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Type 1 diabetes (T1D) is an autoimmune disease that culminates in beta cell destruction in the pancreas and, subsequently,
deficiency in insulin production. Cytokines play a crucial role in the development of diabetes, orchestrating the recruitment and
action of immune cells, to not only destroy insulin-producing cells but also preserve them. Therefore, the aim of this study was
to investigate the effect of orally administered Lactococcus lactis MG1363 FnBPA+ strains carrying plasmids encoding IL-4 and
IL-10 in the streptozotocin- (STZ-) induced diabetes model and in nonobese diabetic (NOD) mice. The STZ-induced mice that
were treated with combined bacterial strains carrying plasmids encoding IL-4 and IL-10 showed lower incidence of diabetes and
more preserved pancreatic islets than the mice that received the individual bacterial strains. Combined administration of
L. lactis MG1363 FnBPA+ (pValac::dts::IL-4) and L. lactis MG1363 FnBPA+ (pValac::IL-10) resulted in protection against
diabetes in NOD mice. It was shown that the combined treatment with recombinant bacterial by oral route prevented
hyperglycemia and reduced the pancreatic islets-destruction in NOD mice. In addition, increased levels of IL-4 and IL-10 in
serum and pancreatic tissue revealed a systemic effect of the treatment and also favored an anti-inflammatory
microenvironment. Reduced concentrations of IL-12 in pancreas were essential to the regulation of inflammation, resulting in
no incidence of diabetes in treated NOD mice. Normal levels of intestinal sIgA after long-term treatment with the L. lactis
strains carrying plasmids encoding IL-4 and IL-10 indicate the development of oral tolerance and corroborate the use of this
potent tool of mucosal delivery. For the first time, L. lactis MG1363 FnBPA+ strains carrying eukaryotic expression vectors
encoding IL-4 and IL-10 are tested in STZ-induced and NOD mouse models. Therefore, our study demonstrates this innovative
strategy provides immunomodulatory potential for further investigations in T1D and other autoimmune diseases.

1. Introduction

Type 1 diabetes (T1D) is a chronic immune-mediated disease
characterized by destruction of β cells, the insulin-producing
cells in the pancreas. Trafficking of autoreactive T lympho-
cytes to the pancreatic islets and the resulting inflammatory
environment culminates in disease establishment in at-risk
individuals [1]. Approximately 19 million people have T1D

worldwide, and this number has increased over the years
[2]. After diagnosis, lifelong administration of exogenous
insulin is required, and this is the only therapy currently
available. Moreover, these individuals have to learn how to
manage their condition and be aware of the possible
disease-related complications.

To study the pathogenesis and immunophysiology of
T1D, some murine models have been developed over the
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years, each one sharing different mechanisms of the human
disease. Chemical induction of T1D through multiple doses
of streptozotocin (STZ) is an immune-mediated T1D model
discovered by Like and Rossini [3–5]. The STZ-induced
model exhibits a phenotype and cellular infiltration similar
to those observed in human disease, with a humoral response
and autoreactive T cells against pancreatic antigens [6–8].
Another animal model, nonobese diabetic (NOD) mice are
an inbred strain developed by Makino et al. from Jcl:ICR
mice and one of the most commonly used models in T1D
research [9, 10]. NOD mice spontaneously develop autoim-
mune diabetes and exhibit important features observed in
human T1D, such as genetic susceptibility, diabetes-specific
autoantibodies, and lymphocytic infiltration of pancreatic
islets [11–13].

Cytokines play a key role in connecting the risk factors
that contribute to T1D development and trigger the destruc-
tive action of T cells in pancreatic islets [14, 15]. In this
context, studies investigating the potential of interleukin-
(IL-) 4- and IL-10-mediated immunomodulation of T1D
through individual or combined administration have shown
that this is a new field to be explored [16–19]. In 2012,
Mandke and Singh injected cationic nanomicelles intramus-
cularly to deliver a plasmid encoding IL-4 and IL-10 before
STZ induction of T1D, resulting in protection against insuli-
tis. However, entry of the delivery system into the muscle
caused the infiltration of a large number of macrophages
and lymphocytes at the site of injection [20].

The recurrent problem of biocompatibility and an unde-
sirable immune response during the delivery process encour-
aged us to use Lactococcus lactis as the vehicle for mucosal
delivery of plasmids encoding IL-4 and IL-10. This lactic acid
bacteria also have been handled as a genetic tool due to some
advantages, as do not colonize the tract gastrointestinal,
present safe use in humans, and be able to induce tolerance
successfully [21, 22]. L. lactis bacteria have been engineered
to express a variety of molecules, including an invasin called
fibronectin-binding protein A (FnBPA) (L. lactis MG1363
FnBPA+ strain) to more efficiently deliver the eukaryotic
expression plasmids encoding IL-4 and IL-10 [23, 24]. Thus,
administration of L. lactisMG1363 FnBPA+ (pValac::dts::IL-4)
and L. lactis MG1363 FnBPA+ (pValac::IL-10) allows an
increased rate of internalization and plasmid transference
to eukaryotic cells, which will be able to express IL-4 and
IL-10. Systematic administration of these cytokines was
shown to be a successful approach in studies involving
T1D [25–27]. Moreover, it has already been shown that
immune responses triggered by intestinal stimuli can mod-

ulate the development of T1D, although the underlying
mechanisms remain unclear [28, 29]. Thus, the oral delivery
becomes an attractive route to administer the treatment,
since the internalization of bacteria by mammalian host
cells and subsequent expression of the plasmids are crucial
steps in our strategy.

