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INTRODUCTION

ABSTRACT

Aims/Introduction: Gestational diabetes (GDM) is characterized by low-grade systemic
inflammation, which manifests as changes in the levels of cytokines in the blood. We
aimed to investigate plasma immune mediators during gestational weeks 23-28 in 213
women at risk for GDM, and to find associations between GDM and its complications.
Materials and Methods: We quantified the levels of adipokines: adiponectin, leptin,
plasminogen activator inhibitor-1 and resistin; chemokines: C-C motif chemokine ligand 2
(CCL2), CCL4, C-X-C motif chemokine ligand 8 (CXCL8) and CXCL10; and cytokines:
granulocyte-macrophage colony-stimulating factor, interferon-y, interleukin (IL)-1p, soluble
GIL-1RI, 1L-2, sIL-2Ra, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12(p70), IL-13, IL-15, IL-17A, IL-17F, IL-21,
IL-22, IL-23, IL-27, transforming growth factor (TGF)-B1, TGF-B2, TGF-B3, tumor necrosis
factor-o and soluble tumor necrosis factor receptor 2 using the Milliplex® MAP Magnetic
Bead assay on Luminex®200™, and compared the results with clinical data from
pregnancy and post-partum follow up.

Results: Lower levels of adiponectin and higher levels of CCL2 (Wilcoxon test, P = 34E-
03 and P = 0.03, respectively) were found in women with GDM. IL-27 levels were
associated with lower odds of GDM (adjusted logistic regression 0.90, P = 24E-03), and
showed a risk association with glutamic acid decarboxylase autoantibody positivity
(adjusted odds ratio 1.13, P = 2.8E-03). Similarly, higher IL-22 levels increased the odds of
glutamic acid decarboxylase autoantibody positivity (adjusted odds ratio 4.23, P = 0.04).
TGF-B1 was associated with post-partum fasting glucose levels, and CCL4 with post-
partum C-peptide levels (linear regression, P = 0.04 and P = 001, respectively). Women
who developed pregnancy complications had higher levels of CXCL10 and CCL4 (linear
regression, P = 7.0E-04 and P = 0.01, respectively).

Conclusions: Plasma adiponectin and CCL2 concentrations distinguish women with
GDM. IL-27 and IL-22 levels might select women with an autoimmune reaction, whereas
increased TGF-B1 and CCL4 are associated with post-partum glucose and insulin
metabolism.

delivery, pre-eclampsia and birth of a macrosomic child. Addi-

Gestational diabetes (GDM) is currently the most common
complication of pregnancy, affecting approximately 16.7% of
total live births with an increasing trend'. It poses multiple
threats to mother and child during pregnancy, and also impacts
their life afterwards. GDM increases the risk for premature
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tionally, GDM poses an increased risk for developing diabetes
later in life”.

Obesity, previous birth of a macrosomic child or previous
GDM are the main risk factors for GDM development during
ongoing pregnancy. GDM is diagnosed using a glucose toler-
ance test (GIT) during the second trimester of pregnancy.
However, a major problem connected with GDM diagnosis is
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the lack of consensus for the diagnostic criteria for GDM or
treatment regimens’. Diagnosing GDM according to the Inter-
national Association of Diabetes and Pregnancy Study Groups
criteria, combined with advice on diet and exercise, has led to
overall reduction in the incidence of serious pregnancy compli-
cations due to hyperglycemia. However, this has increased the
number of women who have to be under close surveillance,
which represents a growing burden on the public healthcare
systems”. Searching for GDM biomarkers and identification of
risk factors for pregnancy complications or future diabetes
development have been suggested as the highest priority
research areas in this field>.

There is increasing evidence about immune system dysregu-
lation in GDM characterized by chronic low-grade systemic
inflammation® ®. Elevated levels of cytokines during pregnancy
can worsen glucose intolerance and increase the risk for adverse
perinatal outcome’. Most studies in this field have focused
mainly on comparing women with GDM with healthy preg-
nant women. However, increased pro-inflammatory milieu,
characteristic to GDM patients, might instead be associated
with GDM risk factors, and thereby mask the true relationships
between cytokines and GDM'®''. Therefore, the aim of the
present study was to compare women with GDM risk factors
and to assess differences in a wide panel of peripheral blood
immune mediators in regard to GDM diagnosis, as well as
associations between pregnancy and post-partum complications.

