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Introduction

Summary

Children diagnosed with a combination of type 1 diabetes (T1D) and
celiac disease (CD) show a dysregulated T helper type 1 (Th1)/Thl7 re-
sponse. Besides the cellular involvement, several soluble immune markers
are involved in the autoimmune process of both T1D and CD. Only few
studies have examined the peripheral pattern of different cytokines,
chemokines and acute-phase proteins (APP) in children with combined
T1D and CD. To our knowledge, no studies have evaluated the serum
levels of adipocytokines and matrix metalloproteinases (MMPs) in this
context. The purpose of the present study was to acquire more knowledge
and to gain deeper understanding regarding the peripheral immunoregula-
tory milieu in children with both T1D and CD. The study included children
diagnosed with both T1D and CD (n = 18), children with T1D (n = 27)
or CD (n = 16) and reference children (n = 42). Sera were collected and
analysis of 28 immune markers (cytokines, chemokines, APPs, adipocy-
tokines and MMPs) was performed using the Luminex technique. The
major findings showed that children with a double diagnosis had lower
serum levels of interleukin (IL)-22, monocyte chemoattractant protein
(MIP)-1a, monocyte chemoattractant protein (MCP)-1, procalcitonin, fi-
brinogen, visfatin and matrix metalloproteinase (MMP)-2. These results
indicate a suppressed immune profile in children with combined T1D and
CD, including Th17 cytokines, chemokines, APPs, adipocytokines and
MMPs. We conclude that, besides cytokines and chemokines, other im-
mune markers, e.g. APPs, adipocytokines and MMPs, are of importance
for further investigations to elucidate the heterogeneous immune processes
present in patients diagnosed with T1D in combination with CD.
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(APPs) in children with a combined diagnosis of T1D
and CD. Further, no studies have, to our knowledge, evalu-

Type 1 diabetes (T1D) and celiac disease (CD) are complex
T cell-driven-mediated autoimmune diseases, including
several components of both the innate and adaptive immune
system [1-3]. Children diagnosed with a combination of
T1D and CD show a diminished T helper type 1 (Thl)-
like profile [4], and recent studies also suggest a dysregu-
lated Thl7 response [5,6]. As well as the cellular
involvement, several soluble immune markers are involved
in the autoimmune processes seen in both T1D and CD.
Only a few studies have examined the peripheral pattern
of different cytokines, chemokines and acute-phase proteins

ated the serum levels of adipocytokines and matrix metal-
loproteinases (MMPs) in this context.

The autoimmune process in T1D is associated with
both cell-mediated immunity, including autoreactive
CD4* and CD8* T lymphocytes, and humoral immunity
including autoantibodies [3]. The effector function of
the interferon (IFN)-y-producing Thl cells has a key
role in the destruction of the insulin-producing f cells,
and evidence suggests that Th17 lymphocytes also play
an important role [3,5,7]. Recently, an increased Th22
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response as well as increased interleukin (IL)-22 levels
in patients with T1D have been reported [6,8]. Studies
of peripheral immune markers in patients with T1D
have shown alterations in the expression of several
immune markers, e.g. IL-la, IL-1p, IL-2, IL-6, IL-10,
tumor necrosis factor (TNF)-o/TNF-p, IFN-y, mac-
rophage inflammatory proteins (MIP)-1a, IL-1p and
MMPs [9-13].

In celiac disease, the activated CD4* T lymphocytes
secrete high levels of proinflammatory cytokines (IFN-y,
IL-1f, TNF-a, IL-6 and IL-8), inducing Thl helper cells
to secrete large amounts of IFN-y [14-16] and Th2 helper
cells to produce Th2 cytokines (IL-4, IL-10), thus affect-
ing both the cell-mediated immunity and proinflammatory
responses and the humoral immune immunity and down-
regulation of the inflammatory processes [14,15,17]. The
secreted proinflammatory cytokines promote tissue dam-
age due to inflammation and also induce the secretion
of MMPs which contribute to tissue remodeling leading
to villous atrophy [18,19]. Several studies have shown
that besides Thl and Th2 cytokines, proinflammatory
Th17 lymphocytes secreting IL-17A, IL-21, IL-22 and
IL-33 are also involved in the pathogenesis of CD [20,21].