In the present study, we examined the effect of oral admin-
istration of L. lactis MG1363 FnBPA+ (pValac::dts::IL-4) and
L. lactis MG1363 FnBPA+ (pValac::IL-10) in the two most
extensively used animal models of T1D, the STZ-induced
model, and NODmice. The combined treatment of these bac-
terial strains for the first time is an interesting approach, since
individual administration has already been shown to be able to
reduce inflammation in intestinal inflammation models by
our research group [30–32]. Therefore, we hypothesized that
combined treatment with L. lactis MG1363 FnBPA+ strains
carrying eukaryotic expression plasmids encoding IL-4 and
IL-10 could result in beneficial effects on T1D.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions. The strains
used in this work are listed in Table 1. L. lactis MG1363
FnBPA+, L. lactis MG1363 FnBPA+ (pValac::dts::IL-4), and
L. lactis MG1363 FnBPA+ (pValac::IL-10) were grown in
M17 medium (Sigma-Aldrich) supplemented with 0.5%
glucose with or without chloramphenicol (10μg/mL)
(Sigma-Aldrich) and erythromycin (5μg/mL) (Sigma-
Aldrich) at 30°C.

2.2. Animals. Male C57BL/6 mice, aged 8-9 weeks, were
obtained from Biotério Central of Federal University of
Minas Gerais (UFMG; Belo Horizonte, MG/Brazil). Female
NOD mice were kindly donated by Dr. Ana Maria Caetano
de Faria from UFMG. The animals were kept in microisola-
tors on ventilated shelves with air filtration under a 12 h
light-dark cycle with free access to standard mouse chow
and water. All animal procedures were approved by the
Ethics Committee on Animal Use (CEUA, Protocol no:
206/2016) of UFMG/Brazil.

2.3. Experimental Design and Diabetes Monitoring. C57BL/6
mice were subjected to a 4 h fast and were then injected intra-
peritoneally (i.p.) with 50mg/kg/day STZ (Sigma-Aldrich)
for 5 consecutive days (days 0-4) (Figure 1(a)). STZ was
diluted in 0.1M sodium citrate buffer, pH4.5, and injected
into the mice immediately after preparation. Subsequently,
the animals were subjected to a 2 h fast. The vehicle control

Table 1: Bacterial strains used in this work.

Strain Characteristics Source

Lactococcus lactis MG1363 FnBPA+ L. lactis MG1363 strain expressing S. aureus FnBPA Que et al. [33]

Lactococcus lactis MG1363 FnBPA+ (pValac::dts::IL-4)
L. lactis MG1363 FnBPA+ strain carrying the

pValac::dts::IL-4 plasmid
Souza et al. [32]

Lactococcus lactis MG1363 FnBPA+ (pValac::IL-10)
L. lactis MG1363 FnBPA+ strain carrying the

pValac::IL-10 plasmid
Zurita-Turk et al. [31]

FnBPA: fibronectin-binding protein A; IL-4: interleukin 4; IL-10: interleukin 10; dts: DNA nuclear targeting sequence.
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group received only sodium citrate buffer i.p. From day -5
until day 7, the animals were intragastrically (i.g.) adminis-
tered 100μL of the corresponding L. lactis strain at a final
dose of 1 × 109 colony forming units (CFU) in 0.9% saline.

NOD mice were i.g. administered 100μL of bacterial
suspension at a final dose of 1 × 109 CFU in 0.9% saline 5
times/week for 15 consecutive weeks (Figure 1(b)).

Blood samples were collected from the tail vein of non-
fasted mice on days -5, -1, 5, 7, 10, and 14 in the STZ-
induced model (Figure 1(a)) and once a week during the
experiments using the NOD mouse model (Figure 1(b)).
Glucose levels were determined using a Accu-Chek Active
glucometer system (Roche), and mice were considered
diabetic when glucose levels were ≥200mg/dL during two
consecutive measurements.