MATERIALS AND METHODS

Study population

The study was approved by the Ethics Review Committee on
Human Research of the University of Tartu (Estonia; 229/M-
16, 23.09.2013 and 254/M-16, 21.12.2015) and complied with
the documents of the Declaration of Helsinki. Written
informed consent was obtained from all participants.

A cohort of 213 Caucasian women with singleton pregnancy
from the Women’s Clinic of Tartu University Hospital, Estonia,
between November 2013 and March 2015 were consecutively
recruited in the study. All participants belonged to the GDM
risk group according to the Estonian Gynecologists’ Society
guidelines, with at least one of the following: pre-pregnancy
body mass index >30 kg/m® history of GDM; history of
impaired glucose tolerance; history of unexplained fetal death;
first-degree relative with diabetes; previous delivery of a new-
born >4,500 g; and history of polycystic ovary syndrome'®. The
participants were referred to a 2-h GTT test with 75 g glucose
after overnight fast at gestational weeks 23-28. A total of 60
women were diagnosed with GDM based on the International
Association of Diabetes and Pregnancy Study Groups Consen-
sus Panel criteria'®. The remaining 153 women formed the
non-GDM group who served as the reference group. Pre-
existing diabetes was excluded by detection of normal fasting
serum glucose level (<6.0 mmol/L) during the first trimester of
pregnancy. Women who showed symptoms of an ongoing
active infection or self-reported a recent infection within the
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past month were excluded from the study. Gestational age was
determined by ultrasound. At the time of recruitment, all
women were asked to participate in the follow-up study. Post-
partum samples were obtained from 202 (94.8%) participants,
49 with GDM, during a visit to the Women’s Clinic at 6 weeks
up to 1 year after delivery.

To minimize the circadian variation in immune mediator
levels, all peripheral blood samples were collected from over-
night fast blood in the morning of the same day of the GTT.
The blood samples were processed within the subsequent 2 h
and stored at —40°C for serum or —80°C for plasma until fur-
ther analysis. The blood chemistry tests at both time points
were measured using Cobas p 501 (Roche, Rotkreuz, Switzer-
land) for blood glucose levels, Cobas e 601 for C-peptide levels
and Cobas ¢ 501 for other analytes at the United Laboratories
of Tartu University Hospital. The other analytes were C-
reactive protein, cholesterol (including high-density lipoprotein
and low-density lipoprotein) and triglycerides. Cholesterol and
triglycerides were only measured from post-partum samples.

Detection of autoantibodies

Diabetes-related autoantibodies against glutamic acid decar-
boxylase 65 kDa (GADA, islet cell antigen 2 and zinc trans-
porter 8 were detected in pregnancy serum samples using
commercial enzyme-linked immunosorbent assay kits (RSR
Ltd., Cardiff, UK) according to the manufacturer’s instructions.
The cut-off levels were 5 U/mL for glutamic acid decarboxylase
autoantibodies, 7.5 U/mL for islet cell antigen 2 autoantibodies
and 15 U/mL for zinc transporter 8. Our laboratory partici-
pated with the autoantibody tests used in the present study in
the Islet Autoantibody Standardization Program (IASP).

Immune mediator measurements

Ethylenediaminetetraacetic acid-treated blood plasma was used
to measure the level of immune mediators in multiplex analy-
sis, using the Milliplex® MAP Magnetic Bead assay according
to the manufacturer’s recommendation (Millipore, Billerica,
MA, USA). Altogether, 33 analytes were measured by using the
following seven assays: (i) Adipokine Magnetic Bead Panel 1
for detecting adiponectin, resistin and plasminogen activator
inhibitor-1 (PAI-1); (ii) Adipokine Magnetic Bead Panel 2 for
leptin; (iii) Cytokine/Chemokine Magnetic Bead Panel for C-C
motif chemokine ligand 2 (CCL2; monocyte chemoattractant
protein-1), CCL4 (macrophage inflammatory protein-1f3) and
C-X-C motif chemokine ligand 10 (CXCL10; IP-10); (iv) High
Sensitivity T Cell Magnetic Bead Panel for granulocyte-
macrophage colony-stimulating factor, interferon-y, interleukin
(IL)-1B, IL-2, IL-4, IL-5, IL-6, IL-7, CXCLS$ (IL-8), IL-10, IL-12
(p70), IL-13, IL-17A, IL-21, IL-23 and tumor necrosis factor
(TNF)oy,  (v) Soluble Cytokine Receptor Magnetic Bead
Panel for soluble (s)IL-1RI, sIL-2Rat and soluble TNFRII; (vi)
Th17 Magnetic Bead Panel for IL-15, IL-17F, IL-22 and IL-27;
and (vii) transforming growth factor (TGF)-B 1,2,3 Magnetic
Bead Kit for measuring the activated forms of TGF-fI,
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TGF-B2 and TGF-B3. The kits used allowed to obtain the
intra-assay variation coefficients of <10% and inter-assay varia-
tion coefficients of <20% for all assays. The xMAP Technology
in Luminex 200™ (Luminex Corp., Austin, TX, USA) was used
for detection in accordance with the manufacturer’s protocols.
The minimal detection limit varied for each cytokine and ran-
ged from 0.2 to 60 pg/mL. A five-point standard curve was
generated on each plate.

