the observed
taxonomic difference between patients with APECED and
controls, we inferred metagenomes using the PICRUSt2
algorithm. This is a computational approach that reconstructs
functional composition of a metagenome connecting the
sequenced genes to reference genomes. The imputed functions
of patients’ microbiota differed signiﬁcantly from those of
healthy controls, explaining 9% of the variation in the gut
microbiota (P = 0.02, Figure 3A), which was attributable to
the functional modules associated with LPS synthesis that were
enriched in patients (Figure 3B).
Random forest (RF) classiﬁcation models were subsequently
trained by 5-fold cross-validation using the relative abundances of
all genera (N = 65) or imputed functional modules (N = 211). Both
RF models including bacterial taxa or predicted functions classiﬁed
patients with APECED with a comparably robust accuracy,
achieving an area under the curve (AUC) of 0.83 and 0.87,
respectively (Figure 3C). The most important genera selected by
the model included Faecalibacterium and Atopobium
(Supplementary Figure 1A). The functional modules related to
LPS synthesis were among the most important features selected by
the random forest model (Supplementary Figure 1B).

Microbial Composition of Patients With
APECED Is Altered Compared to
Healthy Controls
We performed 16S rRNA gene amplicon sequencing to
investigate the microbial composition of the stool samples.
After processing we had on average 73135 (28175-164233)
high quality reads representing overall of 395 operational
taxonomic units (OTUs) distributed to 78 bacterial genera, 33
families, 19 orders, 13 classes, and 5 phyla. The microbiota
richness ranged from 94 to 220 (mean, 168 vs. 152 in patients
and controls, respectively; not signiﬁcant; Mann-Whitney U
test). Alpha diversity was signiﬁcantly higher in patients
compared to healthy controls [mean 13.0 (range, 4.2-18.4) vs.
6.8 (4.3-10.5); P < 0.001; Mann Whitney U test].
We compared the difference between patients and controls in
the overall gut microbiota using PERMANOVA based on BrayCurtis dissimilarity. Patients differed from controls already on
the phylum level (14% of variation explained, P = 0.006,
Figure 1A). Bacteroidetes and Proteobacteria were expanded
in patients’ gut microbiota, while a lower proportion of
Firmicutes was found (Figure 1B) compared to the controls.
On the family level, PERMANOVA indicated a 10% variation
in the gut microbiota between the patients and controls (P =
0.003). Two patients distinctly differed from others with
markedly expanded relative abundance of Veillonellaceae and
diminished Ruminococcaceae (Figure 1C). Interestingly, these
subjects were two of the three patients reporting the most
severe diarrhea.
Beta-diversity between the patients and controls was
signiﬁcantly different also on genus level (10% variation in
PERMANOVA, P = 0.001). In comparison to healthy controls,
the proportion of Faecalibacterium was signiﬁcantly reduced in
patients [fold change (fc) = 0.45, FDR-P = 0.05, Table 2,
Figure 2]. Multiple genera were signiﬁcantly overrepresented
in the patients. The largest 15-20 fold increase was found in the
fraction of Butyrivibrio, Atopobium, and Haemophilus (fc = 15.1,
FDR-P = 7x10-5; fc = 18.8, FDR-P = 7x10-5; fc = 17.3, FDR-
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Dysbiosis in Patients With APECED Is
Linked to ASCA Antibodies and Yeast
Abundance in the Stool
Having established the differences in the gut microbiota between
patients and controls at the level of the entire bacterial
community and individual taxa, we next examined whether
patient characteristics were linked to gut microbiota deviations.
We used the ASCA quantiﬁcation that was available for all but
one of the patients with APECED, and 8/14 (57.1%) were
positive, indicating a systemic immune response to fungal
products or fungi. Five of the ASCA positive patients had
diarrhea including the three patients with most severe
symptoms. The ASCA positivity explained 10% of variation in
the gut microbiota on the phylum level (P = 0.05, Figure 4A). As
mentioned previously, a lower proportion of Firmicutes was
characteristic to patients compared with healthy controls, which
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A
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FIGURE 1 | (A) Principal coordinate analysis (PCoA) based on Bray–Curtis distances using the phylum-level data showing differences in the gut microbiota
compositions between patients with APECED (black) and healthy controls (red). (B) The relative abundances of Firmicutes, Bacteroidetes and Proteobacteria in
patients with APECED (open circles) compared to healthy controls (black circles). * indicates FDR-P-value < 0.05 (C) Composition of the gut microbiota at the family
level of patients with APECED and healthy controls. For readability, the composition of the controls is shown as mean relative abundance. Anti-Saccharomyces
cerevisiae antibodies (ASCA), antibodies against tryptophan hydroxylase (TPH), gastrointestinal symptoms and results of stool yeast analysis are shown for each
patient. – negative/low, + positive, ++ markedly positive i.e. severe symptoms, ~ average.