2.4. Study Groups. C57BL/6 mice were allocated into groups
that received 0.9% saline i.g., and by intraperitoneal route,
the animals received 0.9% saline (negative control group, –)
or sodium citrate buffer (vehicle control (VC) group) and
groups that received the STZ injections i.p. and, by gavage,
administration of 0.9% saline (saline-STZ group), L. lactis
MG1363 FnBPA+ (F-STZ group), L. lactis MG1363 FnBPA+

(pValac::dts::IL-4) (F-IL-4-STZ group), L. lactis MG1363
FnBPA+ (pValac::IL-10) (F-IL-10-STZ group), L. lactis
MG1363 FnBPA+ (pValac::dts::IL-4), and L. lactis MG1363
FnBPA+ (pValac::IL-10) (F-IL-4/IL-10-STZ group).

NOD mice were distributed into two groups, according
to the constitution of dose i.g.: 0.9% saline (saline-NOD
group) and L. lactis MG1363 FnBPA+ (pValac::dts::IL-4),
and L. lactis MG1363 FnBPA+ (pValac::IL-10) (F-IL-4/IL-
10-NOD group).

2.5. Cytokine Detection. The blood, the pancreas, and the
colon were harvested immediately after euthanasia. Blood
samples were incubated at 37°C for 40 minutes and then
centrifuged at 5,000 rpm for 10 minutes at 4°C. The serum
was collected and stored at -20°C until use. Pancreatic and
colon tissues were homogenized in 1mL buffer (23.4 g NaCl;

500μL Tween 20; 5 g BSA; 34mg PMSF; 1mL DMSO;
44.6mgBC; 372mgNa2EDTA; and 40μL aprotinin (10mg/mL)
(Sigma-Aldrich); PBS 1× q.s.p. 1 L) per 100mg of tissue.
Then, the samples were centrifuged at 10,000 rpm for 10
minutes at 4°C, and the supernatant was stored at -80°C
until use.

The concentrations of IL-4 and IL-10 were measured in
serum, and the levels of IL-2, IL-4, IL-10, IL-12, and trans-
forming growth factor β (TGF-β) in pancreatic and colon
homogenates were determined using BD OptEIA (BD) and
R&D DuoSet (R&D Systems) ELISA kits, according to the
manufacturers’ instructions.

2.6. Secretory IgA Detection. The concentration of secretory
immunoglobulin A (sIgA) in intestinal lavage fluid was mea-
sured by capture ELISA using goat anti-mouse Ig, human
ads-UNLB (Southern Biotech), and goat anti-mouse IgA (α
chain specific) horseradish peroxidase (HRP) conjugate
(Southern Biotech), as recommended by the manufacturer.

2.7. Bacterial Translocation. C57BL/6 mice received 100μL
of bacterial suspension (L. lactis MG1363 FnBPA+ (pVa-
lac::dts::IL-4) and L. lactis MG1363 FnBPA+ (pValac::IL-
10)) at a final dose of 1 × 109 CFU in 0.9% saline by oral
gavage. The spleen, liver, and mesenteric lymph nodes
(MLNs) were collected under strict aseptic conditions 2 h,
4 h, 6 h, 12 h, and 24 h after bacterial administration. The tis-
sues were macerated in 500μL of 0.9% saline, and 100μL of
this homogenate was plated in M17 medium (Sigma-
Aldrich) supplemented with agar, 0.5% glucose, chloram-
phenicol (10μg/mL) (Sigma-Aldrich), and erythromycin
(5μg/mL) (Sigma-Aldrich). The plates were incubated at
30°C for 24 h.

2.8. Histological Analysis. After euthanasia, the pancreas was
removed, fixed in 10% buffered formalin, embedded in paraf-
fin, and sectioned. Five-μm sections were stained with hema-
toxylin and eosin (HE), and at least 15 islets per pancreatic
sample were evaluated and scored for infiltration progression
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Figure 1: Experimental designs of the STZ-induced and NOD mouse models. (a) Diabetes was induced in male C57BL/6 mice by
intraperitoneal injection of STZ+ sodium citrate buffer for 5 consecutive days (days 0–4). Animals received bacterial administration daily
from day -5 to day 7. Blood samples were collected on days -5, -1, 5, 7, 10, and 14 to measure glycemia. Animals were euthanized on day
14 of the experiment. (b) NOD mice received intragastric administration of bacterial suspensions 5 days/week for 15 consecutive weeks.
Glycemic levels were measured weekly during the experiment. Animals were euthanized at the end of the 20th week.
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(by an independent investigator in blinded fashion), as fol-
lows: no insulitis: no visible signs of infiltration; peri-insulitis:
few infiltrating elements with patchy distribution primarily
at the periphery of the islet; mild insulitis: mild infiltration
(peri- and intraislet) with less than 50% of the islet infiltrated
by the immune elements; and severe insulitis: extensive
inflammation with more than 50% of the islet infiltrated.

2.9. Statistical Analysis. The GraphPad Prism software, ver-
sion 5.0 (GraphPad), was used for statistical analysis, and
the results are presented as the mean ± standard deviation
(SD). One-way ANOVA followed by Tukey’s post hoc test
was used for the analysis of variance. For diabetes incidence,
the χ2 test was used. p values less than 0.05 (p < 0:05) were
considered statistically significant.