Statistical analysis

Statistical analysis was carried out using R (version 1.2.1335;
The R Foundation for Statistical Computing, Vienna, Austria).
The y*-test and Wilcoxon rank sum test were used to deter-
mine differences between the study groups in the baseline char-
acteristics for categorical and continuous variables, respectively.
Spearman’s rank correlation was used to find correlations
between the measured analytes. Immune mediator concentra-
tion differences between the study groups, as well as the associ-
ations between these mediators and different parameters, were
analyzed with multivariate linear and logistic regression models
adjusted for age, gestational week and the season when the
blood sample was taken, if not stated otherwise. A P-value of
<0.05 was considered significant.

RESULTS

Patients’ baseline characteristics

The characteristics of the GDM (n = 60) and non-GDM
(n = 153) groups are presented in Table 1 and Table 2. The
study groups did not differ in age, gestational week at GTT,
pre-pregnancy body mass index or seasonal distribution of the
blood draw. Compared with normoglycemic individuals,
patients with GDM presented with higher glucose, C-peptide
and C-reactive protein levels, and they had had more pregnan-
cies (Table 1). Their glucose and C-reactive protein levels were
also higher during post-partum follow up (Table 2). No differ-
ences were detected between the medians for the study groups
in the other pregnancy- and delivery-related characteristics or
in the presence of autoantibodies. The 5% loss of study partici-
pants to follow up did not lead to significant bias.

Comparison of immune mediator concentrations between the
study groups

Immune mediator levels (medians, 1st-3rd quantile) are shown
in Table 3. As these levels were not normally distributed, the
Wilcoxon rank sum test with continuity correction was used
for comparisons. In the GDM group, the levels of adiponectin
were lower (P = 3.4E-03) and CCL2 levels higher (P = 0.03)
compared with the non-GDM group. The levels of sIL-1RI, IL-
4, IL-17F and TGF-B3 were below the minimal detection limit,
and were left out of further analysis.

Correlations between immune mediator concentrations
Using Spearman’s rank correlation, we noted both positive and
negative correlations between the measured immune mediators

http://wileyonlinelibrary.com/journal/jdi

(Figure 1). The four cytokines showing the highest number of
strong correlations (r > 0.5, P < 0.05) with the other immune
mediators were IL-1B, IL-5, IL-12(p70) and IL-23 (Figure 2).
Interestingly, strong negative correlations were only detected
between TNFa, and IL-15 and IL-22. Of the adipokines, only
PAI-1 showed strong correlations with resistin and TGF-B1; of
the chemokines, only CXCL8 correlated strongly with IL-1,
IL-2, IL-5 and IL-12(p70).

Associations between immune mediators and confounding
variables

As another goal of the present study, we analyzed whether the
measured immune mediators were associated with the clinical
characteristics of GDM. For this, we applied linear regression
models with stepwise regression. In Table 4, only the results from
models with adjusted (a)R* > 15%, P < 0.01 are presented, along
with information about model adjustments. With increasing age,
the levels of IL-22 increased (§ = 0.02; P = 0.02). Only IL-27
levels increased with gestational week (3 = 0.82; P = 0.02). Over-
weight and obesity were associated with higher levels of CCL2
(overweight § = 58.4; P = 8.0E-04; obesity B = 80.0; P = 6.9E-
04) and leptin (overweight P = 9.6; P = 4.4E-05; obesity
B = 18.6; P = 1.3E-11). Some of the immune mediator levels also
depended on the season of the blood draw. For example, com-
pared with summer, IL-22 levels were higher in spring (B = 0.3;
P =0.03), fall (B=0.6; P=93E-05) and winter (= 0.29;
P = 4.6E-02). IL-27 levels were significantly higher in spring
(B = 6.3; p = 5.2E-06), whereas CCL2 levels were significantly
higher in fall (§ = 58.0; P = 8.2E-05).