APPs are markers of innate immunity and are frequently
associated with inflammatory status, but the relationship
between low-grade inflammation and autoimmune diseases
is not well studied. Several acute-phase inflammatory
markers have been reported to be increased in both T1D
and CD [22,23]. The T cell-driven inflammation leads
to secretion of proinflammatory TNF-a and IL-1p, which
contribute to the inflammation of p cells in T1D, as well
as inducing histological changes in the small intestinal
mucosa in CD [24,25]. Secreted TNF-a and IL-1f induce
synthesis of IL-6 and activate hepatocytic receptors to
synthesize different APPs, e.g. procalcitonin (PTC), fer-
ritin, fibrinogen, serum amyloid A (SAA) and tissue
plasminogen activator (tPA). Procalcitonin, stimulated by
IL-6 and TNF-a, act as a monocyte chemoattractant in
inflammatory processes [26]. Immunological processes
seen in different autoimmune diseases also have an impact
on ferritin synthesis through TNF-a and IL-la secreted
by activated macrophages [27,28]. Fibrinogen can stimulate
macrophages to secrete several chemokines and cytokines,
such as monocyte chemoattractant protein (MCP)-1,
MIP-1a, MIP-1f, IL-6, IL-8, TNF-a and matrix metal-
loproteinase (MMP)-1 [29,30]. SAA influences the innate
immune responses in autoimmune diseases by stimulating
neutrophil granulocytes and monocytes to release TNF-a
[31]. tPA has been shown to modulate macrophages, CD4*
and CD8* cells, and can induce the expression of pro-
inflammatory chemokines in inflammatory diseases,
thereby having a significant role in tissue destruction
and tissue remodeling [32,33].

Suppressed immunity in type 1 diabetes and celiac disease

Studies have shown that adipocytokines, e.g. visfatin
and resistin, have characteristics of classical cytokines with
important proinflammatory, regulatory and immunomodu-
lating properties, thereby influencing several autoimmune
diseases [34-36]. Visfatin plays a substantial role in a wide
range of chronic inflammatory diseases and immune
responses by the ability to stimulate both pro- and anti-
inflammatory cytokines such as IL-1f, IL-1Ra, IL-6, IL-10
and TNF-a [34,37]. The regulatory role of resistin in dif-
ferent inflammatory disorders is mediated by the capacity
to stimulate proinflammatory cytokines such as TNF-a,
IL-1p and IL-6 [35,36,38].

MMPs are important endopeptidases involved in tissue
remodeling, through their ability to degrade extracellular
matrix in both physiological and pathological conditions
[39,40]. MMP-1, MMP-2 and MMP-3 can regulate TNF-a,
which plays an important pathogenic role in both T1D
and CD [25,40,41]. Depending on the context, MMPs can
promote or inhibit the inflammatory response by the direct
proteolytic effect on cytokines and chemokines [39,40,42].
Dysregulation of MMPs has been observed in both T1D
[43,44] and CD [21,45].

Taken together, the peripheral immunoregulatory milieu
is not well studied in children diagnosed with combined
T1D and CD. Thus, the purpose of the present study was
to acquire more knowledge and to gain deeper under-
standing of the peripheral blood immunoregulatory milieu
in children with combined T1D and CD.

Material and methods

Participants

The study included four study groups: children diagnosed
with both TID and CD (n = 18), children diagnosed
with TID (n = 27) or CD (n = 16) and a control group
(reference children, n = 42). The participants in the dif-
ferent groups were age- and gender-matched as far as
possible. General criteria for participating in the study
was that the children in all study groups should not show
any signs of allergy, colds or other infections at time of
sample collection.

The control group consisted of healthy children, and
neither these reference children nor their first-degree rela-
tives displayed any clinical signs of T1D, CD or other
autoimmune diseases.

Type 1 diabetes was diagnosed according to the
International Society for Pediatric and Adolescent
Diabetes (ISPAD) guidelines [46], including symptoms
of diabetes plus casual plasma glucose concentration
> 11-1 mmol/l (200 mg/dl), fasting plasma glucose > 7-0
mmol/l (= 126 mg/dl) or 2-h post-load glucose > 11-1
mmol/l (= 200 mg/dl) during an oral glucose tolerance
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test (OGTT). Duration of T1D was defined from the
date of diagnosis. The median duration of disease was
4.2 years (range = 0-3-12.9) in the single-diagnosis group
and 3-5 years (0-1-10-8) in the double-diagnosis group.

Celiac disease was diagnosed according to the modified
version of the European Society of Pediatric Gastroenterology
and Nutrition (ESPGAN) criteria [47]. Duration of CD
was defined as the date of biopsy-confirmed diagnosis and
the median duration of disease was 59 years (range = 0-6-
11.7) in the single-diagnosis group and 2.1 years (0-4-10.2)
in the double-diagnosis group. All children diagnosed with
CD were on a gluten-free diet for at least 3 months after
diagnosis before inclusion in the study.