3. Results

3.1. Effect of Genetically Modified L. lactis on Clinical
Manifestations in T1D Models. Glycemic levels were ana-
lyzed, and oral bacterial treatment of STZ-induced groups
(F-STZ, F-IL-4-STZ, F-IL-10-STZ, and F-IL-4/IL-10-STZ
groups) did not alter the increases in glycemic levels at any

time after T1D induction; blood glucose levels in these
groups were similar to that in the saline-STZ group
(Figure 2(a)). A progressive increase in diabetes incidence
was also observed in groups that received STZ injections,
regardless of oral treatment administration (Figure 2(b)).
Figure 2(c) shows the comparison of the percentage of dia-
betic and nondiabetic mice between the experimental groups
(F-STZ, F-IL-4-STZ, F-IL-10-STZ, and F-IL-4/IL-10-STZ
groups) and the disease control group (saline-STZ group)
at the final time point. The distribution of diabetic mice
was analyzed, and by day 14, all groups showed similar
percentages. However, the F-IL-4/IL-10-STZ group exhibited
the highest percentage of nondiabetic mice (37%).

In contrast to the results observed in the STZ model,
NOD mice that received oral treatment with L. lactis
MG1363 FnBPA+ (pValac::dts::IL-4) and L. lactis MG1363
FnBPA+ (pValac::IL-10) (F-IL-4/IL-10-NOD group) showed
normoglycemia (glycemic levels less than 200mg/dL) until
the end of the experimental period (Figure 3(a)) and treat-
ment protected NOD mice from T1D development. Analysis
showed that diabetes incidence increased in the saline-NOD
group from week 15 onwards, while mice in the F-IL-4/
IL-10-NOD group remained protected against diabetes
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Figure 2: Clinical effects of genetically modified L. lactis strains encoding IL-4 and IL-10 in the STZ-induced diabetes model. C57BL/6 mice
were injected with 0.9% saline, vehicle solution, or STZ for five consecutive days (50mg/kg/d). Specific bacterial administration was
performed daily by the intragastric route from day -5 to day 7. (a) Glycemic levels (mg/dL) were measured at days -5, -1, 5, 7, 10, and 14.
The data are shown as the mean ± SD of three independent experiments (n = 18). #: experimental group whose glycemia was significantly
different from the saline-STZ, F-STZ, F-IL-4-STZ, F-IL-10-STZ, and F-IL-4/IL-10-STZ groups; °: experimental group whose glycemia was
significantly different from the saline-STZ, F-STZ, F-IL-4-STZ, and F-IL-4/IL-10-STZ groups. (b) Diabetes incidence over time was
analyzed, and (c) the percentage of diabetic and nondiabetic mice between the experimental groups and the disease control group at day
14 was compared. p value: p ≤ 0:05.
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during the entire experimental period (Figure 3(b)). The per-
centages of diabetic and nondiabetic mice per group, among
all NOD mice, were statistically significant, as shown in
Figure 3(c). By 20th week, all diabetic mice belonged to the
saline-NOD group, and there were no diabetic mice in the
F-IL-4/IL-10-NOD group. In addition, analysis of the nondi-
abetic mice showed that only 14% of animals were in the
saline-NOD group, while the remaining 86% were in the
F-IL-4/IL-10-NOD group. The comparison of glycemia
and the percentage of diabetes incidence in groups of
STZ-induced mice and NOD mice at the final time point
(Table 2) corroborates the previous analysis.

3.2. Cytokine Levels in the Serum and Pancreas Are
Differentially Modulated in STZ-Induced and NOD Mouse
Models of Diabetes. Cytokine profiles in serum and the pan-
creas were investigated in both T1D models, and in the
STZ-induced model, all groups presented similar serum
levels of IL-4 and IL-10 (Figures 4(a) and 4(b), respectively).
In contrast, NOD mice treated with L. lactis MG1363
FnBPA+ (pValac::dts::IL-4) and L. lactis MG1363 FnBPA+

(pValac::IL-10) exhibited significantly higher serum produc-

tion of IL-4 (Figure 4(c)) and IL-10 (Figure 4(d)) than the
saline-NOD group.

Pancreatic levels of IL-2 were analyzed, and other than
the negative and vehicle controls in the STZ model, F-IL-
4/IL-10-STZ was the only group that exhibited significantly
higher IL-2 levels than the saline-STZ group (Figure 5(a)).
Regarding TGF-β and IL-10 levels, a significant difference
was found only between the negative and saline-STZ con-
trol groups (Figures 5(b) and 5(c), respectively). IL-4
(Figure 5(d)) and IL-12 (Figure 5(e)) levels were similar
among all pancreatic samples.