The presence of a GDM diagnosis showed an inverse associ-
ation with IL-27 levels (B =-2.6; P = 0.02). According to
unadjusted logistic regression, lower levels of IL-27 reduced the
odds of GDM, odds ratio (OR) 0.95 (2.75-97.5% confidence
interval [CI] 0.90-0.99, P = 0.04). This association remained
significant after adjusting for confounding factors, adjusted OR
0.93 (2.75-97.5% CI 0.88-0.98, P = 0.02, adjusted for maternal
age, gestational week, season of the blood draw, presence of
GADA). CCL2 and adiponectin did not influence the odds of
GDM, OR 1.00 (2.75-97.5% CI 0.99-1.01, P = 0.09) and OR
098 (2.75-97.5% CI 0.96-1.00, P = 0.10), respectively, even
after adjusting for confounding variables (data not shown).

None of the measured immune mediators was associated
with GTT glucose levels during pregnancy. Higher TGFP1 and
CCL4 levels at the second trimester of pregnancy associated
positively with post-partum fasting glucose (f = 3.3; P = 0.04)
and C-peptide levels (B = 20.0; P = 0.01), respectively.

When the GADA test result was analyzed as a continuous
variable, positive associations with IL-27 (B = 0.3; P = 7.6E-05)
and IL-22 (B = 0.02; P = 0.01) were found. According to the
unadjusted logistic regression model, higher levels of IL-27
increased the odds of GADA being positive, OR 1.10 (2.75—
97.5% CI 1.03-1.17, P = 44E-03), even after adjustment for
confounding factors, adjusted OR 1.13 (2.75-97.5% CI 1.05-
1.24, P = 2.8E-03, adjusted for maternal age, gestational week,
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Table 1 | Anthropometric and additional medical characteristics for the study groups

Clinical parameters GDM group (n = 60) Non-GDM group (n = 153) P-value
Median £ SD Median £ SD

Age (years) 3200 £ 535 3000 £ 525 0.10
Gestational week 2650 £ 163 2629 £ 161 0.08
Pre-pregnancy BMI (kg/m?)

Underweight (BMI <19), % (n/N) 5% (3/60) 5% (8/153) 035

Normal weight BMI 19-24), % (n/N) 35% (21/60) 44% (68/153)

Overweight (BMI 25-29), % (n/N) 32% (19/60) 33% (50 /153)

Obesity (BMI >30), % (n/N) 28% (17/60) 18% (27/153)
Season of blood draw

Spring, % (n/N) 37% (22/60) 30% (46/153) 030

Summer, % (n/N) 22% (13/60) 18% (28/153)

Fall, % (n/N) 23% (14/60) 20% (31/153)

Winter, % (n/N) 18% (11/60) 31% (48/153)
Gravidity (including the index pregnancy) 3+178 21145 003
Parity 1+1.14 1+ 1.00 0.06
Fasting glucose (mmol/L) 511044 440 + 028 22E-16
1-h glucose (mmol/L) 970 £ 175 6.70 £ 146 26E-16
2-h glucose (mmol/L) 725+ 135 570 £ 1.78 75E-14
C-peptide (nmoll) 084 + 030 065 + 0221 1.7E-05
C-reactive protein (mg/L) 40+ 288 30+ 296 0.02
IA-2 (>7.5 U/mL), % (n/N) 0% (0/60) 1% (1/153) 053
GADA (>5 U/mL), % (n/N) 3% (2/60) 5% (8/153) 056
ZnT8 (>15 U/mL), % (n/N) 0% (0/60) 3% (4/153) 0.21
Previous delivery <37 gestational weeks, % (n/N) 7% (3/41) 5% (5/100) 047
Previous delivery >42 gestational weeks, % (n/N) 0% (0/41) 3% (3/100) 047
Previous interfered delivery, % (n/N)* 17% (7/41) 20% (20/100)" 067
Previous macrosomia (>4,500 g), % (n/N) 15% (6/41) 14% (14/100) 093