comparative Ct method (median Cq of patients +/- 1 cycles,
respectively). Three of the patients had a markedly higher level
of fungi in their stool, while two patients had a signiﬁcantly
lower level than other patients. Bacterial composition of these
groups differed signiﬁcantly (21% variation explained in
PERMANOVA, P = 0.04, Figure 4C). Four patients were
receiving anti-fungal medication at the time of sampling (one
in the low group, the rest in the median group).
Autoimmunity against neuroendocrine cells as measured by
TPH antibodies was detected in 60% of the patients (9/15) and
was associated with a higher abundance of Haemophilus

was more pronounced in ASCA positive patients (FDR-P =
1.1x10-6 between ASCA+ and ASCA- patients, Figure 4B).
Interestingly, the antigen for ASCA antibodies can also be
produced by C. albicans and infection by this pathogenic yeast
has been shown to be able to induce ASCA (23). Patients with
APECED are susceptible to chronic candidiasis (1, 2) and all of
our patients had suffered from chronic candidiasis at some site of
the body with varying severity. We used ITS1 primers to quantify
fungi in patient stool microbiota by qPCR. Fungal DNA was
ampliﬁed in all patient samples and based on the ampliﬁcation
results, the patients were grouped into three categories using a
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TABLE 2 | Bacterial genera that differed signiﬁcantly between patients with APECED and controls.
Phylum
Firmicutes
Actinobacteria
Proteobacteria
Firmicutes
Firmicutes
Firmicutes
Actinobacteria
Bacteroidetes
Firmicutes
Bacteroidetes
Actinobacteria
Bacteroidetes

Class

Order

Family

Genus

Mean (%)

Fold Change

Log2 FC

FDR-P

Clostridia
Coriobacteriia
Gammaproteobacteria
Clostridia
Negativicutes
Clostridia
Actinobacteria
Bacteroidia
Clostridia
Bacteroidia
Coriobacteriia
Bacteroidia

Clostridiales
Coriobacteriales
Pasteurellales
Clostridiales
Selenomonadales
Clostridiales
Actinomycetales
Bacteroidales
Clostridiales
Bacteroidales
Coriobacteriales
Bacteroidales

Lachnospiraceae
Coriobacteriaceae
Pasteurellaceae
Lachnospiraceae
Veillonellaceae
Christensenellaceae
Actinomycetaceae
Prevotellaceae
Ruminococcaceae
Porphyromonadaceae
Coriobacteriaceae
Bacteroidaceae

Butyrivibrio
Atopobium
Haemophilus
Lachnospira
Veillonella
Christensenella
Actinomyces
Prevotella
Faecalibacterium
Parabacteroides
Collinsella
Bacteroides

0.30
1.38
0.45
0.52
0.78
0.24
0.03
2.70
12.41
0.36
2.24
5.90

15.14
18.77
17.27
4.41
5.40
7.05
5.08
2.00
0.45
2.90
3.21
2.08

3.92
4.23
4.11
2.14
2.43
2.82
2.34
1.00
-1.16
1.53
1.68
1.05

1.1E-05
7.2E-05
0.0003
0.0003
0.02
0.02
0.03
0.04
0.05
0.07
0.07
0.12

Fold change was estimated with age as a counfounder. P-value was adjusted for multiple testing with Benjamini-Hochber method.

FIGURE 2 | The relative abundance of all the bacterial genera that signiﬁcantly altered in APECED patients’ stool (open circles) compared to healthy controls (black
circles) based on the age-adjusted negative binomial models. The results of statistical analysis are summarized in Table 2.

in patients with intermitted diarrhea and chronic difﬁcult diarrhea
(fc = 6.3, FDR-P = 2x10-35; fc = 117, FDR-P = 6x10-305, respectively,
compared to patients without symptoms) while Faecalibacterium
spp. were less common if a patient had chronic difﬁcult diarrhea
(fc = 0.3, FDR-P = 0.05 compared to patients without symptoms).
The microbial composition of patients without any GI
symptoms (N = 5), also differed from the healthy controls
(11% of variation explained in PERMANOVA on the genus
level, P = 0.04).

