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Galectin-3 (Gal-3) has diverse roles in inflammatory and autoimmune diseases. There is
evidence that Gal-3 plays a role in both type 1 and type 2 diabetes. While the role of Gal-3
expression in immune cells invading the pancreatic islets in the experimental model of type
1 diabetes mellitus has been already studied, the importance of the overexpression of Gal-
3 in the target β cells is not defined. Therefore, we used multiple low doses of
streptozotocin (MLD–STZ)–induced diabetes in C57Bl/6 mice to analyze the effect of
transgenic (TG) overexpression of Gal-3 in β cells. Our results demonstrated that the
overexpression of Gal-3 protected β cells from apoptosis and attenuated
MLD–STZ–induced hyperglycemia, glycosuria, and ketonuria. The cellular analysis of
pancreata and draining lymph nodes showed that Gal-3 overexpression significantly
decreased the number of pro-inflammatory cells without affecting the presence of
T-regulatory cells. As the application of exogenous interleukin 33 (IL-33) given from the
beginning of MLD–STZ diabetes induction attenuates the development of disease, by
increasing the presence of regulatory FoxP3+ ST2+ cells, we evaluated the potential
synergistic effect of the exogenous IL-33 and TG overexpression of Gal-3 in β cells at the
later stage of diabetogenesis. The addition of IL-33 potentiated the survival of β cells and
attenuated diabetes even when administered later, after the onset of hyperglycemia
(12–18 days), suggesting that protection from apoptosis and immunoregulation by IL-
33 may attenuate type 1 diabetes.
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INTRODUCTION

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune
disease characterized by insulin deficiency and increased blood
glucose levels as a consequence of the loss of pancreatic islet β
cells (reviewed in Katsarou et al., 2017). The pathogenesis of the
disease is heterogeneous, and multiple genetic and environmental
factors are reported to play a role (Ilonen et al., 2019). The
pathogenesis is thought to involve T cell–mediated destruction of
β cells, predominantly by autoreactive CD8+ T cells (Roep, 2008;
Tsai et al., 2008). Tolerogenic dendritic cells and T-regulatory
cells are found to downregulate type 1 diabetes (Phillips et al.,
2019). The number of regulatory FOXP3+ cells in the islets,
during insulitis, is very small (Willcox et al., 2009; Gaglia
et al., 2011). The main mechanism of β-cell death observed in
T1DM rodent models is apoptosis (Eizirik and
Mandrup–Poulsen, 2001). Although not completely
understood, it appears to involve the interaction of CD8+

T cells and β cells via Fas ligand and its receptor, and an
influx of macrophages and pro-inflammatory CD4+ T
lymphocytes (Cnop et al., 2005). Secretion of pro-
inflammatory cytokines, including interleukin-1β (IL-1β),
interferon-γ (IFN-γ), and tumor necrosis factor-α (TNF-a) by
the diverse immune cells infiltrating the islet, is accompanied with
the production of reactive oxygen species such as nitric oxide
(NO) by the macrophages, dendritic cells, and the β cells
themselves contributing to the destruction of β cells (Lukic
et al., 1991; Cnop et al., 2005).

Galectin-3 (Gal-3) belongs to an evolutionary conserved
family of b-galactoside–binding lectins with multifunctional
properties expressed in a variety of tissues and cell types. It is
primarily localized in epithelial and endothelial cells, as well as in
the immune cells, and play a role in multiple inflammatory
diseases (reviewed in Srejovic and Lukic, 2021). It is present
mainly in the cytoplasm but may also be found in the nucleus, on
the cell surface, and in the extracellular environment (Almkvist
and Karlsson, 2002). It contains one carbohydrate-binding site
(CRD) region coupled to a non-lectin–amino-terminal chain of
about 120 amino acid lengths with short repeating sequences rich
in proline and glycine. Gal-3 is the only galectin that can merge
into pentamers, and in this way, cross-link the surface
glycoconjugates by forming a lattice structure (Almkvist and
Karlsson, 2002; Ochieng et al., 2002; Liu and Rabinovich,
2005; Pearl-Yafe et al., 2007). Intracellular Gal-3 binds to the
ligand via the C-terminal domain to protect the cells from
apoptosis (Akahani et al., 1997).

Gal-3 appears to be a pro-inflammatory molecule in several
inflammatory and autoimmune diseases (de Oliveira et al., 2015).
In the T1DM expression of Gal-3 on accessory cells in particular
dendritic cells, it appears to lead to the activation of inflammatory
lymphocytes and macrophages and causing islet inflammation
(Mensah-Brown et al., 2009). It has also been shown that
circulatory Gal-3 has a pro-inflammatory effect (Li et al., 2016).

In contrast, intracellular Gal-3 has an anti-apoptotic effect,
blocking the pro-apoptotic Bax molecule through the interaction
with an anti-apoptotic Bcl-2 in human thyroid carcinoma cells
(Harazono et al., 2014). Ikemori et al. (2014) have shown that the

enhanced expression of Gal-3 represents an adaptive cell response
to stress that prolongs their survival.

While the role of Gal-3 expression in invading immune cells in
the experimental model of T1DM has been studied already, the
importance of overexpression of this molecule in the target β cells
is not defined. Therefore, we used a transgenically enhanced Gal-
3 expression in β cells to analyze the effect of intracellular Gal-3 in
MLD–STZ–induced diabetes in C57Bl/6 mice. Our results
demonstrated that the overexpression of Gal-3 by protecting β
cells from apoptosis attenuates MLD–STZ–induced
hyperglycemia, glycosuria, and ketonuria. The cellular analysis
of the pancreata and draining lymph nodes showed a significant
decrease in the number of pro-inflammatory cells without
affecting the presence of T-regulatory cells.

Interleukin 33 (IL-33) is a member of the IL-1 family of
cytokines expressed constitutively on endothelial and epithelial
cells. During inflammation, released upon tissue damage, it
stimulates IL-33 receptor (ST2 receptor) expression cells. The
main target of IL-33 are mast cells, group 2 innate lymphoid cells,
and regulatory T cells (reviewed in Cayrol and Girard, 2018).

We have shown recently that the application of exogenous IL-
33 given from the beginning of MLD–STZ diabetes induction
attenuates the development of diabetes, by increasing the
presence of regulatory FoxP3+ ST2+ cells (Pavlovic et al.,
2018). Therefore, we evaluated the potential synergistic effect
of the exogenous IL-33 and TG overexpressed Gal-3 in β cells on
disease development. The addition of IL-33 in TG mice further
attenuated diabetes even when administered later, after the onset
of hyperglycemia, 12–18 days after disease induction.