All children diagnosed with T1D and/or CD were tested
for presence of anti-tissue transglutaminase (tTG) immu-
noglobulin (Ig)A. Serum anti-tTG IgA was measured by
a fully automated EliA™ Celikey IgA assay (Pharmacia
Diagnostics, Freiburg, Germany), according to the manu-
facturer’s instructions. Anti-tTG IgA values > 10 U/ml
were considered positive.

One hundred per cent within the T1D group, 81%
within the CD group (13 of 16) and 67% in the double-
diagnosis group (12 of 18) were anti-tTG IgA-negative.

The participants in the double-diagnosis group, with
the exception of one girl and three boys, were diagnosed
with TID before diagnoses of CD.

Sample collection

Blood samples were collected in Vacutainer tubes without
anti-coagulant (BD Biosciences, San Jose, CA, USA), at
the Linképing University Hospital, Linkoping, the Ryhov
County Hospital, Jonképing and School Health Services
in Link6ping. To minimize seasonal variation, blood sam-
pling of all study groups was performed during the whole
year. More samples were, however, collected during the
spring and conversely, fewer samples during the summer
period compared to the other seasons, due to the vacation
period during summertime (Table 1).

Thirty min after sampling, sera were separated by
centrifugation of the whole blood samples at 2000 g for

10 min. Thereafter the sera were aliquoted and stored at
—-80°C until analysis. Multiple freeze-thaw cycles were
avoided, because this is detrimental to many soluble
immune markers in sera.

Analysis of immune markers

Twenty-eight immune markers in blood sera were analyzed
by using multiplex fluorochrome sandwich immunoassays
based on Luminex™ xMAP technology (Luminex; Bio-Rad
Laboratories, Hercules, CA, USA) Bio-Plex assays (Bio-Rad
Laboratories) on the instrument Bio-Plex 200 system (Bio-
Rad Laboratories), according to the manufacturer’s instruc-
tions. Median fluorescence intensity (MFI) for each sample
was registered and analyzed with Bio-Plex Manager™
Software version 5.0 (Bio-Rad Laboratories). The analyte
concentrations were estimated using a five-parameter logis-
tic model standard curve.

The cut-off values for minimum detectable concentra-
tions for each immune marker are presented in Supporting
information, Table S1.

Quality controls (recombinant protein supplied by the
manufacturer) for each immune marker were included in
each experiment to control for the assay performance. All
quality controls were within the expected range (deter-
mined by the manufacturer). To evaluate the reproducibility
of the assay, intra- and interassay coeflicient of variation
(CV, presented as percentage of SD) were calculated for
the quality controls assayed in duplicate. Recommended
intra- and interassay variations for Luminex assays should
be < 10% for intra-assay and < 20% for interassay [48].
The intra- and interassay variabilities in our analysis were
6-0 and 6-2%, respectively. Reproducibility of the data was
evaluated by estimation of intra- and interassay variation
for two immune markers, which were analyzed in all
samples of the cohort. The interassay CV was 1-3% for
IL-6 and 2-7% for IL-10.

Cluster analysis

For exploratory data analysis, hierarchical cluster analysis
(HCA) was performed to identify similarities/differences

Table 1. Distribution of sample collection over the seasons in the different study groups: children with combined type 1 diabetes and celiac disease
(T1D + CD), children with T1D, children with CD and reference children (control)

Whole study
cohort n =103 TID+CDn=18 T1D n=27 CDhn=16 Control n =42

Season of the sample collection n (G/B) n (G/B) n (G/B) n (G/B) n (G/B)
Winter (December, January, February) 21(9/12) 3(0/3) 4 (3/1) 9 (5/4) 5(1/4)
Spring (March, April, May) 54 (29/23/2%) 6 (4/1/1%) 13 (7/6) 6 (4/2) 29 (14/14/1%)
Summer (June, July, August) 8 (1/4/3%) 1(0/1) 4(1/3) 0 32
Autumn (September, October, November) 20 (11/8/1%) 8 (3/4/1%) 6(3/3) 1(1/0) 5(4/1)

G = girls; B = boys.

3Gender data not available.
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[49] in immune profiles between children with a double
diagnosis, children with a single diagnosis and children
without these diagnoses (i.e. reference children), respec-
tively. To find relatively homogeneous clusters, a complete
linkage method was used. Thus, a dendrogram of the
study population based both on the immune marker
expression profiles and the diagnosis was generated. The
cluster analysis was performed using software package
Hierarchical Clustering Explorer version 3.5 (Human-
Computer Interaction Laboratory, University of Maryland,
College Park, MD, USA).