The levels of pancreatic cytokines in NOD mice were
measured, and we found that IL-2 (Figure 5(f)) and TGF-β
(Figure 5(g)) levels were similar in both groups. On the other
hand, IL-10 production was significantly higher in NOD
mice that received L. lactis MG1363 FnBPA+ (pValac::dt-
s::IL-4) and L. lactis MG1363 FnBPA+ (pValac::IL-10) than
in the saline-NOD group (Figure 5(h)). Furthermore, the
F-IL-4/IL-10-NOD group also had significantly increased
production of IL-4 in comparison to that in the saline-
NOD group (Figure 5(i)). And the level of pancreatic IL-12
was significantly lower in NOD mice treated with bacterial
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Figure 3: Clinical effects of genetically modified L. lactis strains encoding IL-4 and IL-10 in the NOD mouse model. NOD mice were i.g.
administered L. lactis MG1363 FnBPA+ (pValac::dts::IL-4) and L. lactis MG1363 FnBPA+ (pValac::IL-10) suspension (F-IL-4/IL-10-NOD
group) or 0.9% saline (saline-NOD group) 5 days/week from week 5 to week 19. (a) Glycemic levels (mg/dL) were measured once a week
from weeks 1 to 20. The data are shown as the mean ± SD of three independent experiments (n = 12). (b) Diabetes incidence over time
was analyzed, and (c) the percentage of diabetic and nondiabetic mice between the NOD mouse groups at the final time point was
compared. p value: p ≤ 0:05.

Table 2: Comparison of clinical parameters observed in STZ model mice and NOD mice.

STZ model: day 14 NOD mice: week 20
— VC Saline-STZ F-STZ F-IL-4-STZ F-IL-10-STZ F-IL-4/IL-10-STZ Saline-NOD F-IL-4/IL-10-NOD

Glycemia (mg/dL) 150 160 297 326 325 321 303 298 177

Diabetes incidence (%) 0 0 95 89 84 84 72 84 0
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strains (F-IL-4/IL-10-NOD group) than in control mice
(Figure 5(j)).

3.3. Changes in sIgA Levels but Not Cytokine ProductionWere
Detected in the Intestinal Colon Environment. The levels of
several cytokines (IL-2, IL-4, IL-10, IL-12, and TGF-β) in
the colon homogenates from STZ-induced and NOD mouse
models were measured and did not show significant differ-
ences among the groups (data not shown). However, there
was decreased production of sIgA in all C57BL/6 mice that
received bacterial strains (F-STZ, F-IL-4-STZ, F-IL-10-STZ,
and F-IL-4/IL-10-STZ groups) in comparison to that of
groups that received only oral saline (negative and VC groups)
(Figure 6(a)). Interestingly, as shown in Figure 6(b), the saline-

NOD and F-IL-4/IL-10-NOD groups exhibited similar levels
of sIgA.

3.4. Detection of Orally Administered Bacterial Strains in the
Liver and Mesenteric Lymph Nodes Was Transient. Translo-
cation of the orally administered bacterial strains (L. lactis
MG1363 FnBPA+ (pValac::dts::IL-4) and L. lactis MG1363
FnBPA+ (pValac::IL-10)) was not detected in the spleen (data
not shown) at 24 h after gavage. However, we observed a
minute quantity of bacterial translocation in the liver at
2 h and 4 h after oral administration of the bacteria
(Figure 7(a)). Additionally, we also verified the presence
of L. lactis MG1363 FnBPA+ (pValac::dts::IL-4) and L. lactis
MG1363 FnBPA+ (pValac::IL-10) in MLNs, primarily at 6 h
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Figure 4: Serum levels of IL-4 and IL-10 from STZ-induced C57BL/6 mice and NOD mice, which were both treated with oral bacterial
administration. Saline, vehicle, or STZ-injected C57BL/6 mice were euthanized at the end of the experiment, and serum was collected to
measure IL-4 and IL-10 levels ((a, b), respectively, n = 18). After saline or oral bacterial administration, serum was collected from NOD
mice after euthanasia to measure IL-4 and IL-10 levels ((c, d), respectively, n = 12). –: negative control; VC: vehicle control; F: mice that
received L. lactis MG1363 FnBPA+ i.g.; F-IL-4: mice that received L. lactis MG1363 FnBPA+ (pValac::dts::IL-4) i.g.; F-IL-10: mice that
received L. lactis MG1363 FnBPA+ (pValac::IL-10) i.g.; F-IL-4/IL-10: mice that received L. lactis MG1363 FnBPA+ (pValac::dts::IL-4) and
L. lactis MG1363 FnBPA+ (pValac::IL-10) i.g.; STZ: mice that received intraperitoneal injections of streptozotocin for five consecutive
days; NOD: nonobese diabetic mice. The data are shown as the mean ± SD of three independent experiments. p value: ∗p ≤ 0:05.
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after oral gavage (Figure 7(b)). At 12h and 24 h after bacterial
administration, none of the genetically modified strains of L.
lactis were found in the liver or MLNs.