MATERIALS AND METHODS

Experimental Mice
Wehave used 10–12 weeks old C57Bl/6malemice (WT) andC57Bl/
6 mice with transgenically enhanced Gal-3 expression in pancreatic
β cells. Mice with overexpression of Gal-3 in pancreatic β cells were
generated and kindly donated by Prof. Bernard Thorens (Center for
Integrative Genomics, University of Lausanne, Switzerland)
(Thorens et al., 2000). As previously reported (Petrovic et al.,
2020), for testing the mice genotype, we extracted DNA from the
ear tissue (KAPA Express Extract, KK7102, Kapabiosystems, USA).
For the PCR reaction, we used a KAPA 2G Fast Ready Mix PCR Kit
(KK5102, Kapabiosystems, USA) and primers listed in
Supplementary Material S1. Overexpression of Gal-3 in the
pancreatic β cells was confirmed with a 591-bp PCR product
visualized on agarose gel (Figure 1D). All mice in both groups
received STZ for five consecutive days at a dose of 40 mg/kg ip. The
animals were kept in our animal facilities under standard laboratory
conditions in a controlled environment with a 12-h light/darkness
cycle and receivedwater and standard diet ad libitum. Themice were
euthanized by cervical dislocation, and blood and the pancreata were
sampled for further analyses.

IL-33 Application
The mice received exogenous mouse IL-33 (0.4 μg/injection;
eBioscience) intraperitoneally on the 12th, 14th, 16th, and
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FIGURE 1 | Baseline analysis and islets biology in untreated mice. (A) Immunohistochemical expression of galectin-3+ cells in islets of untreated TG and WT mice.
(B) Level of secreted galectin-3 in sera. (C) Representative dot plots of intracellular galectin-3 expression in Glut-2+ beta cells. (D) PCR confirmation of genotype. PCR
reaction was performed using specific set of primers (Kapa Biosystems, USA), and the presence of a product was visualized on agarose gel. (E) Immunohistochemical
expression of caspase-3+ cells in the islets of untreated TG and WT mice. (F) RT-PCR analysis of relative expression of Bcl-2 and Bax mRNA. (G) Annexin V/
propidium iodide analysis of isolated islets. (H) Immunohistochemical expression of KI-67+ cells in islets of untreated TG andWTmice. The analysis was performed by a
light microscope using a magnifying lens of 40 X. Data from two experiments with 5–7 mice per group are shown as mean ± SEM; by the Mann–Whitney U test and
independent-sample Student’s t-test.
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18th day after the disease induction. The control animals were
treated intraperitoneally with PBS + citrate buffer (CB) solution
or IL-33 + citrate buffer solution at the same time interval.

Ethics Statement
The study was conducted in compliance with all the regulations
and recommendations stated in the European Union Directive
2010/63/EU. All animal procedures were approved by the Ethical
Committee of the Faculty of Medical Sciences, University of
Kragujevac (Permit Number: 01–6675).

Metabolic Parameters
Body weight and fasting glycemia, ketonuria, and glycosuria were
monitored for 21 days, every 72 h. The mice were made to fast for
4 h, and glucose levels (mmol/L) were measured using Accu-
Chek Performa Glucometer (Roche Diagnostics, Mannheim,
Germany). Ketonuria and glycosuria were measured using
qualitative test strips (Roche Diagnostics, Mannheim,
Germany). Insulin levels in the serum was measured using the
Mouse Insulin ELISA Kit (Cusabio Biotech, Wuhan, China) after
euthanizing the animals.

Histopathological Analyses
Pancreata were excised and placed in 10% buffered formaldehyde
fixative solution for 24 h at room temperature. Paraffin-
embedded pancreata sections (5 μm) were stained with
hematoxylin-eosin and were used for the analysis of
mononuclear infiltrates in the pancreatic islets by light
microscope (BX51; Olympus, Japan) using a magnification
lens of 40 X. The histological analysis of the distribution of
inflammatory cell infiltrate in pancreatic islets was performed
in blinded fashion by two observers (IP and NJ). Insulitis was
graded and a mean insulitis score was calculated as described
previously by Hall et al. (2008) according to the following scale:
grade 0 (no insulitis) � 0% infiltration within the islets; grade 1
(peri-insulitis) � 1–10% infiltration; grade 2 (moderate insulitis)
� 11–50% infiltration; or grade 4 (complete insulitis) � extensive
infiltration with few or no detectable pancreatic islet cells.
Quantification was performed using ImageJ software ( the
National Institutes of Health, Bethesda, MD, USA), on 10
fields/section. Results are presented as a percentage of the
affected area of the islet.

Immunohistochemistry
For immunohistochemical staining, we used paraffin-embedded
sections (5 μm) of the mouse pancreas tissue. Deparaffinized
tissue sections were incubated with primary mouse anti-
Galectin 3 antibody (ab53082, Abcam), anti-Caspase/3
antibody (ab184787, Abcam), anti-Ki-67 (ab16667, Abcam), or
insulin antibody (ab63820, Abcam). Staining was visualized by
using the mouse-specific HRP/DAB detection IHC kit (ab64259,
Abcam), and the sections were counterstained with Mayer’s
hematoxylin. The tissue slices were not consecutive, and the
analyzed islets were randomly chosen for each parameter. In
each analysis, islets with different insulitis score were randomly
included. The sections were photomicrographed with a digital
camera mounted on a light microscope (Olympus BX51, Japan),

digitized, and analyzed. Quantification was performed using
ImageJ software (National Institutes of Health, Bethesda, MD,
USA), on 10 fields/section. Scoring and histological analysis were
performed in blinded fashion by two independent observers.
Results are presented as a mean count of positive cells per
islet area or the percentage of islet area.

Isolation of Primary Mouse Islets of
Langerhans
Pancreatic islets were isolated from the TG and WT mice by
collagenase V digestion technique followed by handpicking (Li
et al., 2009). The number of islets isolated by handpicking was in
the range from 250 to 300 per animal, and there was no
difference between TG and WT mice. Islets were cultured
overnight in the RPMI-1640 medium containing 10% fetal
calf serum (FCS, PAA Chemicals, Pasching, Austria), 10 mM
HEPES, 5 mM 2-mercaptoethanol, 2 mM Lglutamine, 1 mM
sodium pyruvate, 100 IU/ml penicillin, and 100 mg/ml
streptomycin (culture medium) in a humidified (5% CO, 95%
air) atmosphere at 37°C. After recovery, the islets were
incubated in the culture medium in 24-well non-adhesive
culture plates.

Flow Cytometry Analysis
Pancreatic draining lymph nodes were removed, and single-cell
suspensions were obtained by mechanical disruption. After
removing pancreatic lymph nodes, the pancreas was processed
through three steps: in situ perfusion with collagenase, pancreatic
digestion, and isolation of the islets. The cells were separated as
described elsewhere and analyzed by flow cytofluorimetry (Li
et al., 2009) The isolated cells were stained with either
combinations of fluorochrome-labeled primary Abs or isotype
controls for 30 min at 4°C. For intracellular staining, the cells were
activated with PMA/ionomycin for 4 h and processed as
previously described (Foster et al., 2007). For annexin V and
PJ staining, the annexin kit was used (4830-01-K, Trevigen,
Gaithersburg, Md).