Statistics

Differences between the different study groups were exam-
ined in the whole cohort as well as in the clustered groups.
As the levels of immune markers were not normally dis-
tributed, Mann-Whitney U-test was used for comparison
of the different diagnosis groups within the whole study
cohort and within the different clusters. A probability level
of < 0-05 was considered statistically significant.
Spearman’s correlation coeficients were calculated to
determine the relationship between the analyzed immune
marker levels in each study group. Spearman’s coeflicients
r > 0-50 and P < 0-01 were considered statistically sig-
nificant. All statistical analyses were performed using
Statistical Packages for the Social Sciences (spss) version
25.0 and GraphPad Prism version 6.0 for Windows.

Suppressed immunity in type 1 diabetes and celiac disease

Ethics

This study was approved by the Research Ethics Committee
of the Faculty of Health Sciences, Linkdping University,
Link6ping, Sweden and the Regional Ethics Committee
for Human Research, Linképing (approval number:
Dr MB89-2006 and complementary Dr: 2012/27-32).
Information was given both orally and written to all par-
ticipants and their parents or responsible guardians. All
children received information adapted for their age.
Informed consent was obtained from the children’s
guardian.

Results

Twenty-eight immune markers were measured in sera from
children diagnosed with T1D and/or CD as well as from
reference children. Differences between the study groups
were examined in the whole cohort. To identify possible
specific patterns of immune markers between the study
groups, unsupervised HCA was performed. The complete
linkage clustering generated a dendrogram showing levels
of immune markers according to the participants’ diag-
noses. Using a cut-off value of 0-5 in the hierarchical
cluster analysis, three clusters with similar immune profiles
were identified (clusters A-C, Fig. 1). However, the den-
drogram showed an asymmetric distribution of immune
markers between the different study groups. Characteristics

Control 45 %

Fig. 1. Hierarchical clustering dendrogram of all 28 measured immune markers in children with combined type 1 diabetes and celiac disease
(T1D + CD, n=18), T1D (n = 27), CD (n = 16) and reference children (control, n = 42). The dendrogram shows the clustering of participants
according to the immune marker profile and diagnosis. The heat-map indicates the levels of immune markers for each child.
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of the different diagnosis groups, representing the whole
study cohort as well as the different clusters, are presented
in Table 2. Each cluster (A-C) included children with
T1D, children with CD and reference children. Interestingly,
children diagnosed with both T1D and CD were repre-
sented only in clusters A and B. The largest cluster (cluster
A) included 75% of the participants and the distribution
of diagnoses in this cluster is very similar to the distribu-
tion in the whole study cohort (Table 2, Fig. 1). Cluster
B, including 15-5% of the participants, consisted predomi-
nantly of children with T1D (50%) but only 6% of children
with a combined T1D and CD diagnosis. The smallest
cluster (cluster C) included only 6-5% of the participants
and was consisted predominantly of children with a single
diagnosis (T1D = 29% and CD = 28%).

Regarding distribution of participants in the different
clusters and different study groups, the median age of
participants and duration of T1D and/or CD in cluster

A, the largest cluster, showed most similarities with the
whole study cohort, including all participants tested posi-
tive for anti-tTG-IgA.

To identify differences in levels of immune markers
within the clusters and between the children with T1D
and/or CD, the two larger clusters (clusters A and B),
which included all diagnosis groups, were compared. The
results showed alterations in levels of some immune mark-
ers between the diagnosis and reference group within the
whole cohort as well as in the different clusters (Fig. 2).
Serum levels of the immune markers (cytokines and
chemokines, APPs, adipocytokines and MMPs) in children
with different diagnoses, detected in the whole study
cohort as well as in cluster A, respectively, are presented
in Tables 3 and 4.

In the whole study cohort, there were no differences
between the diagnosis groups regarding serum levels of
IFN-y and Thl7 cytokines (IL-17A, IL-22, IL-25, IL-33).