(FDR-P = 0.001, fc = 65 to patients without antiTPH antibodies).

Changes in Microbiota Are More
Pronounced in Patients With Most Severe
Gastrointestinal Symptoms
We examined the associations between the intestinal microbiota
and GI symptoms of the patients. Four out of the ﬁfteen patients
(26.7%) suffered from intermitting obstipation episodes, but their
stool microbiota did not differ from the other patients. The opposite
was, however, true for patients reporting symptoms of diarrhea. We
divided patients into three groups according to the severity of their
symptoms of diarrhea (no symptoms, N = 6; intermittent diarrhea,
N = 6; chronic difﬁcult diarrhea, N = 3) and found the fecal
microbiota composition to signiﬁcantly differ among the groups
(24% of variation explained in PERMANOVA on the family level,
P = 0.02; 15% variation explained in PERMANOVA on the genus
level, P = 0.02, Figure 4C). Atopobium spp. were overrepresented
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DISCUSSION
Our gut microbiota analysis in patients with APECED revealed
signiﬁcant differences in the gut microbiota both at the level of the
entire community and individual taxa compared to healthy
controls. At the phylum level, we saw a reduction in grampositive Firmicutes and increases in gram-negative Bacteroidetes
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A

B

C

FIGURE 3 | (A) Principal coordinate analysis (PCoA) based on Bray–Curtis distances using the predicted functional modules showing differences in the gut
microbiota compositions between patients with APECED (black) and healthy controls (red). (B) Predicted functional modules signiﬁcantly overrepresented in patients
with APECED (black) and controls (red). (C) Receiver operating characteristic (ROC) curves of the cross-validated random forest models constructed using the
imputed functions (red) and relative abundances of genera (green).
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A

B

C

FIGURE 4 | (A) Principal coordinate analysis (PCoA) based on Bray–Curtis distances using the phylum-level data showing differences in the gut microbiota
compositions between ASCA-positive and ASCA-negative patients with APECED. (B) The relative abundance of Firmicutes in patients with or without ASCA.
(C)Principal coordinate analysis (PCoA) based on Bray–Curtis distances using the genus-level data showing differences in the gut microbiota compositions between
patients with APECED ranked according to abundance of yeast in stool and the severity of patient’s gastrointestinal symptoms, respectively. *** denotes p-value <
0.001; –, negative/low; +, positive; ++, markedly positive ie. severe symptoms; ~, average.

severity of Crohn’s disease (10). Atopobium has been linked to
mitochondrial dysfunction, and the transfer of Atopobium
triggers colitis in IL10-/- mice (10). Interestingly, Atopobium
and Megashaera spp., enriched in the microbiota of patients with
APECED compared to healthy controls, are known to grow in
bioﬁlms e.g. in the vaginal (26) and oral (27) ecosystems.
Bacterial bioﬁlms, mucosa-associated dense and resistant
polymicrobial communities encased in extracellular matrix are
very common in IBD patients and typically contain bacteria that
can invade intestinal epithelia, potentiate pro-inﬂammatory
signals and communicate via quorum sensing (28). It has been
proposed that microbial bioﬁlms are virtually absent in the gut of
healthy subjects but their presence in patients’ intestine could
represent an indicator of emerging disease (29). Also Butyrivibrio
and Prevotella, enriched in the patients, may engage in bioﬁlms
based on their high genomic content for quorum sensing
proteins (30).