3.5. Insulitis Progression Was Prevented by Combined
Treatment with L. lactis Carrying Plasmids Encoding IL-4
and IL-10. Histological analysis demonstrated that treatment
with both bacterial strains (L. lactis MG1363 FnBPA+ (pVa-
lac::dts::IL-4) and L. lactis MG1363 FnBPA+ (pValac::IL-10);
(F-IL-4/IL-10-STZ group)) in STZ-induced mouse model
preserved more pancreatic islets without visible signs of
inflammation than when these strains were administered indi-
vidually (F-IL-4-STZ and F-IL-10-STZ groups) (Figure 8(a)).
As shown in Figures 8(a) and 8(b), insulitis scores also
revealed that NOD mice treated with the combined adminis-
tration of the bacterial strains encoding IL-4 and IL-10 suc-
cessfully prevented inflammation progression in pancreatic
islets during the observational period. Analysis demonstrated
that mice from the F-IL-4/IL-10-NOD group presented 60%

of the islets without signs of insulitis, compared with 5% in
the saline-NOD control group.

4. Discussion

T1D is a chronic condition in which pancreatic β cells are
destroyed by autoreactive T cells. After diagnosis, patients
have to adapt their lives in an attempt to reach wellness
mainly because the available treatment, insulin therapy, is
laborious and requires constant care and attention. There-
fore, more studies investigating T1D development and
improved treatments are absolutely needed.

Early studies using multiple doses of STZ and NOD mice
have shown that IL-4 and IL-10 have the potential to change
the natural course of T1D by impairing insulitis and main-
taining normal levels of glycemia [20, 34, 35]. However, the
route of administration and delivery strategy of these cyto-
kines in animal models of T1D is a concerning challenge.
Thus, we decided to use the recombinant L. lactis, since it is
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Figure 5: Pancreatic cytokine levels of STZ-induced C57BL/6 mice and NOD mice, which were both treated with oral bacterial
administration. After the experimental period, the levels of IL-2, TGF-β, IL-10, IL-4, and IL-12 were analyzed in pancreatic homogenates
from STZ model mice ((a–e), respectively; n = 18) and NOD mice ((f–j), respectively; n = 12). –: negative control; VC: vehicle control; F:
mice that received L. lactis MG1363 FnBPA+ i.g.; F-IL-4: mice that received L. lactis MG1363 FnBPA+ (pValac::dts::IL-4) i.g.; F-IL-10:
mice that received L. lactis MG1363 FnBPA+ (pValac::IL-10) i.g.; F-IL-4/IL-10: mice that received L. lactis MG1363 FnBPA+

(pValac::dts::IL-4) and L. lactis MG1363 FnBPA+ (pValac::IL-10) i.g.; STZ: mice that received intraperitoneal injections of streptozotocin
for five consecutive days; NOD: nonobese diabetic mice. The data are shown as the mean ± SD of three independent experiments. p value:
∗p ≤ 0:05; ∗∗p ≤ 0:01; ∗∗∗p ≤ 0:001.
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considered an ideal tool to mucosal delivery and oral
tolerance induction [22]. Oral administration of L. lactis
MG1363 FnBPA+ strains carrying eukaryotic expression
vectors encoding IL-4 and IL-10 (pValac::dts::IL-4 and
pValac::IL-10, respectively) to treat the two most extensively
used animal models of T1D is reported here for the first time.

In the STZ-induced T1D model, we decided to verify the
effects of the bacterial strains carrying the plasmids encoding
IL-4 and IL-10 individually and combined. Despite all groups
that received STZ injections became diabetic, it was notewor-
thy that the F-IL-4/IL-10-STZ group presented the highest
number of mice protected against diabetes incidence.

Moreover, STZ-injected mice orally administered both
bacterial strains encoding IL-4 and IL-10 showed pancreatic