Table 2. Characteristics of the study groups (whole study cohort and clusters A-C); children with combined type 1 diabetes and celiac disease
(T1D + CD), children with T1D, children with CD and reference children (control)

Whole study cohort Cluster A Cluster B Cluster C
n 103 (100%) 78 (76%) 16 (15-5%) 7 (65 %)
T1D + CD n 18 (17%) 17 (22%) 1(6%) 0 (0 %)
Gender, G (n)/B (n) 719 (2% 6/9 (2% 1/0 -
Age (years) 11-5 (7-0-15-4) 12.0 (7-0-15-5) 8-0 (8-0-8-0) -
Girls 9.5 (7-5-13-2) 8-8 (7-5-13-0) 8-0 (8-0-8-0) -
Boys 12.0 (7-0-15-4) 12.0 (7-0-15-5) -
Duration T1D (years) 3.5 (0-1-10-8) 3.4 (0-1-10-8) 4.5 (4-5-4-5) -
Girls 2:6 (0-1-5-5) 2-5(0-1-5-5) 4.5 (4-5-4-5) -
Boys 3.6 (1.2-10-8) 3.6 (1-2-10-8) -
Duration CD (years) 21 (0-4-10-2) 1.9 (0-4-10-2) 4.6 (4-6-4-6) -
Girls 4.5 (0-5-10-2) 3.2 (0-5-10-2) 4.6 (4-6-4-6) -
Boys 19 (0-4-4-2) 19 (0-4-4-2) -
T1D n 27 (26%) 16 (20%) 8 (50%) 2 (29 %)
Gender G (n)/B (n) 14/13 917 4/4 1/1
Age (years) 130 (6:0-17-4) 128 (6:0-17-0) 17-0 (8-0-18-0) 12.5 (11.0-14-0)
Girls 127 (84-17-2) 12:5 (10-0-14-0) 150 (8-0-18-0) 11 (11.0-11.0)
Boys 13.5 (6:0-17-4) 13.0 (6:0-17-0) 17-0 (14-0-17-0) 14 (14-0-14-0)
Duration T1D (years) 4.2 (0-3-12.9) 3.0 (0-3-10-2) 5.5 (3-3-12-9) 67 (6:6-6-7)
Girls 5.7 (0-8-12-0) 4.2 (0-8-10-2) 6-0 (3-8-12-0) 66 (6:6-6-6)
Boys 3.3 (0-3-129) 1.8 (0-3-5.5) 4.5 (3.3-12.9) 67 (6:7-6-7)
CD n 16 (15%) 10 (13%) 3 (19%) 2 (28 %)
Gender G (n)/B (n) 10/6 5/5 2/1 2/0
Age (years) 100 (7-4-17-3) 100 (7:0-14-0) 14-5 (10-0-17-0) 15 (13-0-17-0)
Girls 115 (7:5-17-3) 100 (10-0-14-0) 158 (14-5-17-0) 15 (13-0-17-0)
Boys 100 (7-4-10-5) 100 (7:0-10-5) 100 (10-0-10-0)
Duration CD (years) 5.9 (0-6-11-7) 5.0 (0-6-11-0) 14 (0-8-11.7) 6-1 (6-1-6-1)
Girls 66 (0-7-17-7) 7.1 (0-7-11-0) 66 (1-4-11.7) 6-1 (6-1-61)
Boys 1.0 (0-6-5-8) 1.0 (0-6-5-8) 0-8 (0-8-0-8) -
Control n 42 (40%) 35 (45%) 4 (25%) 3 (43 %)
Gender G (n)/B (n) 19/19 (4%) 15/16 (4%) 1/3 1/2
Age (years) 120 (6-8-16-8) 115 (7:0-17-0) 7.8 (7-0-15-0) 14.5 (12:0-16-0)
Girls 120 (8:5-16-8) 110 (9:0-17-0) 7.5 (7-5-7-5) 12.3 (12:0-14-5)
Boys 120 (6-8-16-8) 120 (7:0-14-0) 80 (7-0-15-0) 16:0 (16-0-16-0)

Age and diabetes duration presented as median (minimum, maximum). G = girls; B = boys.

2Age and gender data not available.
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Fig. 2. Schematic overview of the most striking immune markers studied in children with type 1 diabetes (T1D), celiac disease (CD) and T1D + CD.

Levels of MMP-1 and MMP-3 and visfatin are higher in
children with type 1 diabetes

The levels of procalcitonin were higher in T1D children
compared to children with CD in the whole study cohort
(P < 0-05, Fig. 3a), as well as in cluster A (P < 0-05,
Fig. 3b). Type 1 diabetic children secreted higher levels
of visfatin than children without this diagnosis (P < 0-05,
Fig. 4a) and visfatin was also correlated to duration only
in children diagnosed exclusively with T1D (r = 0-501,
P < 0.01, Fig. 4b). Secretion of MMP-1 (P < 0-05,
Fig. 4c) and MMP-3 (P < 0-05, Fig. 4d) were higher in
children with TID compared to children diagnosed with
CD. In contrast, serum levels of MMP-2 were lower in
children with either T1D or CD compared to the control
group (P < 0-01, Fig. 4e,f). Type 1 diabetic children within
cluster A had also lower levels of MIP-1a (P < 0-05, Fig. 5a)
compared with the control group. Thus, children diagnosed
exclusively with T1D had a high secretion of procalcitonin,
visfatin as well as MMP-1 and MMP-3, in contrast to a
low secretion of MIP-la (summarized in Fig. 2).