and Proteobacteria in patients with APECED compared to the
healthy controls. On the genus level, a reduction in the butyrate
producing Faecalibacterium represented one of the most apparent
features in the gut microbiota of patients with APECED.
Faecalibacterium prausnitzii is known for its anti-inﬂammatory
properties and it is shown to protect mice from effects of chemically
induced colitis (24). Interestingly, a decrease in Faecalibacterium
spp. has been consistently associated with disrupted gut homeostasis
in inﬂammatory bowel disease (IBD) (9–11).
We detected Atopobium spp. in the stool samples from all
patients with APECED, and in one patient it accounted up to
20.3% of bacteria. The relative abundance of Atopobium ssp. was
especially high in patients with severe GI symptoms. Atopobium
belongs to the Actinobacteria and is capable of producing H2S
from sulphur containing amino acids and hence has been
implicated in halitosis in the oral cavity (25). Atopobium is key
to a network of H2S producing bacteria and correlates with the
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In the study showing the pathogenic role of Atopobium in
Crohn’s disease (10), the microbiome analysis was based on
samples acquired by mucosal lavage during colonoscopy. It has
been shown that samples obtained with endoscopy provide a
more sensitive indication of differences between patients with GI
disease and controls, whereas much of this difference is lost or
blurred in stool samples (8). Thus, the signiﬁcant increase of
bioﬁlm-producing bacteria in the stool samples from patients
with APECED likely reﬂect a marked dysbiosis of the gut.
Moreover, we found that the predicted function of LPS
biosynthesis in the gut microbiota was signiﬁcantly elevated in
patients with APECED compared to controls, in line with the
enrichment of several gram-negative bacterial genera. LPS is a
pro-inﬂammatory molecule of the cell wall of gram-negative
bacteria, which can contribute substantially to continued
inﬂammatory response towards commensals, especially in an
immunocompromised host and in the presence of disrupted
barrier integrity.
A previous study using a smaller cohort of Finnish APECED
patients identiﬁed an increase in Haemophilus genus in ten
APECED patients compared to eight controls (5). Our data
conﬁrms this feature, but the differences in the gut microbiota
between the patients and controls were more substantial and
phylogenetically diverse in our study. The increase in strains of
Enterobacteriaceae family belonging to either Escherichia or
Shigella spp. reported in the previous study was not observed
in our data, nor did we observe any differences in other genera
belonging to the Enterobacteriaceae family. This difference is
most likely explained by the fact that our study has a larger
sample size, BMI-matched healthy controls from the same age
range as the patients, and a fecal DNA extraction method that
efﬁciently captures both gram-positive and gram-negative gut
commensals (13). Moreover, two small studies on the salivary
microbiota from six and seven APECED patients with agematched controls found altered bacterial compositions in
APECED patients’ oral cavity, but their results are mixed and
in part discrepant (31, 32).
What, then, triggers the intestinal dysbiosis in APECED
patients? Despite its monogenic background, the immunological
phenotype of APECED is highly complex, and several factors may
be linked to the alterations in intestinal microbiota. We have
previously reported that patients with APECED have increased
antibody responses against gut commensals (7). In the current
study, ASCA antibodies were associated with decreased Firmicutes
in patients with APECED. ASCA against oligomannose of the yeast
were detected in Crohn’s disease where it was associated with more
severe outcome and could be used as a serological marker of the
disease (33, 34), but the clinical signiﬁcance of these antibodies is
unclear. The antibodies likely reﬂect the pathological process and
are not pathogenic per se. Patients with APECED also have
autoantibodies against Th17-cytokines, such as IL-22 and IL-17
(2). IL-22 contributes to the maintenance of barrier defense and
integrity in the gut. Neutralizing antibodies against IL-17 have been
linked to defective antifungal defense (2). Interestingly, in a small
French study the GI symptoms of patients with APECED were
alleviated with antifungal therapy, suggesting possible involvement
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of intestinal fungi (35). In Crohn’s disease, C. albicans colonization
is more common compared to healthy controls and it is capable of
initiating ASCA formation (23, 36). Indeed, C. albicans has been
suggested to have a causative role in the initial GI inﬂammation
(37). We found the abundance of yeasts in the fecal microbiota to be
linked to bacterial alterations, but not to the severity of the GI
symptoms experienced by the patients. However, as our samples
were taken at the time of established disease, they may not reﬂect the
situation during the initial disruption of gut homeostasis. Anticytokine antibodies have also been proposed to account for the
bacterial alterations seen in APECED patients’ mouth (32).
Another hypothesis explaining the aberrant gut microbiota of
patients with APECED is that autoimmunity against
neuroendocrine cells or other components of the gut might
lead to a disrupted intestinal barrier and subsequent proinﬂammatory intestinal conditions. Haemophilus, a well-known
Gram-negative genus with members with pathogenic properties
was associated with IBD in previous studies (8, 10). Of interest,
the relative abundance of members of this genus appears to be
very high in patients with anti-TPH antibodies. Finally, the
failure of immunoregulatory mechanisms may also have a
negative effect on gut homeostasis. Patients with APECED
have a defect in regulatory T cells and we have previously
shown that at least in some patients, regulatory T cells are
decreased in the gut (7). Alterations in the adaptive immunity
of patients can thus also contribute to the emergence of
disturbances in the gut microbiota.
In summary, our data indicate that several gram-negative
bacterial genera were enriched in the gut microbiota of patients
with APECED, which may promote dysbiosis and the
inﬂammatory phenotype via bioﬁlm production and increased
exposure to LPS. This microbiota proﬁle in the patients was
associated with more severe GI symptoms. Gastrointestinal
manifestations of APECED were initially overlooked amidst
severe autoimmune components of the disease, but a
signiﬁcant proportion of patients suffer from various disease
manifestations of the GI tract, which can decrease the quality of
life (3). Therefore, at least in patients with severe GI symptoms,
the gut microbiota is a factor to take into consideration when
contemplating therapy.
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Sigrid Jusé lius Foundation, Folkhälsan Research Foundation,
Novo Nordisk Foundation, Helsinki University Hospital