Cells were labeled with fluorochrome-conjugated
monoclonal antibodies: anti-mouse CD3 (FAB4841F, R&D
Systems, Minneapolis, MN), CD4 (130-102-597, MACS
Biotech and FAB554F, R&D Systems, Minneapolis, MN),
CD8 (130-102-468, MACS Biotech, Bergisch Gladbach,,
Germany and FAB116A, R&D Systems, Minneapolis, MN),
CCR6 (FAB5906, R&D Systems, Minneapolis, MN), CXCR3
(562152, BD Biosciences, Franklin Lakes, NJ), FoxP3 (130-
093-013, MACS Biotech, Bergisch Gladbach,, Germany), IL-10
(NBP1-00673PCP, NOVUS, Minneapolis, MN), F4/80
(FAB5580A, R&D Systems, Minneapolis, MN), MHCII (12-
53322-81, EBioscience, San Diego, CA), IL-17A (130-102-344,
MACS Biotech, Bergisch Gladbach,, Germany), INFγ
(RM9001, Invitrogen, Waltham, Mass), CD206 (FAB2535,
R&D Systems, Minneapolis, MN), TNFα (IC410F, R&D
Systems, Minneapolis, MN), IL-1β (IC4013P, R&D Systems,
Minneapolis, MN), CD11b (553312, BD Biosciences, Franklin
Lakes, NJ), Galectin 3 (130-101-312, MACS Biotech, Bergisch
Gladbach,, Germany), CD45 (561088, BD Biosciences,
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FIGURE 2 | Transgenically enhanced Gal-3 expression on β-cells improves the parameters of glucoregulation in the MLD–STZ model of type 1 diabetes.
Differences in the parameters of glucoregulation were observed after the administration of multiple low doses of streptozotocin. (A) There were no differences in body
weight and (B) the body weight gain expressed as percentage of initial body weight. (C) On the 20th day of the experiment, glycemia was significantly lower in mice with
transgenically enhanced galectin 3 expression on β-cells than in the control group. (D) Blood glucose level gain expressed as percentage of initial glycemia was
significantly lower in mice with the transgenically enhanced galectin 3 expression on β-cells than in the control group. (E) On the 20th day of the experiment, glycosuria
and (F) ketonuria were significantly lower in TG mice than in the WT mice. (G) The blood insulin level was significantly higher in TG mice, while the average glycemia was
significantly lower than in the WT group. Data from two experiments with 5–7 mice per group are shown as mean ± SEM; by the Mann-Whitney U test and independent-
sample Student’s t-test.
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Franklin Lakes, NJ), and GLUT-2 (FAB1440A, R & D Systems,
Minneapolis, MN). The cells were analyzed using a FACS
Calibur (BD Biosciences, Franklin Lakes, NJ) and FlowJo
software (Tree Star, Ashland, OR).

Statistical Analysis
Statistical analysis was performed using SPSS 22.0. All results are
expressed as mean ± SD. Statistical significance was determined
by the Mann–Whitney U test, and, where appropriate, student’s
independent t-test. A p value of ≤0.05 was considered statistically
significant.

RESULTS

TG Overexpression of Gal-3 in β cells Did
Not Affect Islets Biology in Untreated
Animals
We analyzed the influence of Gal-3 overexpression on islets
size, number, and morphology. The approximate number of
isolated islets was 250–300 per animal, and there was no
difference between TG and WT groups. Also, there was no
difference in the average radius of the islets between two
cohorts (248 ± 84 μm vs. 257 ± 97 μm, respectively). The
isolated islets from both groups had a morphology of healthy
islets. Immunohistochemical analysis demonstrated that the
number of Gal-3 immunoreactive cells was significantly
higher in untreated TG mice than in WT (p � 0.008,
Figure 1 panel A). There was no difference in the level of
secreted Gal-3 in sera (Figure 1 panel B). Flow cytometry
analysis demonstrated that the intracellular expression of
Gal-3 was significantly higher in Glut-2+ beta cells of TG
mice (Figure 1 panel C). Overexpression of galectin 3 in the
pancreatic beta cells was confirmed with a 591-bp PCR
product visualized on agarose gel (Figure 1 panel D).
Next, we analyzed the expression of molecules responsible
for apoptosis in untreated animals. There was no difference
in the number of caspase-3 immunoreactive cells in the islets
(Figure 1 panel E). Likewise, there was no difference in the
relative expression of Bcl-2 and BAX mRNA in isolated islets
of TG and WT mice (Figure 1 panel F). By the Annexin V/PI
staining of cells from isolated islets, we demonstrated that
there was no difference between the percentages of viable and
apoptotic cells (Figure 1 panel G). Also, there was no
difference in the number of Ki-67 immunoreactive cells in
the pancreata (Figure 1 panel H).

TG Overexpression of Gal-3 in β Cells
Improves Metabolic Parameters in
MLD–STZ–Induced Diabetes.
We compared MLD–STZ–induced diabetes in WT and the
mice with TG overexpressed Gal-3 in β cells. There was no
significant difference in body weight and body weight gain
between the control TG and WT animals. Similarly, there was

no difference in these parameters between two cohorts treated
with MLD–STZ (Figure 2 panels A, B). Importantly, on the
day 20, at the end of the experiment, blood glucose level was
significantly lower in MLD–STZ–treated TG mice than in the
treated WT control (Figure 2 panels C, D). By that time,
glycosuria and ketonuria were also significantly lower in
MLD–STZ–treated TG mice than in the WT mice (p � 0.05,
Figure 2 panels E, F). As seen in Figure 2, panel G, blood
insulin level is inversely correlated with the blood glucose level
that was significantly higher in TG mice (p � 0.008, Figure 1,
panel G).

TG Overexpression of Gal-3 in β-cells
Attenuates Insulitis
Figure 1A illustrates the histology of the islets in four groups of
animals. The first and second panels of Figure 3A illustrate the
structure of normal islets. There was a striking difference
between TG and WT animals treated with MLD–STZ. While
in TG animals we have seen only single-cell peripheral
insulitis, in WT mice, there was a typical accumulation of
mononuclear cells as well as single mononuclear cells
throughout the islets. Panel B presents the results of the
analysis of the number of islets with infiltration of
mononuclear cells. This analysis revealed a lower
percentage of islets with large infiltrates in TG mice than
in WT mice. Therefore, the cumulative average infiltration of
mononuclear cells was lower in TG mice than in WT mice
(p � 0.024, Figure 3 panels A and B). Expression of caspase-3
increased in both groups compared to the untreated control
but was significantly lower in TG mice (p � 0.05, Figure 3
panel C). Also, the percentage of the islets area
immunoreactive to insulin decreased in both treated
groups compared to the control and was significantly
lower in WT mice than in TG mice (p � 0.000, Figure 3
panel D).

TG Overexpression of Gal-3 in β cells
Decreases the Frequencies of
Pro-Inflammatory Cells in the Islets
In order to investigate the effects of Gal-3 overexpression in β
cells on cellular make up of inflammatory infiltrates, we
performed a phenotypic analysis of the mononuclear cells
in the islets. There was a similar number of mononuclear cells
and the percentage of total CD4+ T lymphocytes (Figure 4
panel A), with a significantly lower percentage of pro-
inflammatory CD4+CXCR3+ Th1 cells (p � 0.029) in islets
of TG mice than in the WT (Figure 4 panel B). Also, the
percentage of CD4+CCR6+ Th17 cells was significantly lower
in TG mice (Figure 4 panel C; p � 0.029). The percentage of
CD8+ T cells and percentage of effector CD8+CXCR3+ T cells
were significantly lower in TG mice than in WT mice
(Figure 4 panel D, E; p � 0.029 and p � 0.009,
respectively). Further analysis showed that the percentage
of regulatory FoxP3+ T cells and the percentage of ST2+
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regulatory FoxP3+ cells was also lower in TG mice than in the
WT mice (Figure 4 panel F, G; p � 0.029).