Continuous variables are analyzed with Welch's two-sample t-test. Categorical variables are analyzed with the y’test. TData missing for one study
participant. *Delivery by cesarean section or vacuum extraction. BMI, body mass index; GADA, 65 kDa glutamic acid decarboxylase autoantibodies;
GDM, gestational diabetes; 1A-2, islet cell antigen 2 autoantibodies; SD, standard deviation; ZnT8, zinc transporter 8 autoantibodies.

Table 2 | Delivery and post-partum characteristics for the study groups

Delivery parameters’ GDM group (n = 60) Non-GDM group (n = 153) P-value
Median + SD Median + SD
Apgar 1 score 9+ 117 94120 037
Apgar 5 score 9+ 076 9+ 130 011
Premature birth (<37 weeks), % (n/N) 8% (4/49) 6% (9/153) 057
Macrosomia (>4,500 g,) % (n/N) 2% (1/49) 5% (8/153) 034
Sex of child (male), % (n/N) 63% (31/49) 57% (87/153) 043
Post-partum parameters’
Fasting glucose (mmol/L) 490 + 049 470 £ 051* 48E-04
C-peptide (nmol/L) 066 * 025 059 # 027 035
C-reactive protein (mg/L) 20+ 555 10 + 2964 002
Cholesterol (mmol/L) 52+ 1.10 52+ 088 046
HDL cholesterol (mmol/L) 1.73 £ 054 1.77 £ 046 093
LDL cholesterol (mmol/L) 336+ 100 319+ 083 053
Triglycerides (mmol/L) 086 + 044 075 + 043% 094

Continuous variables are analyzed with Welch's two-sample t-test. Categorical variables are analyzed with the y*test. "The gestational diabetes
(GDM) group data from this period is only available for 49 women due to loss of follow up. *Data missing for one study participant. HDL, high-
density lipoprotein; LDL, low-density lipoprotein; SD, standard deviation.
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Table 3 | Plasma immune mediator levels for the study groups
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Cytokines (pg/mL) Concentrations in GDM (N = 60) Concentrations in Non-GDM (N = 153) P-value
Median Interquartile range Median Interquartile range

Adipokines (ng/mL)
Adiponectin 1444 10.71-2354 2143 1443-30.51 34E-03
Leptin 2930 22.88-40.12 2583 15.71-37.18 0.12
PAI-1 2442 20.38-27.63 24.05 19.12-32.32 080
Resistin 3089 2547-34.74 2926 22.79-40.28 056

Chemokines (pg/mL)
CCL2 174.22 139.21-220.99 157.16 121.22-197.08 003
cCl4 15.76 949-2707 1551 9.18-23.15 030
CXCL8 368 268-556 380 2.76-591 068
CXcLio 3410 252.60-463.80 31730 250.18-40545 027

Cytokines (pg/mL)
GM-CSF 4649 21.59-8865 4862 27.00-75.71 0.74
IL-1B 0.80 0.19-2.09 102 0.28-1.90 0.71
SIL-TRI 0 0 0 0 064
IL-2 1.21 0-3.16 083 0-2.13 022
IL-2RA 688.30 549.10-977.50 684.23 546.97-926.30 061
IL-4 0 0-0 0 0-0 0.71
IL-5 309 1.74-4.07 324 1.85-4.50 040
IL-6 163 0.82-241 160 10-227 0.80
IL-7 295 0.00-638 390 0-747 0.29
IL-10 6.13 283-1232 6.69 1.34-11.30 017
IL-12(p70) 463 2.35-6.80 486 262-707 061
IL-13 7.68 3.22-1309 9.08 520-1553 0.20
IL-15 3818 1800-65.71 36.11 1743-6167 0.78
IL-17A 8.16 3.83-1381 894 4.13-16.56 051
IL-17F 002 0-0.05 002 0-005 065
IL-21 0.74 0-261 068 0-2.09 0.73
IL-22 0.88 047-1.14 0.80 047-1.11 051
IL-23 11245 6.94-317.84 13820 17.34-28769 096
IL-27 719 6.22-9.77 791 648-11.90 013
IFN-y 1553 9.30-21.95 16.11 11.34-24.22 017
STNFRII 80 7.16-9.77 785 6.94-9.19 059
TNFa 326 2.25-603 415 257-6.53 039
TGF-B1 6.56 480-1194 6.72 453-1245 085
TGF-B2 5600 402.50-81890 496.1 402.50-802.30 095
TGF-B3 0 0-56.83 0 0-56.83 035