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/ﬁmmu.2021.
668219/full#supplementary-material
14. Buee M, Reich M, Murat C, Morin E, Nilsson RH, Uroz S, et al. 454
Pyrosequencing Analyses of Forest Soils Reveal an Unexpectedly High
Fungal Diversity. New Phytol (2009) 184(2):449–56. doi: 10.1111/j.14698137.2009.03003.x
15. Schmittgen TD, Livak KJ. Analyzing Real-Time PCR Data by the Comparative
C(T) Method. Nat Protoc (2008) 3(6):1101–8. doi: 10.1038/nprot.2008.73
16. Korpela K, Salonen A, Saxen H, Nikkonen A, Peltola V, Jaakkola T, et al.
Antibiotics in Early Life Associate With Speciﬁc Gut Microbiota Signatures in
a Prospective Longitudinal Infant Cohort. Pediatr Res (2020) 88(3):438–43.
doi: 10.1038/s41390-020-0761-5
17. Korpela K. Mare: Microbiota Analysis in R Easily. Github (2016). Online at
https://github.com/katrikorpela/mare (Accessed Mar 2021). doi:
10.5281/zenodo.50310
18. Virtanen S, Rantsi T, Virtanen A, Kervinen K, Nieminen P, Kalliala I, et al.
Vaginal Microbiota Composition Correlates Between Pap Smear Microscopy
and Next Generation Sequencing and Associates to Socioeconomic Status. Sci
Rep (2019) 9(1):7750. doi: 10.1038/s41598-019-44157-8
19. Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlin D, et al.
Vegan: Community Ecology Package. R Package Version 2.4-3 (2017)
(Accessed 2016 Jan 1).
20. Kanehisa M, Goto S, Sato Y, Furumichi M, Tanabe M. KEGG for Integration
and Interpretation of Large-Scale Molecular Data Sets. Nucleic Acids Res
(2012) 40(Database issue):D109–14. doi: 10.1093/nar/gkr988
21. Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, Taylor CM, et al.
PICRUSt2 for Prediction of Metagenome Functions. Nat Biotechnol (2020) 38
(6):685–8. doi: 10.1038/s41587-020-0548-6
22. Love MI, Huber W, Anders S. Moderated Estimation of Fold Change and
Dispersion for RNA-Seq Data With Deseq2. Genome Biol (2014) 15(12):550.
doi: 10.1186/s13059-014-0550-8
23. Standaert-Vitse A, Jouault T, Vandewalle P, Mille C, Seddik M, Sendid B, et al.
Candida Albicans Is an Immunogen for Anti-Saccharomyces Cerevisiae
Antibody Markers of Crohn’s Disease. Gastroenterology (2006) 130
(6):1764–75. doi: 10.1053/j.gastro.2006.02.009
24. Breyner NM, Michon C, de Sousa CS, Vilas Boas PB, Chain F, Azevedo VA,
et al. Microbial Anti-Inﬂammatory Molecule (MAM) From Faecalibacterium
Prausnitzii Shows a Protective Effect on DNBS and DSS-Induced Colitis
Model in Mice Through Inhibition of NF-kb Pathway. Front Microbiol (2017)
8:114. doi: 10.3389/fmicb.2017.00114
25. Blachier F, Beaumont M, Kim E. Cysteine-Derived Hydrogen Sulﬁde and Gut
Health: A Matter of Endogenous or Bacterial Origin. Curr Opin Clin Nutr
Metab Care (2019) 22(1):68–75. doi: 10.1097/MCO.0000000000000526
26. Mendling W, Palmeira-de-Oliveira A, Biber S, Prasauskas V. An Update on
the Role of Atopobium Vaginae in Bacterial Vaginosis: What to Consider
When Choosing a Treatment? A Mini Rev Arch Gynecol Obstet (2019) 300
(1):1–6. doi: 10.1007/s00404-019-05142-8
27. Nallabelli N, Patil PP, Pal VK, Singh N, Jain A, Patil PB, et al. Biochemical and
Genome Sequence Analyses of Megasphaera Sp. Strain DISK18 From Dental