TG Overexpression of Gal-3 in β Cells
Decreases the Number of Pro-Inflammatory
Cells in Draining Pancreatic Lymph Nodes
Antigen(s) released after initial β cell destruction with low
dose of STZ stimulate inflammatory cells in the draining
pancreatic lymph nodes (Hall et al., 2008; Li et al., 2009). We
analyzed whether Gal-3 expression on β cells affects the
percentage of inflammatory cells in the lymph node. There
was no difference in the number and percentage of CD3+

cells. However, there was a significantly lower percentage of

CD8+ T lymphocytes (p � 0.04) with a lower percentage and
number of effectors CD8+ IFNγ+ cells (p � 0.031, p � 0.007,
respectively) in TG mice than in the WT mice
(Supplementary Material S2 panels B and C). There were
also a significantly lower percentage and number of CD4+

helper T lymphocytes (p � 0.04 and p � 0.046, respectively)
with a significantly lower number of CD4+ IFNγ+ T cells (p �
0.003) (Supplementary Material S2 panels D and E). A
significantly lower number of CD11b+ monocytes (p �
0.006) and number of pro-inflammatory CD11b+ TNF-α+
monocytes (p � 0.031) as well as the number of F4/80+

macrophages (p � 0.008), and pro-inflammatory F4/80+

IL-6+ macrophages (p � 0.017) were found in the
pancreatic lymph nodes of TG mice (Supplementary

FIGURE 3 | Transgenically enhanced Gal-3 expression in β-cells attenuates inflammation and insulitis. Differences in islet inflammation and insulitis severity
were observed after the administration of multiple low doses of streptozotocin. (A) Representative photomicrographs of H&E staining. Average size of the
mononuclear infiltrate expressed as a percentage of islet area. (B) Histology of the islet showed a significantly lower influx of mononuclear cells in TG mice in
comparison with the WT group. (C) Immunohistochemical expression of caspase-3+ cells in islets was significantly lower in TG STZ mice. (D)
Immunohistochemical expression of insulin + cells in islets were significantly higher in TG STZ mice. The analysis was performed by a light microscope using a
magnifying lens of 40 X. Data from two individual experiments with at least 5–7 mice per group are shown as mean ± SD and compared by the paired t-test or
Mann–Whitney test.
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FIGURE 4 | Transgenically enhanced Gal-3 expression on β-cells decreases the percentage of pro-inflammatory cells in pancreatic islets. Phenotypic
characteristics of cells in pancreatic islets. Percentage of pro-inflammatory and regulatory cells. The percentages and representative dot and contour plots
of (A) CD4+ cells, (B) CD4+CXCR3+ cells, (C) CD4+CCR6+ cells, (D) CD8+ cells, (E) CD8+CXCR3+ cells (F) CD4+FoxP3+ cells, and (G)
CD4+FoxP3+ST2+. Data from two individual experiments with at least 5–7 mice per group are shown as mean ± SD and compared by the paired t-test
or Mann–Whitney test.
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FIGURE 5 | Application of IL-33 (12–18 days) significantly increased the number of Foxp3+ cells in draining pancreatic lymph nodes of TG mice.
Differences in number of regulatory and pro-inflammatory cells were observed after administration of multiple low doses of streptozotocin. The percentage,
total number, and representative dot plots of (A) CD4+ cells, (B) CD4+IFN-γ+ cells, (C) CD4+Foxp3+ cells, (D) CD4+Foxp3+ST2+ cells, and (E) CD8+ cells.
Data from two individual experiments with at least 5–7 mice per group are shown as mean ± SD and compared by the paired t-test or
Mann–Whitney test.
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Material S2 panels F–I). Thus, the downregulation of
inflammatory cells in the pancreatic lymph nodes
correlated with the protective effect of overexpressed Gal-3
in pancreatic β cells.

Exogenous IL-33 Enhances the Number of
Tregs in Pancreatic Lymph Nodes of TG
Mice
We have shown previously that IL-33 exhibit complete
protection of MLD–STZ diabetes if given from the beginning
of the disease induction (Pavlovic et al., 2018). However, IL-33
treatment was much less effective if given after the diabetes
onset or if applied in NOD mice (Pavlovic et al., 2018). Since
Gal-3 overexpression did not affect regulatory T cells in
MLD–STZ diabetes in TG mice, we investigated whether the
stability of the islet cells and the possible lower level of
diabetogenic effect were affected by IL-33. The number of

total CD4+(p � 0.046) and effector CD4+INF-γ+ (p � 0.029)
cells was higher in mice not treated with IL-33 (Figure 5 panels
A, B). As shown in Figure 5, IL-33 increases the number of
FoxP3+ T-regulatory cells (p � 0.001) even if given late after the
disease onset (Figure 5, panel C). Also, the number of ST2+

FoxP3+ regulatory cells was dramatically higher in TG mice (p �
0.000) (Figure 5, panel D).

Exogenous IL-33 Enhances Protective
Effect of Gal-3 Overexpression in the Islets
Delayed application of IL-33 after MLD–STZ diabetes induction
was not very effective (Pavlovic et al., 2018). Therefore, we tested
the combined effect of the delayed, therapeutic administration of
IL-33 and Gal-3 overexpression in β cells. As shown in Figure 6,
this delayed administration of IL-33 was dramatically more
effective in TG Gal-3 mice when compared with the effect in
WT mice. Thus, inherent protection from apoptosis, combined

FIGURE 6 | Application of exogenous IL-33 on 12–18 days attenuates the development of hyperglycemia, glycosuria, ketonuria, and hyperglycemia during ipGTT.
(A) There were no differences in body weight in between TG and WT mice. (B) Fasting glycemia was significantly lower in TG mice than in the WT mice. (C) Glycosuria
was significantly lower in TGmice after the application of IL-33 than in theWT group. (D) Ketonuria was significantly lower in TGmice than in theWTmice. (E)Glycemia in
ipGTT was significantly lower in TG mice than in the WT mice. Data from two individual experiments with at least 5–7 mice per group are shown as mean ± SD and
compared by the paired t-test or Mann–Whitney test.
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with the expansion of regulatory FoxP3+ T cells favorably
influenced glycoregulation by significantly suppressing fasting
glycemia (Figure 6B), glycosuria (Figure 6C), ketonuria
(Figure 6D), and glucose tolerance (Figure 6E).

DISCUSSION

In this article, we have shown that the enhanced Gal-3 expression
in β cells shield those cells from immune-mediated damage.
These effects are accompanied by the changes in inflammatory
cellular composition in the pancreatic drainage lymph nodes as
well as in pancreatic islets. The enrichment of regulatory T cells
by IL-33, during the development of the disease, demonstrates a
synergistic antidiabetic effect with an enhanced Gal-3 expression
in β cells.

To study the effect of enhanced Gal-3 expression in β cells in
vivo on their function in T1DM, we used the experimental model
of MLD–STZ diabetes. In the cells, Gal-3 binding to the ligand
with its N-terminal domain is at variance with the extracellular
Gal-3 use of CRD domain in the induction of inflammation
(Nieminen et al., 2005; Robinson et al., 2019).