Low levels of MIP-1a but high levels of IL-10 in
children with celiac disease

Children with CD had lower levels of MIP-1a compared
with T1D children (P< 0-0001, Fig 5a), children with
combined T1D and CD (P < 0-01, Fig. 5a) and also

compared with the control group (P < 0-0001, Fig. 5a).
Children with CD also have lower levels of MIP-la
(P < 0-05, Fig. 5a,b), MIP-1p (P < 0-05) and IL-8 (P < 0-05)
compared to children in the control group, observed both
within the whole study cohort as well as in cluster A.
In contrast, the secretion of IL-10 was higher in children
with CD compared with groups comprised of children
diagnosed  exclusively with TID (P = 0-001),
children diagnosed with both T1D and CD (P = 0-001)
or children without diagnosis of either T1D or CD
(P < 005). The serum levels of granulocyte-colony-
stimulating factor (G-CSF) among children diagnosed
exclusively with CD was higher compared with children
with a double diagnosis or no diagnosis at all (P < 0-05).
Children with celiac disease showed a lower secretion of
several cytokines and chemokines, e.g. IL-8, MIP-1a and
MIP-1, procalcitonin, fibrinogen and MMP-3 in contrast
to high secretion of IL-10 (summarized in Fig. 2).

Diminished levels of several immune markers in
children with combined type 1 diabetes and celiac
disease

Children with both T1D and CD had lower levels of
MIP-1ae (P < 0-05, Fig. 5ab) and MCP-1 (P < 0-05,
Fig. 5¢,d) compared to children without diagnosis, observed
both within the whole study cohort as well as in cluster
A. The levels of procalcitonin were lower in children with
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Fig. 3. Serum levels of acute-phase proteins in children with combined type 1 diabetes and celiac disease (T1D + CD, n = 18), T1D (n = 27),CD (n = 16)
and reference children (control, n = 42). (a) Procalcitonin (PCT), (c) fibrinogen in the whole study cohort and (b) PCT, (d) fibrinogen within cluster A.
Correlation between PCT, (e) interferon (IFN)-y and (f) interleukin (IL)-10 in children with combined T1D and CD in the whole study cohort.
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Fig. 4. Serum levels of (a) the adipocytokine visfatin, (c) matrix metalloproteinase (MMP)-1, (e) MMP-2, (d) MMP-3 in children with combined
type 1 diabetes and celiac disease (T1D + CD, n = 18), T1D (n = 27), CD (n = 16) and reference children (control, n = 42) in the whole study cohort;
and (f) MMP-2 within cluster A. Correlation between (b) visfatin levels and duration of T1D in children with exclusively T1D.

CD alone or in combination with T1D compared to chil- In children with a double diagnosis, contrary to the other
dren with T1D, observed both in the whole study cohort groups, the serum levels of PCT were inversely correlated
(P < 0-05, Fig. 3a) as well as in cluster A (P < 0-05, Fig. 3b). to IFN-y (r = -0-688, P < 0-01, Fig. 4e) and IL-10
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Fig. 5. Serum levels of cytokines and chemokines in children with combined type 1 diabetes and celiac disease (T1D + CD, n = 18), T1D(n = 27), CD
(n = 16) and reference children (control, n = 42). (a) Macrophage inflammatory proteins (MIP)-1a, (c) monocyte chemoattractant protein (MCP)-1,
(e) interleukin (IL)-22 in the whole study cohort; and (b) MIP-1a, (d) MCP-1 and (f) IL-22 in cluster A.

(r = —0-608, P < 0-01, Fig. 3f) (equally distributed within
the whole study cohort and cluster A). Children diagnosed
with combined TID and CD also had lower levels of
fibrinogen (P < 0-05, Fig. 3c) and visfatin (P < 0-05,
Fig. 4a) compared with children diagnosed exclusively with
T1D. Further, children with a double diagnosis had lower
serum levels of MMP-2 in comparison to the control
group (P < 0-05, Fig. 4d) as well as lower levels of IL-22
compared to children with T1D (P < 0-05). In summary,
children diagnosed with T1D in combination with CD
had a diminished secretion of several cytokines,
chemokines, adipocytokines, APPs and MMPs (summarized
in Fig. 2).