REFERENCES
1. Perheentupa J. Autoimmune Polyendocrinopathy-Candidiasis-Ectodermal
Dystrophy. J Clin Endocrinol Metab (2006) 91(8):2843–50. doi: 10.1210/
jc.2005-2611
2. Kisand K, Boe Wolff AS, Podkrajsek KT, Tserel L, Link M, Kisand KV, et al.
Chronic Mucocutaneous Candidiasis in APECED or Thymoma Patients
Correlates With Autoimmunity to Th17-Associated Cytokines. J Exp Med
(2010) 207(2):299–308. doi: 10.1084/jem.20091669
3. Kluger N, Jokinen M, Krohn K, Ranki A. Gastrointestinal Manifestations in
APECED Syndrome. J Clin Gastroenterol (2013) 47(2):112–20. doi: 10.1097/
MCG.0b013e31827356e1
4. Ekwall O, Hedstrand H, Grimelius L, Haavik J, Perheentupa J, Gustafsson J,
et al. Identiﬁcation of Tryptophan Hydroxylase as an Intestinal Autoantigen.
Lancet (1998) 352(9124):279–83. doi: 10.1016/S0140-6736(97)11050-9
5. Naskali E, Dettmer K, Oefner PJ, Pereira PAB, Krohn K, Auvinen P, et al.
Serotonin and Tryptophan Metabolites, Autoantibodies and Gut Microbiome in
APECED. Endocrine Connections (2019) 8(1):69–77. doi: 10.1530/EC-18-0513
6. Dobes J, Neuwirth A, Dobesova M, Voboril M, Balounova J, Ballek O, et al.
Gastrointestinal Autoimmunity Associated With Loss of Central Tolerance to
Enteric Alpha-Defensins. Gastroenterology (2015) 149(1):139–50. doi:
10.1053/j.gastro.2015.05.009
7. Hetemaki I, Jarva H, Kluger N, Baldauf HM, Laakso S, Bratland E,
et al. Anticommensal Responses Are Associated With Regulatory T Cell
Defect in Autoimmune Polyendocrinopathy-Candidiasis-Ectodermal
Dystrophy Patients. J Immunol (2016) 196(7):2955–64. doi: 10.4049/
jimmunol.1500301
8. Gevers D, Kugathasan S, Denson LA, Vazquez-Baeza Y, Van Treuren W, Ren
B, et al. The Treatment-Naive Microbiome in New-Onset Crohn’s Disease.
Cell Host Microbe (2014) 15(3):382–92. doi: 10.1016/j.chom.2014.02.005
9. Lewis JD, Chen EZ, Baldassano RN, Otley AR, Grifﬁths AM, Lee D, et al.
Inﬂammation, Antibiotics, and Diet as Environmental Stressors of the Gut
Microbiome in Pediatric Crohn’s Disease. Cell Host Microbe (2015) 18
(4):489–500. doi: 10.1016/j.chom.2015.09.008
10. Mottawea W, Chiang CK, Muhlbauer M, Starr AE, Butcher J, Abujamel T, et al.
Altered Intestinal Microbiota-Host Mitochondria Crosstalk in New Onset Crohn’s
Disease. Nat Commun (2016) 7:13419. doi: 10.1038/ncomms13419
11. Nagao-Kitamoto H, Kamada N. Host-Microbial Cross-Talk in Inﬂammatory
Bowel Disease. Immune Netw (2017) 17(1):1–12. doi: 10.4110/in.2017.17.1.1
12. Laakso S, Borchers J, Toiviainen-Salo S, Pekkinen M, Mäkitie O. Severe
Phenotype of APECED (APS1) Increases Risk for Structural Bone Alterations.
Front Endocrinol (Lausanne) (2020) 11:109. doi: 10.3389/fendo.2020.00109
13. Salonen A, Nikkila J, Jalanka-Tuovinen J, Immonen O, Rajilic-Stojanovic M,
Kekkonen RA, et al. Comparative Analysis of Fecal DNA Extraction Methods
With Phylogenetic Microarray: Effective Recovery of Bacterial and Archaeal
DNA Using Mechanical Cell Lysis. J Microbiol Methods (2010) 81(2):127–34.
doi: 10.1016/j.mimet.2010.02.007