Normally, in cells, Gal-3 is predominantly found in the
cytoplasm (Haudek et al., 2010). It is compounded by the
similarity of a part of Gal-3 molecule to the Bcl molecule,
which allowed Gal-3 to have an anti-apoptotic effect. In this
way Gal-3 can prevent the fatal damage of mitochondria, which
further increases the survival chances of cells. This effect directly
decreased the intrinsic pathway of cell apoptosis and prolongs

their life, allowing better function (Haudek et al., 2010;
Harazono et al., 2014). Gal-3 is also considered a potential
damage-associated molecular pattern (DAMP) (Sato et al.,
2009).

In T cell–mediated autoimmune diseases, the role of Gal-3
appears controversial. Gal-3 knock-out mice display clearly
diminished macrophages and T-cell infiltration, and therefore
lesser disease severity (Jiang et al., 2009). It has also been shown
that Gal-3 deficiency supports the survival and function of beta
cells, comprised by the combined effects of TNF-α, IFN-γ, and IL-
1β in vitro (Saksida et al., 2013). However, it is not clear whether
the lack of membranous or intracellular Gal-3 is responsible for
this in vitro effect. However, the investigation of the role of Gal-3
in the CNS has shown that Gal-3 expression is upregulated in
microglia and supports the idea that Gal-3 is a modulator of
microglia response to favor the onset of remyelination and
oligodendrocyte differentiation (Hoyous et al., 2014). Further,
Gal-3 knock-out mice submitted to cuprizone-induced
demyelination exhibit higher microglial proliferation and
apoptosis as evidenced by the increased activation of caspase-3
which may respond to the well-established Gal-3 anti-apoptotic
role (Yang et al., 1996). Thus, it appears that the localization of
Gal-3 in the cell and on the cell surface may lead to a different
outcomes and cell apoptosis.

We showed that fasting hyperglycemia, ketonuria, and
glycosuria are not seen in TG mice and that the TG mice had
significantly more insulinemia than WT mice at the end of the
experiment (Figure 2). We have previously shown that the
disruption of the Gal-3 gene results in decreased susceptibility

FIGURE 7 | Combined effect of intracellular galectin-3 and IL-33 in STZ-induced diabetes. (A)Overexpression of intracellular galectin-3 on beta cells increases the
resistance to apoptosis and STZ-induced release of autoantigen. (B) Exogenous IL-33 increases the number of regulatory T cells and reduces the number of effector
CD4+ and CD8+ cells.
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to MLD–STZ–induced diabetes (Mensah–Brown et al., 2009).
This effect is due to the lack of CRD domain leading to the
extracellular binding of Gal-3 on antigen-presenting cells and
macrophages, and their inflammatory effects. Thus, we assumed
that the Gal-3 effect on immune cells did not overcome its anti-
apoptotic effect of intracellular Gal-3 in β cells (Yang et al., 1996;
Joo et al., 2001; Hsu et al., 2009). Better glycoregulation in TG
mice correlates with significantly lower islet infiltration by
immune cells (Figure 2 panel A, B, C). INF-γ and TNF-α are
major players in β-cell destruction (Rabinovitch and Suarez-
Pinzon, 2003). These cytokines are mainly produced by Th1
cells and macrophages (Rabinovitch, 2003). Additionally, IL-17 is
involved in organ-specific autoimmunity (Zhu and Qian, 2012),
including diabetes (Honkanen et al., 2010; Li et al., 2014). The
involvement of CD8+ T cells in T1DM is also postulated in
humans (Pinkse et al., 2005; Coppieters et al., 2012) and in mice
(Yoneda et al., 1997; Wong et al., 2006). The production of all
cytokines relevant for the development of T1DM is attenuated in
TG mice.

The presence of FoxP3+ cells was also increased in TG mice,
but the ratio of inflammatory and regulatory cells in the islets
were lower in TG mice. In the pancreatic lymph nodes, the
number of macrophages and pro-inflammatory accessory cells
were also lower in TGmice. Thus, overall binding of Gal-3 in the
β cells in TG mice via N-terminal domain, overcome pro-
inflammatory effects on antigen presenting and effector
immune cells dependent on CRD domain. Analysis of
phenotypic characteristics of infiltrating islet cells revealed
significantly fewer prodiabetogenic cells in the islets of TG
mice. This is especially pronounced in the number and
percentage of Th1 and Th17 cells as well as total and
activated cytotoxic T cells (Figure 3 panels B, C, D, and E).

Our study also showed that the administration of IL-33 after
the onset of hyperglycemia has a therapeutic effect in TG mice
which was not seen in WT mice. TG mice treated with IL-33
(12–18 days of experiment) were more resistant to
MLD–STZ–induced diabetes as evaluated by all metabolic
parameters (Figure 6 panel A, B, C, D), particularly in the
glucose tolerance test (Figure 6 panel E), compared to the TG
mice without IL-33 treatment. We also showed the increase in
percentage and the number of regulatory T cells in draining
pancreatic lymph nodes (Figure 5 panel C) and lower total pro-
inflammatory cells (Figure 5 panel B, Figure 7). Several authors
including us (Pavlovic et al., 2018; Lu et al., 2019; Desbois et al.,
2020; Lu et al., 2020) have shown that the administration of IL-33
had a significant effect on the increased regulatory FoxP3+ cells,
which suppress autoimmune diseases including the MLD–STZ
diabetes (Pavlovic et al., 2018).

Figure 7 depicts the combined effects of overexpressed Gal-3
and the administration of exogenous IL-33 on the development
of hyperglycemia and diabetic state. Overexpression of
intracellular Gal-3 downregulates apoptosis (Figure 7A),
while IL-33, by stimulating regulatory T cells, downplays islet
inflammation and beta-cell loss induced by CD4+ and CD8+

cells and their pro-inflammatory mediators (Figure 7B). Thus,
in this article, we provided evidence that not only the enhanced

expression of Gal-3 in β cells reduced T cell–mediated
autoimmune inflammatory disease but also that exogenous
IL-33 application had a powerful therapeutic effect in TG
mice. Furthermore, the Gal-3 overexpression in β cells
significantly reduced mononuclear infiltration in the islets,
and IL-33 enhanced this effect.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethical
Committee of the Faculty of Medical Sciences, University of
Kragujevac (Permit Number: 01–6675).

AUTHOR CONTRIBUTIONS

IP, NP, BL, SP, MK, IJ, and NJ performed experiments, did the
statistical analyses, and participated in data interpretation. IP, NJ,
BL, IS, VJ, and ML analyzed data, did the statistical analyses, and
participated in data interpretation. ML, NP, and NJ conceived
and designed experiments. ML, AD, NP, IP, IS, and NJ wrote the
article. All authors gave final approval of the version to be
published and are responsible for the integrity of the work as
a whole.

FUNDING

This work was supported by grant from the Swiss National
Science Foundation (Project No. IZ73Z0_152407) to ML, by
Faculty of Medical Sciences, University of Kragujevac, Serbia
(JP13-17), and Ministry of Education, Science, and
Technological Development of the Republic of Serbia
(Project No.175071, Faculty of Medical Sciences, University
of Kragujevac, Serbia).