P-value from Wilcoxon rank sum test with continuity correction. CCL, C-C motif chemokine ligand; CXCL, C-X-C motif chemokine ligand; GDM, ges-
tational diabetes; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-y, interferon-gammea; IL, interleukin; PAI-1, plasminogen activator
inhibitor one; STNFR, soluble tumor necrosis factor receptor; TGF-, transforming growth factor beta; TNFe, tumor necrosis factor alpha.

season of the blood draw and GDM diagnosis). Similarly, IL-22
levels increased the odds of a positive GADA test result, OR
3.18 (2.75-97.5% CI 1.25-8.24, P = 0.01), which increased after
adjustment for confounding factors, adjusted OR 4.23 (2.75-
97.5% CI 1.13-18.16, P = 0.04, adjusted for maternal age, gesta-
tional week, timeliness of the previous delivery and season of
the blood draw).

Of the pregnancy complications, premature birth was
associated with higher levels of CCL4 (B = 20.3; P = 0.01) and
resistin (B = 150.4; P = 9.4E-06). Birth of a macrosomic child
was associated with higher levels of CXCL10 (B = 291.6;

P = 7.0E-04). Women carrying male fetuses had lower levels of
CXCL10 (B = -93.1; P = 0.02).

DISCUSSION

The present study aimed to compare changes in plasma
immune mediator profiles for women of the GDM risk group
who had developed GDM and those who had not. We also
characterized associations between the immune mediators and
covariates. In general, only adiponectin and CCL2 levels were
different between the two study groups, and lower IL-27 levels
showed reduced odds of GDM. Another important finding was
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Figure 1 | Spearman’s rank correlation matrix for measured immune mediators. CCL, C-C motif chemokine ligand; CXCL, C-X-C motif chemokine
ligand; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-y, interferon-gamma; IL, interleukin; PAI-1, plasminogen activator inhibitor
one; STNFR, soluble tumor necrosis factor receptor; TGF-B, transforming growth factor beta; TNFe, tumor necrosis factor alpha. Red color indicates

positive correlations; blue color indicates negative correlations.

that higher levels of IL-27 together with IL-22 were associated
with increased odds of GADA positivity. In addition, women
with pregnancy complications had higher levels of CCL4, resis-
tin and CXCLI10.

The established higher levels of CCL2 in women with GDM,
and the association between CCL2 and body mass index are
consistent with previous findings. CCL2 has been associated
with the development of type 2 diabetes and insulin resistance,
as it plays a role in B-cell failure'* '®. CCL2 has also been asso-
ciated with the birth of a small for gestational age baby'’. How-
ever, we were not able to confirm this finding based on our
cohort, which was biased toward GDM (associated with a
macrosomic fetus). We detected lower levels of adiponectin in
women with GDM, as reported in many other studies'® .
Adiponectin has been linked with insulin sensitization, and a
decline in adiponectin levels might show adipose tissue dys-
function, which can precede GDM>. Maternal hypoad-
iponectinemia could also be an important risk factor for type 2
diabetes development later in life*’. Although both CCL2 and
adiponectin levels were different between the two study groups,
they did not point to risk associations with GDM, showing that
the detected difference might be not due to the diagnosis of
GDM, but rather to the GDM-associated risk factors.