IL-2 levels similar to those of the negative and vehicle control
groups and were significantly higher than the saline-STZ
group. Previous studies reported that IL-2 plays a key role
in the balance between immunoregulation and immunosup-
pression, since this cytokine is able to expand and activate
regulatory T cells (Tregs), which subsequently provide active
suppression of the effector response [36, 37]. Particularly in
T1D, low doses of IL-2 can prevent the development of the
disease [38]. It has already been reported that Tregs from
patients with diabetes exhibit deficient IL-2 production
and/or signaling, and if the IL-2 pathway is blocked, the fre-
quency of Tregs decreases, and the number of individuals
affected by T1D increases [39]. Thus, the normal levels of
IL-2 in STZ-injected mice treated with both bacterial strains
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Figure 6: sIgA levels in intestinal lavage fluid from STZ-induced C57BL/6 mice and NOD mice, which were both treated with oral bacterial
administration. Secretory IgA levels from (a) STZ-induced C57BL/6 mice (n = 18) and (b) NODmice (n = 12). –: negative control; VC: vehicle
control; F: mice that received L. lactisMG1363 FnBPA+ i.g.; F-IL-4: mice that received L. lactisMG1363 FnBPA+ (pValac::dts::IL-4) i.g.; F-IL-10:
mice that received L. lactisMG1363 FnBPA+ (pValac::IL-10) i.g.; F-IL-4/IL-10: mice that received L. lactisMG1363 FnBPA+ (pValac::dts::IL-4)
and L. lactisMG1363 FnBPA+ (pValac::IL-10) i.g.; STZ: mice that received intraperitoneal injections of streptozotocin for five consecutive
days; NOD: nonobese diabetic mice. The data are shown as themean ± SD of three independent experiments. p value: ∗p ≤ 0:05; ∗∗p ≤ 0:01;
∗∗∗p ≤ 0:001.
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carrying plasmids encoding IL-4 and IL-10 may have con-
tributed to Treg activation in the pancreas and attenuated
insulitis progression.

The evaluation of sIgA levels is important because it is
already well established that this antibody exhibits immuno-
modulatory properties and is involved in not only respond-
ing to pathogens but also maintaining homeostasis between
the gastrointestinal tract and commensal and ingested micro-
organisms [40–42]. In addition, low sIgA production may be
related to a malfunction in immune cells in Peyer’s patches in
some immune-mediated diseases, such as celiac disease and
T1D [43]. In the STZ-induced model, we noted that groups
treated with the bacteria during few days had significantly
reduced sIgA levels in the gut. However, the NOD mice that
received bacteria orally for 15 weeks presented sIgA levels
similar to those mice that did not receive bacteria. We believe
this difference in sIgA levels between the T1D models can be
explained by the long-term ingestion of bacteria in the NOD
mouse model, which may have induced oral tolerance in
mice, as previously reported by other studies using recombi-
nant L. lactis by oral route [22].

Corroborating the others analysis, histological findings
confirmed that combined treatment with the bacterial strains
encoding IL-4 and IL-10 was more successful in attenuate
insulitis progression than the individual administration of
these bacterial strains. Results indicating more pancreatic
islets with no signs of inflammatory infiltrates suggest a ben-
eficial effect resulting from the combined bacterial strains.
Some studies have shown that IL-4 and IL-10 induce a syner-
gistic effect to suppress cellular immunity [44, 45]. Although
the underlying mechanism is not well known, it is suggested
that the combined and distinct actions of these cytokines
could contribute to an enhanced outcome [26]. Since this is
the first study using genetically modified L. lactis in the
STZ-induced T1D model, these results were important and

led to the investigation of the effects of the combined
administration of L. lactis MG1363 FnBPA+ strains carrying
the IL-4 and IL-10-coding plasmids in the NOD mouse
model.

It is commonly known that the high and uncontrolled
levels of glycemia are associated with a rapid progression of
disease and more severe complications in patients with
T1D. Using the NOD mouse model, we demonstrated that
oral administered L. lactis MG1363 FnBPA+ (pValac::dts::
IL-4) and L. lactis MG1363 FnBPA+ (pValac::IL-10) are able
to regulate glycemia levels effectively throughout the obser-
vational period. Therefore, the oral treatment with these
genetically modified bacteria during 15 weeks resulted in
the absence of T1D incidence in NOD mice.

In the present study, we demonstrated that oral adminis-
tration of the bacterial strains led to systemic effects. NOD
mice treated with L. lactis MG1363 FnBPA+ encoding IL-4
and IL-10 by oral route presented significantly increased
levels of IL-10 in serum and pancreatic tissue. IL-10 is a
major anti-inflammatory cytokine that can modulate
immune processes, inhibiting the synthesis of proinflamma-
tory cytokines and favoring a tolerant status [46]. IL-10 has
been shown to be active at mucosal surfaces, acting synergis-
tically and enhancing oral tolerance in NOD mouse model
[47]. IL-10 can also stabilize Treg function through mainte-
nance of the Foxp3 expression [48]. Moreover, Takiishi
et al. suggest that the production of IL-10 by Treg cells is
the major mechanism responsible by regulation of inflamma-
tion reached by L. lactis-based therapy in the NOD mouse
model [49]. T1D is related to inflammation, and hence, it is
reasonable to speculate that increased levels of IL-10
obtained in serum and pancreas of NOD mice treated with
the genetically modified L. lactis encoding IL-4 and IL-10
was at least initially due to the bacteria administration and
subsequent expression of these cytokines. We suggest this
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Figure 7: Transient translocation of L. lactisMG1363 FnBPA+ (pValac::dts::IL-4) and L. lactisMG1363 FnBPA+ (pValac::IL-10) was detected
in the liver and MLNs. The organs were collected 2 h, 4 h, 6 h, 12 h, and 24 h after bacterial administration, macerated in 0.9% saline, and
plated on selective medium. After 24 h of incubation at 30°C, the bacterial colonies in the plates corresponding to the liver (a) and MLNs
(b) were counted. All results are presented as colony forming units (CFU) per mL. The data are shown as the mean of three independent
experiments (n = 6).
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result was crucial for regulation of inflammation observed,
probably through Treg cells, and consequent control of
glycemia and no incidence of T1D.