ACKNOWLEDGMENTS

The authors would like to thank Prof. Bernard Thorens (Center for
Integrative Genomics, University of Lausanne) for providing us with
transgenic and wild-type mice.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.714683/
full#supplementary-material

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 71468312

Jovicic et al. Galectin-3 and IL-33 in T1DM

https://www.frontiersin.org/articles/10.3389/fphar.2021.714683/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.714683/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Akahani, S., Nangia-Makker, P., Inohara, H., Kim, H. R., and Raz, A. (1997).
Galectin-3: a Novel Anti-apoptotic Molecule with a Functional BH1 (NWGR)
Domain of Bcl-2 Family. Cancer Res. 57, 5272–5276.

Almkvist, J., and Karlsson, A. (2002). Galectins as Inflammatory Mediators.
Glycoconj. J. 19, 575–581. doi:10.1023/B:GLYC.0000014088.21242.e0

Cayrol, C., and Girard, J. P. (2018). Interleukin-33 (IL-33): A Nuclear Cytokine
from the IL-1 Family. Immunol. Rev. 281, 154–168. doi:10.1111/imr.12619

Cnop, M., Welsh, N., Jonas, J. C., Jörns, A., Lenzen, S., and Eizirik, D. L. (2005).
Mechanisms of Pancreatic Beta-Cell Death in Type 1 and Type 2 Diabetes:
many Differences, Few Similarities.Diabetes 54 Suppl 2, S97–S107. doi:10.2337/
diabetes.54.suppl_2.s97

Coppieters, K. T., Dotta, F., Amirian, N., Campbell, P. D., Kay, T. W., Atkinson, M.
A., et al. (2012). Demonstration of Islet-Autoreactive CD8 T Cells in Insulitic
Lesions from Recent Onset and Long-Term Type 1 Diabetes Patients. J. Exp.
Med. 209, 51–60. doi:10.1084/jem.20111187

de Oliveira, F. L., Gatto, M., Bassi, N., Luisetto, R., Ghirardello, A., Punzi, L.,
et al. (2015). Galectin-3 in Autoimmunity and Autoimmune Diseases.
Exp. Biol. Med. (Maywood) 240, 1019–1028. doi:10.1177/
1535370215593826

Desbois, A. C., Cacoub, P., Leroyer, A. S., Tellier, E., Garrido, M., Maciejewski-
Duval, A., et al. (2020). Immunomodulatory Role of Interleukin-33 in Large
Vessel Vasculitis. Sci. Rep. 10, 6405–6411. doi:10.1038/s41598-020-63042-3

Eizirik, D. L., and Mandrup-Poulsen, T. (2001). A Choice of Death-Tthe Signal-
Transduction of Immune-Mediated Beta-Cell Apoptosis. Diabetologia 44,
2115–2133. doi:10.1007/s001250100021

Foster, B., Prussin, C., Liu, F., Whitmire, J. K., and Whitton, J. L. (2007). Detection
of Intracellular Cytokines by Flow Cytometry. Curr. Protoc. Immunol. 6, 24.
21–24. doi:10.1002/0471142735.im0624s78

Fukumori, T., Oka, N., Takenaka, Y., Nangia-Makker, P., Elsamman, E., Kasai, T.,
et al. (2006). Galectin-3 Regulates Mitochondrial Stability and Anti-apoptotic
Function in Response to Anticancer Drug in Prostate Cancer. Cancer Res. 66,
3114–3119. doi:10.1158/0008-5472.CAN-05-3750

Gaglia, J. L., Guimaraes, A. R., Harisinghani, M., Turvey, S. E., Jackson, R., Benoist,
C., et al. (2011). Noninvasive Imaging of Pancreatic Islet Inflammation in Type
1A Diabetes Patients. J. Clin. Invest. 121, 442–445. doi:10.1172/JCI44339

Hall, T. R., Bogdani, M., LeBoeuf, R. C., Kirk, E. A., Maziarz, M., Banga, J. P.,
et al. (2008). Modulation of Diabetes in NOD Mice by GAD65-specific
Monoclonal Antibodies Is Epitope Specific and Accompanied by Anti-
idiotypic Antibodies. Immunology 123, 547–554. doi:10.1111/j.1365-
2567.2007.02724.x

Harazono, Y., Kho, D. H., Balan, V., Nakajima, K., Zhang, T., Hogan, V., et al.
(2014). Galectin-3 Leads to Attenuation of Apoptosis through Bax
Heterodimerization in Human Thyroid Carcinoma Cells. Oncotarget 5,
9992–10001. doi:10.18632/oncotarget.2486

Haudek, K. C., Spronk, K. J., Voss, P. G., Patterson, R. J., Wang, J. L., and Arnoys, E.
J. (2010). Dynamics of Galectin-3 in the Nucleus and Cytoplasm. Biochim.
Biophys. Acta 1800, 181–189. doi:10.1016/j.bbagen.2009.07.005

Honkanen, J., Nieminen, J. K., Gao, R., Luopajarvi, K., Salo, H. M., Ilonen, J., et al.
(2010). IL-17 Immunity in Human Type 1 Diabetes. J. Immunol. 185,
1959–1967. doi:10.4049/jimmunol.1000788

Hoyos, H. C., Rinaldi, M., Mendez-Huergo, S. P., Marder, M., Rabinovich, G. A.,
Pasquini, J. M., et al. (2014). Galectin-3 Controls the Response of Microglial
Cells to Limit Cuprizone-Induced Demyelination. Neurobiol. Dis. 62, 441–455.
doi:10.1016/j.nbd.2013.10.023

Hsu, D. K., Chen, H. Y., and Liu, F. T. (2009). Galectin-3 Regulates T-Cell
Functions. Immunol. Rev. 230, 114–127. doi:10.1111/j.1600-065X.2009.00798.x

Ikemori, R. Y., Machado, C. M., Furuzawa, K. M., Nonogaki, S., Osinaga, E.,
Umezawa, K., et al. (2014). Galectin-3 Up-Regulation in Hypoxic and Nutrient
Deprived Microenvironments Promotes Cell Survival. PLoS One 9, e111592.
doi:10.1371/journal.pone.0111592

Ilonen, J., Lempainen, J., and Veijola, R. (2019). The Heterogeneous Pathogenesis
of Type 1 Diabetes Mellitus. Nat. Rev. Endocrinol. 15, 635–650. doi:10.1038/
s41574-019-0254-y

Jiang, H. R., Al Rasebi, Z., Mensah-Brown, E., Shahin, A., Xu, D., Goodyear, C. S.,
et al. (2009). Galectin-3 Deficiency Reduces the Severity of Experimental

Autoimmune Encephalomyelitis. J. Immunol. 182 (2), 1167–1173.
doi:10.4049/jimmunol.182.2.1167

Joo, H. G., Goedegebuure, P. S., Sadanaga, N., Nagoshi, M., Von Bernstorff, W., and
Eberlein, T. J. (2001). Expression and Function of Galectin-3, a Beta-
Galactoside-Binding Protein in Activated T Lymphocytes. J. Leukoc. Biol.
69, 555–564.