Discussion

A role for soluble immune markers in the pathogenesis
of many autoimmune diseases is well established. The
immunological imbalance of the immune system seen, for
example, in patients with both T1D and CD is dominated
by a dysregulated Thl response together with changes in
secretion of different immune markers. Several studies
report inconsistent results on up- and/or down-regulation
of several immune markers in T1D and CD, respectively
[12,14,17,50,51]. However, the peripheral immunoregulatory

© 2020 The Authors. Clinical & Experimental Inmunology published by John Wiley & Sons Ltd on behalf of British Society

for Immunology, Clinical and Experimental Immunology, 201: 244-257

milieu is not well studied in children diagnosed with a
combination of these diseases.

In this study, we have examined 28 peripheral immune
markers in children diagnosed with T1D and/or CD or
without these autoimmune diseases. First, differences
between the diagnosis groups were examined in the
whole study cohort, indicating differences in the con-
centrations of IL-10, IL-22, MIP-1a, MIP-1f, IL-8, MCP-1,
G-CSE PCT, visfatin, MMPs and fibrinogen. To further
identify possible immune
marker profiles and to gain a deeper understanding of

similarities/differences in
the peripheral immunological milieu in the different
patient groups, HCA was performed. HCA has been
shown to be adequate to identify even small, but impor-
tant, changes in immune marker levels [49]. Contrary
to conventional analysis, this approach did not divide
the samples into a priori groups, but aggregated the
results based on similarity to each other. Regarding the
clustering pattern, the results also elucidated a possible
association between the concentration of immune mark-
ers and the age of participants. The divergences seen
in the age pattern between the clusters in T1D, CD
and references probably reflect the previously described
age-associated changes in immune marker levels [52].
The cluster analysis, in comparison to analysis of the
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whole study cohort, confirmed differences in concentra-
tions of the immune markers between the groups of
children with T1D and/or CD.

Th1-associated IFN-y is a crucial mediator in developing
cell destruction in both T1D and CD [53-55]. In line
with results from previous studies [14,17], our results showed
higher (non-significant) levels of IFN-y in children with
TID or CD in comparison to reference children. This
discrepancy could probably partly depend upon biological
variation, e.g. disease activity, duration of disease and age
of participants, and partly on the variation in the number
of participants between the different studies [12,14,17,50,51].

Regarding anti-tTG IgA status, 100% within the T1D
group, 81% within the CD group (13 of 16) and 67%
in the double diagnosis group (12 of 18) were anti-
tTG-IgA-negative. Recent studies have shown that tTG
serology is poorly correlated with mucosal outcomes and
should not be considered as an indicator of mucosal
healing [56-58]. As all children were on a gluten-free
diet for at least 3 months after diagnosis before inclu-
sion in this study we have included all children diagnosed
with CD, regardless of anti-tTG IgA status (three children
with CD and six with double diagnosis were anti-tTG
IgA-positive). To clarify if these anti-tTG IgA-positive
children had influenced our results, we examined dif-
ferences between the different study groups (i.e. the whole
cohort as well as in the clustered groups) in relation
to tTG-status. However, we did not observe that children
with positive tTG-IgA influenced the results. Thus, we
consider that children with positive anti-tTG IgA status
and supposedly poor gluten-free diet compliance were
acceptable for inclusion in the study population.

With the exception of IL-22, we did not find signifi-
cant differences among the Th17 cytokines (IL-17A, IL-25,
IL-33) between the different study groups. IL-22 is char-
acterized by a dual nature and, depending on environ-
mental factors, has protective or inflammatory activity
during the immune response [59]. Children with T1D
within cluster A showed higher levels of IL-22 in com-
parison to children with a double diagnosis. We assume
that this can depend upon the discrepancies in diabetes
duration (Table 2) as increased Th22 responses have
been seen, especially during the early stages of T1D
(< 5 years) [6]. Interestingly, the levels of IL-22 in chil-
dren with a double diagnosis is in line with the levels
observed in children with CD as well as in the reference
group. These data may suggest a possible protective effect
of IL-22, which can probably contribute to preventing
the development of CD in people with T1D.

Results concerning MCP-1, MIP-1a and MIP-1f in T1D
and/or CD are limited and conflicting [17,60-62]. We
observed lower levels of IL-8, MCP-1, MIP-1a and MIP-1f
in children diagnosed with CD with or without T1D
compared to reference children. Vorobjova et al. showed

alterations in cytokine and chemokine levels and correla-
tion of cytokine/chemokine levels with the degree of small
bowel mucosa damage in children with active disease and
also to age [60]. We suggest that the divergence in results
could depend upon differences in the inflammation stage
in the mucosa and also on the age of participants.