To our knowledge, IL-27 has not been previously studied in
relation to GDM, but has been implied in the context of
pathologies of autoimmune diseases®. Lower levels of IL-27,
which showed a reduced risk for GDM in the present study,
have been found to exert a protective effect on pancreatic B-cell
survival, whereas higher levels have been linked with type 1
diabetes development™**, It is therefore interesting to note that
higher levels of IL-27 in the present study were characteristic of
women who were positive for GADA, irrespective of their
GDM diagnosis, and might hint to its role in promoting B-cell
autoimmunity. The presence of GADA can increases the risk
for type 1 diabetes development later in life>. Although
GADA was the most common antibody in the present study,
the number of participants who tested positive for GADA was
too small (3% in GDM, 5% in non-GDM) to be able to draw a
general conclusion. Still, it can be hypothesized that there are
women in the whole GDM risk group who do not develop
classical GDM (type 2 diabetes-similar GDM), but who never-
theless are at an increased risk of developing type 1 diabetes
later in life, due to triggering factors during pregnancy'®. These
women require different treatment, and their post-partum
maternal prognosis is different from that expected in type 2
diabetes-similar GDM .
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Figure 2 | Spearman’s rank correlation matrix with correlation coefficient and statistical significance for the top four cytokines: interleukin (IL)-1p, IL-
5, IL-12(p70) and IL-23, that showed the highest number of strong correlations (r > 0.5, P < 0.05) with the other immune mediators. CXCL, C-X-C
motif chemokine ligand; GM-CSF, granulocyte-macrophage colony-stimulating factor; TNFe, tumor necrosis factor alpha. ***P < 0.001.

Another interesting finding was the association of higher IL-
22 levels with the presence of GADA. Similar to IL-27, IL-22
has not been previously associated with GDM, but has rather
been studied in connection with type 1 diabetes and its compli-
cations. Honkanen et al.*® reported increased levels of IL-22 in
type 1 diabetes patients. Knoop et al”’ also detected higher
production of IL-22 in recent onset also patients. Elevated IL-
22 levels could be another marker for pancreatic self-
destruction in these women, who later develop type 1 diabetes.
As the diagnosis of GDM through GTT mostly focuses on
insulin-resistant GDM, pregnant women with a propensity for
autoimmune diabetes are often left out of close medical moni-
toring'’. Therefore, further studies should evaluate the predic-
tive role of IL-27 and IL-22 levels together with pancreatic
islet-specific autoantibody detection for type 1 diabetes develop-
ment in women of the GDM risk group, to identify, without

type 2 diabetes prejudice, women with a predisposition to
autoimmune diabetes.

TGF-B1 is a multifunctional cytokine, including an important
regulator of the immune system with a mainly immunosup-
pressive effect”. Hyperglycemia is the key inducer of TGF-B1
expression, owing to which elevated concentrations of TGF-[31
have been measured in patients with type 2 diabetes and in
women with previous GDM***, Contrary to expectations, the
present study did not detect differences in TGF-P1 levels
between GDM and non-GDM participants. This finding sup-
ports the study of Lygnos et al,”® who suggested that preg-
nancy itself is the main reason for increased TGF-PB1 levels.
Nevertheless, the TGF-B1 pathway is one of the major path-
ways associated with the pathogenesis of GDM’"*>. TGF-Bl1
signaling regulates the gene expression pathways involved in
B-cell function®. Also, higher TGF-B1 levels in patients with
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Table 4 | Associations between immune mediators and confounding variables

Clinical parameters Leptin

Resistin ~ CCL2 cCL4 CXcLio o Ik-22 IL-27 TGF-B1

Age (years)
Gestational week
Pre-pregnancy BMI (kg/m?) Normal weight (BMI 19-24) = ref
Underweight (BMI <19)
Overweight (BMI 25-29) S
Obesity (BMI >30) S
GDM diagnosis
Presence of GADA (U/mL)
Parity
Previous delivery >42 gestational weeks
Previous interfered delivery®
Delivery parameters
Premature birth (<37 gestational weeks)
Apgar score at 1st minute
Apgar score at 5th minute
Child diagnosed with hyperbilirubinemia or infection
Macrosomic child (>4,500 g)
Sex of child (male)
Post-partum parameters
Fasting glucose (mmol/L)
C-peptide (nmol/L)
C-reactive protein (mg/L)
Model adjusted R?
Model adjusted P-value

224%
37E-10

3k

dk
sksksk

dk skk

Hekek sk %k
kk

sk *%

sokk

sksk
Kokk *%
160%F  186%°
58606  23E-07

15.3%°
13E-03

19.6%°
6.6E-09

15.3%"
20E-04

160%°
26E-04

29.5%"°
52E-08

Light shaded boxes show increasing effect. Dark shaded boxes show decreasing effect. *P < 0. 5; **P < 001; ***P < 0001. "Delivery by cesarean
section or vacuum extraction. *Model adjusted for maternal age, gestational week, season of blood draw and pre-pregnancy body mass index
(BMI). *Model adjusted for maternal age, gestational week and season of blood draw. CCL, C-C motif chemokine ligand; CXCL, C-X-C motif
chemokine ligand; GADA, 65 kDa glutamic acid decarboxylase autoantibodies; GDM, gestational diabetes; IL, interleukin; TGF-, transforming

growth factor beta.