Katsarou, A., Gudbjörnsdottir, S., Rawshani, A., Dabelea, D., Bonifacio, E.,
Anderson, B. J., et al. (2017). Type 1 Diabetes Mellitus. Nat. Rev. Dis.
Primers. 3, 17016–17017. doi:10.1038/nrdp.2017.16

Li, C. R., Mueller, E. E., and Bradley, L. M. (2014). Islet Antigen-specific Th17 Cells
Can Induce TNF-α-dependent Autoimmune Diabetes. J. Immunol. 192,
1425–1432. doi:10.4049/jimmunol.1301742

Li, D. S., Yuan, Y. H., Tu, H. J., Liang, Q. L., and Dai, L. J. (2009). A Protocol for Islet
Isolation from Mouse Pancreas. Nat. Protoc. 4, 1649–1652. doi:10.1038/
nprot.2009.150

Li, P., Liu, S., Lu, M., Bandyopadhyay, G., Oh, D., Imamura, T., et al. (2016).
Hematopoietic-derived Galectin-3 Causes Cellular and Systemic Insulin
Resistance. Cell 167, 973–e12. doi:10.1016/j.cell.2016.10.025

Liu, F. T., and Rabinovich, G. A. (2005). Galectins as Modulators of Tumour
Progression. Nat. Rev. Cancer 5, 29–41. doi:10.1038/nrc1527

Lu, J., Liang, Y., Zhao, J., Meng, H., and Zhang, X. (2019). Interleukin-33 Prevents
the Development of Autoimmune Diabetes in NOD Mice. Int.
Immunopharmacol 70, 9–15. doi:10.1016/j.intimp.2019.02.018

Lu, J., Liu, J., Li, L., Lan, Y., and Liang, Y. (2020). Cytokines in Type 1 Diabetes:
Mechanisms of Action and Immunotherapeutic Targets. Clin. Transl. Immunol.
9, e1122. doi:10.1002/cti2.1122

Lukic, M. L., Stosic-Grujicic, S., Ostojic, N., Chan, W. L., and Liew, F. Y.
(1991). Inhibition of Nitric Oxide Generation Affects the Induction of
Diabetes by Streptozocin in Mice. Biochem. Biophys. Res. Commun. 178,
913–920. doi:10.1016/0006-291x(91)90978-g

Mensah-Brown, E. P., Al Rabesi, Z., Shahin, A., Al Shamsi, M., Arsenijevic, N., Hsu,
D. K., et al. (2009). Targeted Disruption of the Galectin-3 Gene Results in
Decreased Susceptibility to Multiple Low Dose Streptozotocin-Induced
Diabetes in Mice. Clin. Immunol. 130, 83–88. doi:10.1016/j.clim.2008.08.024

Nieminen, J., St-Pierre, C., and Sato, S. (2005). Galectin-3 Interacts with Naive and
Primed Neutrophils, Inducing Innate Immune Responses. J. Leukoc. Biol. 78,
1127–1135. doi:10.1189/jlb.1204702

Ochieng, J., Furtak, V., and Lukyanov, P. (2002). Extracellular Functions of
Galectin-3. Glycoconj. J. 19, 527–535. doi:10.1023/B:
GLYC.0000014082.99675.2f

Pavlovic, S., Petrovic, I., Jovicic, N., Ljujic, B., Miletic Kovacevic, M., Arsenijevic,
N., et al. (2018). IL-33 Prevents MLD–STZ Induction of Diabetes and Attenuate
Insulitis in Prediabetic NOD Mice. Front. Immunol. 9, 2646. doi:10.3389/
fimmu.2018.02646

Pearl-Yafe, M., Kaminitz, A., Yolcu, E. S., Yaniv, I., Stein, J., and Askenasy, N.
(2007). Pancreatic Islets under Attack: Cellular and Molecular Effectors. Curr.
Pharm. Des. 13, 749–760. doi:10.2174/138161207780249155

Petrovic, I., Pejnovic, N., Ljujic, B., Pavlovic, S., Miletic Kovacevic, M., Jeftic, I., et al.
(2020). Overexpression of Galectin 3 in Pancreatic β Cells Amplifies β-Cell
Apoptosis and Islet Inflammation in Type-2 Diabetes in Mice. Front.
Endocrinol. (Lausanne) 11, 30. doi:10.3389/fendo.2020.00030

Phillips, B. E., Garciafigueroa, Y., Engman, C., Trucco, M., and Giannoukakis, N.
(2019). Tolerogenic Dendritic Cells and T-Regulatory Cells at the Clinical Trials
Crossroad for the Treatment of Autoimmune Disease; Emphasis on Type 1
Diabetes Therapy. Front. Immunol. 10, 148. doi:10.3389/fimmu.2019.00148

Pinkse, G. G., Tysma, O. H., Bergen, C. A., Kester, M. G., Ossendorp, F., van
Veelen, P. A., et al. (2005). Autoreactive CD8 T Cells Associated with Beta Cell
Destruction in Type 1 Diabetes. Proc. Natl. Acad. Sci. U S A. 102, 18425–18430.
doi:10.1073/pnas.0508621102

Rabinovitch, A. (2003). Immunoregulation by Cytokines in Autoimmune Diabetes.
Adv. Exp. Med. Biol. 520, 159–193. doi:10.1007/978-1-4615-0171-8_10

Rabinovitch, A., and Suarez-Pinzon, W. L. (2003). Role of Cytokines in the
Pathogenesis of Autoimmune Diabetes Mellitus. Rev. Endocr. Metab. Disord.
4, 291–299. doi:10.1023/a:1025160614313

Robinson, B. S., Arthur, C. M., Evavold, B., Roback, E., Kamili, N. A., Stowell, C. S.,
et al. (2019). The Sweet-Side of Leukocytes: Galectins as Master Regulators of
Neutrophil Function. Front. Immunol. 10, 1762. doi:10.3389/
fimmu.2019.01762

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 71468313

Jovicic et al. Galectin-3 and IL-33 in T1DM

https://doi.org/10.1023/B:GLYC.0000014088.21242.e0
https://doi.org/10.1111/imr.12619
https://doi.org/10.2337/diabetes.54.suppl_2.s97
https://doi.org/10.2337/diabetes.54.suppl_2.s97
https://doi.org/10.1084/jem.20111187
https://doi.org/10.1177/1535370215593826
https://doi.org/10.1177/1535370215593826
https://doi.org/10.1038/s41598-020-63042-3
https://doi.org/10.1007/s001250100021
https://doi.org/10.1002/0471142735.im0624s78
https://doi.org/10.1158/0008-5472.CAN-05-3750
https://doi.org/10.1172/JCI44339
https://doi.org/10.1111/j.1365-2567.2007.02724.x
https://doi.org/10.1111/j.1365-2567.2007.02724.x
https://doi.org/10.18632/oncotarget.2486
https://doi.org/10.1016/j.bbagen.2009.07.005
https://doi.org/10.4049/jimmunol.1000788
https://doi.org/10.1016/j.nbd.2013.10.023
https://doi.org/10.1111/j.1600-065X.2009.00798.x
https://doi.org/10.1371/journal.pone.0111592
https://doi.org/10.1038/s41574-019-0254-y
https://doi.org/10.1038/s41574-019-0254-y
https://doi.org/10.4049/jimmunol.182.2.1167
https://doi.org/10.1038/nrdp.2017.16
https://doi.org/10.4049/jimmunol.1301742
https://doi.org/10.1038/nprot.2009.150
https://doi.org/10.1038/nprot.2009.150
https://doi.org/10.1016/j.cell.2016.10.025
https://doi.org/10.1038/nrc1527
https://doi.org/10.1016/j.intimp.2019.02.018
https://doi.org/10.1002/cti2.1122
https://doi.org/10.1016/0006-291x(91)90978-g
https://doi.org/10.1016/j.clim.2008.08.024
https://doi.org/10.1189/jlb.1204702
https://doi.org/10.1023/B:GLYC.0000014082.99675.2f
https://doi.org/10.1023/B:GLYC.0000014082.99675.2f
https://doi.org/10.3389/fimmu.2018.02646
https://doi.org/10.3389/fimmu.2018.02646
https://doi.org/10.2174/138161207780249155
https://doi.org/10.3389/fendo.2020.00030
https://doi.org/10.3389/fimmu.2019.00148
https://doi.org/10.1073/pnas.0508621102
https://doi.org/10.1007/978-1-4615-0171-8_10
https://doi.org/10.1023/a:1025160614313
https://doi.org/10.3389/fimmu.2019.01762
https://doi.org/10.3389/fimmu.2019.01762
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Roep, B. O. (2008). Islet Autoreactive CD8 T-Cells in Type 1 Diabetes: Licensed to
Kill. Diabetes 57, 1156. doi:10.2337/db08-0264