The relationship between autoimmune diseases, low-
grade inflammation and APPs is still unclear. However,
low-grade chronic inflammation and stimulation of the
innate immune system were identified as contributing
to the pathogenesis of both T1D and CD [22,23]. In
this study, we examined the serum levels of PTC, fer-
ritin, tPA, fibrinogen and SAA. Procalcitonin is known
as a systemic inflammatory protein, induced by various
inflammatory markers such as IL-6 and TNF-a, but the
physiological role still remains uncertain. Previous stud-
ies present minor elevated PCT levels in autoimmune
diseases [63]. To our knowledge, no studies have evalu-
ated the PCT levels in the context of T1D and/or CD.
Interestingly, our results showed lower levels of PCT in
children with a combined diagnosis in comparison with
the group of children with TID exclusively. Another
aspect of interest concerns the lower levels of PCT in
children with CD compared to reference children and
children with T1D, respectively. Our reflection is that
PCT could (possibly) have a role in immunological
processes associated with CD that contribute to the
reduced PCT levels seen in CD as well as in the context
of double diagnosis. Similarly to previous studies, we
found that children with T1D, and also in combination
with CD, had lower serum levels of IL-10 in comparison
to CD children [13,38] and children with CD have higher
IL-10 levels compared to reference children [14,17,60].
In children diagnosed with both T1D and CD, in con-
trast to the other studied groups, PCT were inversely
correlated to secretion of IL-10. We suppose that the
reduced levels of IL-10 observed in children with a
double diagnosis is primarily associated with the dys-
regulated suppressive process seen in T1D. Based on
these findings, PCT together with IL-10 may be of inter-
est as a prognostic marker for development of CD in
children with T1D.

In recent years, more focus has been directed to the
anti-apoptotic activity and regulatory role in inflamma-
tion of adipocytokines, notably visfatin. Studies have
identified changes in the circulatory levels of visfatin
in autoimmune diseases and highlighted it as a molecule
of clinical relevance that could be an interesting bio-
marker with possible prognostic significance, and possibly
as a potential therapeutic target [36,64-66]. Previous
studies have shown an existing relationship between T1D
and visfatin, but the mechanism is not fully understood.
However, to our knowledge, no studies have evaluated
the serum levels of visfatin either in children with both
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diagnoses (T1D and CD) or in children with CD exclu-
sively. Few studies have evaluated circulating visfatin in
T1D, and those reported either decreased [67-69] or
increased levels [70]. Interestingly, in the present study,
we found higher levels of visfatin in T1D children com-
pared to both children with a double diagnosis and
reference children. We suggest possible explanations for
these results, which indicate differences in the levels of
visfatin between children with T1D exclusively and chil-
dren diagnosed with both T1D and CD. First, visfatin
could be involved in the pathogenesis of CD supported
by Waluga et al. that showed a relationship between
visfatin and intestinal inflammatory disease, which share
genetics and functional pathways with CD [71]. Secondly,
it has previously been demonstrated that diminished
regulatory activity in immune cells is related to increased
serum adipocytokine levels in inflammatory disease [64].
In a previous study, we observed diminished regulatory
T cell activity in T, cells in children with T1D but
not in children with both T1D and CD. Based on these
findings, we suggest that visfatin may possibly play a
significant role, eventually contributing to protection
from development of CD in children with already-
diagnosed T1D.

Several studies suggest that MMPs are important con-
tributors in the degradation of extracellular matrix in
disorders characterized by intestinal tissue destruction, e.g.
CD [39,41]. An association between increased expression
of MMP-1 and MMP-3 and the stage of inflammation in
the gut in patients with T1D has been reported [41, 72].
This could partly explain our findings of higher levels of
MMP-1 and MMP-3 in children diagnosed with T1D.

Taken together, our results contribute to an increased
understanding of the peripheral immunoregulatory milieu
in T1D and CD. We conclude that besides cytokines and
chemokines, other immune markers, e.g. APPs, MMPs and
adipocytokines, are also of importance for further inves-
tigations to elucidate the heterogeneous immune processes
in a combined diagnosis of TID and CD. As the possible
pathophysiological roles of several studied immune mark-
ers in the context of a double diagnosis of T1D and CD
are unclear, functional studies to elucidate the inter-
relationships between these immune markers and the
pathophysiology in the double diagnosis of these autoim-
mune diseases are necessary.
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