Frontiers in Immunology | www.frontiersin.org

11

July 2021 | Volume 12 | Article 668219

Hetemäki et al.

28.

29.

30.

31.

32.

33.

34.

Fecal Bacterial Dysbiosis in APECED

35. Proust-Lemoine E, Saugier-Veber P, Lefranc D, Dubucquoi S, Ryndak A,
Buob D, et al. Autoimmune Polyendocrine Syndrome Type 1 in NorthWestern France: AIRE Gene Mutation Speciﬁcities and Severe Forms Needing
Immunosuppressive Therapies. Hormone Res Paediatrics (2010) 74(4):275–
84. doi: 10.1159/000297714
36. Standaert-Vitse A, Sendid B, Joossens M, Francois N, Vandewalle-El Khoury
P, Branche J, et al. Candida Albicans Colonization and ASCA in Familial
Crohn’s Disease. Am J Gastroenterol (2009) 104(7):1745–53. doi: 10.1038/
ajg.2009.225
37. Gerard R, Sendid B, Colombel JF, Poulain D, Jouault T. An Immunological
Link Between Candida Albicans Colonization and Crohn’s Disease. Crit Rev
Microbiol (2015) 41(2):135–9. doi: 10.3109/1040841X.2013.810587

Plaque of a Healthy Individual Reveals Commensal Lifestyle. Sci Rep (2016)
6:33665. doi: 10.1038/srep33665
Srivastava A, Gupta J, Kumar S, Kumar A. Gut Bioﬁlm Forming Bacteria in
Inﬂammatory Bowel Disease. Microb Pathog (2017) 112:5–14. doi: 10.1016/
j.micpath.2017.09.041
Tytgat HLP, Nobrega FL, van der Oost J, de Vos WM. Bowel Bioﬁlms: Tipping
Points Between a Healthy and Compromised Gut? Trends Microbiol (2019) 27
(1):17–25. doi: 10.1016/j.tim.2018.08.009
Won MY, Oyama LB, Courtney SJ, Creevey CJ, Huws SA. Can Rumen
Bacteria Communicate to Each Other? Microbiome (2020) 8(1):23. doi:
10.1186/s40168-020-00796-y
Bruserud Ø, Siddiqui H, Marthinussen MC, Chen T, Jonsson R, Oftedal BE,
et al. Oral Microbiota in Autoimmune Polyendocrine Syndrome Type 1.
J Oral Microbiol (2018) 10(1):1442986. doi: 10.1080/20002297.2018.1442986
Kaleviste E, Rühlemann M, Kärner J, Haljasmägi L, Tserel L, Org E, et al. IL-22
Paucity in APECED Is Associated With Mucosal and Microbial Alterations in
Oral Cavity. Front Immunol (2020) 11:838. doi: 10.3389/ﬁmmu.2020.00838
Prideaux L, De Cruz P, Ng SC, Kamm MA. Serological Antibodies in
Inﬂammatory Bowel Disease: A Systematic Review. Inﬂamm Bowel Dis
(2012) 18(7):1340–55. doi: 10.1002/ibd.21903
Zhang Z, Li C, Zhao X, Lv C, He Q, Lei S, et al. Anti-Saccharomyces Cerevisiae
Antibodies Associate With Phenotypes and Higher Risk for Surgery in
Crohn’s Disease: A Meta-Analysis. Dig Dis Sci (2012) 57(11):2944–54. doi:
10.1007/s10620-012-2244-y

Frontiers in Immunology | www.frontiersin.org

Conﬂict of Interest: The authors declare that the research was conducted in the
absence of any commercial or ﬁnancial relationships that could be construed as a
potential conﬂict of interest.
Copyright © 2021 Hetemäki, Jian, Laakso, Mäkitie, Pajari, de Vos, Arstila and
Salonen. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

12

July 2021 | Volume 12 | Article 668219