Saksida, T., Nikolic, I., Vujicic, M., Nilsson, U. J., Leffler, H., Lukic, M. L., et al. (2013).
Galectin-3 Deficiency Protects Pancreatic Islet Cells from Cytokine-Triggered
Apoptosis In Vitro. J. Cel Physiol 228 (7), 1568–1576. doi:10.1002/jcp.24318

Sato, S., St-Pierre, C., Bhaumik, P., and Nieminen, J. (2009). Galectins in Innate
Immunity: Dual Functions of Host Soluble β-galactoside-binding Lectins as
Damage-Associated Molecular Patterns (DAMPs) and as Receptors for
Pathogen-Associated Molecular Patterns (PAMPs). Immunol. Rev. 230,
172–187. doi:10.1111/j.1600-065x.2009.00790.x

Srejovic, I. M., and Lukic, M. L. (2021). Galectin-3 in T Cell-Mediated
Immunopathology and Autoimmunity. Immunol. Lett. 233, 57–67.
doi:10.1016/j.imlet.2021.03.009

Thorens, B., Guillam,M.T., Beermann, F., Burcelin, R., and Jaquet,M. (2000). Transgenic
Reexpression of GLUT1 or GLUT2 in Pancreatic Beta Cells Rescues GLUT2-Null
Mice from Early Death and Restores normal Glucose-Stimulated Insulin Secretion.
J. Biol. Chem. 275, 23751–23758. doi:10.1074/jbc.M002908200

Tsai, S., Shameli, A., and Santamaria, P. (2008). CD8+ T Cells in Type 1 Diabetes.
Adv. Immunol. 100, 79–124. doi:10.1016/S0065-2776(08)00804-3

Willcox, A., Richardson, S. J., Bone, A. J., Foulis, A. K., and Morgan, N. G. (2009).
Analysis of Islet Inflammation in Human Type 1 Diabetes. Clin. Exp. Immunol.
155, 173–181. doi:10.1111/j.1365-2249.2008.03860.x

Wong, F. S., Visintin, I., Wen, L., Flavell, R. A., and Janeway, C. A., Jr (1996).
CD8 T Cell Clones from Young Nonobese Diabetic (NOD) Islets Can
Transfer Rapid Onset of Diabetes in NOD Mice in the Absence of CD4
Cells. J. Exp. Med. 183, 67–76. doi:10.1084/jem.183.1.67

Yang, R. Y., Hsu, D. K., and Liu, F. T. (1996). Expression of Galectin-3 Modulates
T-Cell Growth and Apoptosis. Proc. Natl. Acad. Sci. U S A. 93, 6737–6742.
doi:10.1073/pnas.93.13.6737

Yoneda, R., Yokono, K., Nagata, M., Tominaga, Y., Moriyama, H., Tsukamoto, K., et al.
(1997). CD8 Cytotoxic T-Cell Clone Rapidly Transfers Autoimmune Diabetes in
Very Young NOD and MHC Class I-Compatible Scid Mice. Diabetologia 40,
1044–1052. doi:10.1007/s001250050786

Yoshii, T., Fukumori, T., Honjo, Y., Inohara, H., Kim, H. R., and Raz, A. (2002).
Galectin-3 Phosphorylation Is Required for its Anti-apoptotic Function and Cell
Cycle Arrest. J. Biol. Chem. 277, 6852–6857. doi:10.1074/jbc.M107668200

Zhu, S., and Qian, Y. (2012). IL-17/IL-17 Receptor System in Autoimmune
Disease: Mechanisms and Therapeutic Potential. Clin. Sci. (Lond) 122,
487–511. doi:10.1042/CS20110496

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Jovicic, Petrovic, Pejnovic, Ljujic, Miletic Kovacevic, Pavlovic,
Jeftic, Djukic, Srejovic, Jakovljevic and Lukic. 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.

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 71468314

Jovicic et al. Galectin-3 and IL-33 in T1DM

https://doi.org/10.2337/db08-0264
https://doi.org/10.1002/jcp.24318
https://doi.org/10.1111/j.1600-065x.2009.00790.x
https://doi.org/10.1016/j.imlet.2021.03.009
https://doi.org/10.1074/jbc.M002908200
https://doi.org/10.1016/S0065-2776(08)00804-3
https://doi.org/10.1111/j.1365-2249.2008.03860.x
https://doi.org/10.1084/jem.183.1.67
https://doi.org/10.1073/pnas.93.13.6737
https://doi.org/10.1007/s001250050786
https://doi.org/10.1074/jbc.M107668200
https://doi.org/10.1042/CS20110496
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Transgenic Overexpression of Galectin-3 in Pancreatic β Cells Attenuates Hyperglycemia in Mice: Synergistic Antidiabetic Ef ...
	Introduction
	Materials and Methods
	Experimental Mice
	IL-33 Application
	Ethics Statement
	Metabolic Parameters
	Histopathological Analyses
	Immunohistochemistry
	Isolation of Primary Mouse Islets of Langerhans
	Flow Cytometry Analysis
	Statistical Analysis

	Results
	TG Overexpression of Gal-3 in β cells Did Not Affect Islets Biology in Untreated Animals
	TG Overexpression of Gal-3 in β Cells Improves Metabolic Parameters in MLD–STZ–Induced Diabetes.
	TG Overexpression of Gal-3 in β-cells Attenuates Insulitis
	TG Overexpression of Gal-3 in β cells Decreases the Frequencies of Pro-Inflammatory Cells in the Islets
	TG Overexpression of Gal-3 in β Cells Decreases the Number of Pro-Inflammatory Cells in Draining Pancreatic Lymph Nodes
	Exogenous IL-33 Enhances the Number of Tregs in Pancreatic Lymph Nodes of TG Mice
	Exogenous IL-33 Enhances Protective Effect of Gal-3 Overexpression in the Islets

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