recent-onset type 1 diabetes are associated with reduced B-cell
functionality™, suggesting that impairments in TGE-B1 signal-
ing might lead to diabetes development. Therefore, the present
finding of the positive association between higher TGF-P1 levels
during pregnancy and higher post-partum fasting blood glucose
levels might be predictive of the beginning of B-cell failure in
these women. In addition, we were able to confirm the positive
correlation of TGF-B1 with PAI-1. TGF-B1 is an important
stimulator of PAI-1 production®. Both of them are associated
with insulin resistance and are involved in renal malfunctions™,
which further implies the hazard that higher TGF-B1 levels
during pregnancy could predict future diabetes-related compli-
cations in these women. On the contrary, CCL4 has been
shown to exert a protective role for pancreatic B-cells, and
thereby a preventive influence on diabetes progression®®. The
present result of a positive association between CCL4 and post-
partum C-peptide levels is consistent with the suggestions that
CCL4 helps to maintain B-cell function®.

The present study provides an exciting opportunity to
improve our knowledge of the role of CXCL10 in GDM, since
as far as we know, only Wang et al.’® have studied CXCL10 in

GDM. Higher CXCL10 levels have previously been associated
also with pre-eclampsia®. We showed that higher levels of
CXCL10 were associated with the birth of a macrosomic child.
Together, these results suggest that CXCL10 could be used as a
predictive marker for pregnancy complications in GDM. Inter-
estingly, lower CXCL10 levels were characteristic of mothers
carrying male fetuses. Cytokines and chemokines have been
linked with fetal sex, although the exact mechanism of the
effect on the fetus is not clear. One possible explanation could
be that male fetuses have been described with a more pro-
inflammatory profile***".

There are still numerous conflicting data on the association
between maternal cytokine levels and pregnancy complications.
The present finding of a positive association between higher
CCL4 levels and preterm delivery supports the results from a
number of previous studies reviewed by Polettini et al.** We
detected a positive association between resistin and preterm
labor, which does not coincide with earlier findings and
requires further validation®. This inconsistency might be due
to differences in the study groups involved, as well as due to
methodological discrepancies. Some reports are based on
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healthy pregnant women without diabetes, owing to which the
role of these immune mediators can be different in the case of
low-grade inflammation characteristic of the women of the
GDM risk group®.

The present study had several strengths. First, the inclusion
of a wide range of immune mediators helped gain a better
overview of the pro- and anti-inflammatory branches of the
immune system relevant to GDM. Many of the analytes had
not been previously assessed in GDM. Therefore, the present
study adds novel information on the complexity of GDM-
related immunological dysregulation. Second, the consistent
and strict collection, and immediate careful processing and
storage of the blood samples helped minimize the variability
of immune mediator levels as a result of secondary influences.
Third, we provided further proof that immune mediator levels
can be dependent on individuals’ age and gestational week, as
well as to the season of the blood draw, and should therefore
always be checked and adjusted for in statistical analysis. The
generalizability of the present results, however, is subject to
limitation. Because of practical constraints, the present study
only included plasma samples from gestational weeks start-
ing from the second trimester, when GDM usually manifests.
A study design including pre-pregnancy samples or sam-
ples from the first trimester would have allowed better moni-
toring of the immune mediator changes in patients who
remained normoglycemic compared with women who devel-
oped GDM.

In conclusion, cytokines can give early hints about changes
in the complex immune system’s balance. As such, they could
help discriminate women in the GDM risk group who are clo-
ser to diabetes development than others. We showed that lower
adiponectin and higher CCL2 plasma concentrations were char-
acteristic of women in the GDM risk group who had developed
GDM. Changes in TGF-B1 and CCL4 levels might predict the
future risk for diabetes in these women. Higher IL-27 and IL-
22 levels, together with positivity for GADA, can be useful
markers to identify women with a higher risk for type 1 dia-
betes development. Additionally, CXCL10 and CCL4 could be
markers for pregnancy complications in women in the GDM
risk group.
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