IL-4 is a pleiotropic immunomodulatory cytokine
produced and secreted primarily by Th2 cells. Approaches
favoring Th2 activity and administration of cytokines that

downregulate Th1 activities, such as IL-4 and IL-10, have
shown success in suppress insulitis and prevent diabetes
[17, 18, 26]. Previous studies showed that both administra-
tion of recombinant IL-4 and pancreatic expression of IL-4
were able to protect NOD mice from diabetes [17, 50]. Fur-
thermore, Li et al. also revealed that alteration in cytokine
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Figure 8: Combined administration of L. lactis MG1363 FnBPA+ (pValac::dts::IL-4) and L. lactis MG1363 FnBPA+ (pValac::IL-10) exerts
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production in T cells, skewing to IL-4 production may con-
tribute to disease protection in NODmice [51]. In agreement
with previously reported results, oral treatment with L. lactis
MG1363 FnBPA+ (pValac::dts::IL-4) and L. lactis MG1363
FnBPA+ (pValac::IL-10) showed promising results indicating
increased levels of IL-4 in serum and pancreas of NOD mice,
further corroborating the beneficial role of the strategy tested
here for the prevention of T1D.

Additionally, both IL-4 and IL-10 appear to suppress the
production of the proinflammatory cytokine IL-12 by
antigen-presenting cells (APCs), thereby downregulating
the differentiation of Th1 cells [52, 53]. Accumulating evi-
dence indicates that IL-12 is a key cytokine which induces
the differentiation of Th1 cells leading to diabetes accelera-
tion in NODmice [54–56]. Additionally, Nitta et al. reported
that IL-12 locally produced by pancreatic-infiltrating cells
plays a pathologic role in the development of T1D [57].
Therefore, we suggest the significant reduction observed in
the pancreatic concentration of IL-12 of NOD mice treated
with both bacterial strains contributed to the regulation of
inflammation, not favoring the differentiation of Th1 cells
nor the production of proinflammatory cytokines.

More clear evidence of the protective effect of the
combined administration of L. lactisMG1363 FnBPA+ (pVa-
lac::dts::IL-4) and L. lactis MG1363 FnBPA+ (pValac::IL-10)
was obtained by the histological analysis. Corroborating the
normoglycemia presented by NOD mice that received oral
treatment with both bacterial strains, the majority of pancre-
atic islets was preserved, without signs of insulitis. Collec-
tively, our data indicate the preservation of pancreatic islets
is a result of the reduced autoimmune destruction, triggered
by the increased levels of IL-4 and IL-10 and the decreased
levels of IL-12. Consequently, this alteration in cytokine pro-
duction in pancreatic environment possibly altered the T
cells subsets, skewing to Treg cell proliferation, which may
have contributed to the disease protection.

Genetically modified L. lactis have been used as a versatile
tool for immunotherapy in several inflammatory conditions,
such as T1D [21]. Since these bacterial strains can survive the
entire gastrointestinal tract and are used for delivery of plas-
mids and proteins to mucosal cells, we assessed bacterial
translocation to some extragastrointestinal organs. Previous
studies have shown that bacterial translocation can occur
on a frequent basis even in healthy conditions [58–60].
Genetically modified L. lactis encoding IL-4 and IL-10 were
detected mostly in MLNs, which are known to be the key site
for oral tolerance. The induced Treg cells proliferate inMLNs
and are subsequently released in circulation to modulate
pancreatic beta cell autoimmune destruction in a IL-10-
dependent manner [21, 61, 62]. Bresson et al. demonstrated
the expansion of Treg cells producing IL-4 and IL-10 was
determinant to suppress autoreactive response in animal
models of T1D [63]. Promising studies using genetically
modified L. lactis as a delivery tool of antigens and bioactive
compounds revealed the induction of oral tolerance and pro-
liferation of Treg cells were able to revert new-onset diabetes
in NOD mice [49, 64]. Thus, we hypothesized the oral treat-
ment with L. lactis MG1363 FnBPA+ (pValac::dts::IL-4) and
L. lactisMG1363 FnBPA+ (pValac::IL-10) was able to protect

against beta-cell destruction due to expansion of Treg cells
producing IL-4 and IL-10 in pancreas. Additionally, neither
genetically modified bacteria was detected in the MLNs,
spleen, and liver from 12h after oral administration, indicat-
ing that these strains are indeed transient, which is a relevant
attribute in the context of biosafety practices.

Altogether, the protective effect against T1D triggered
by the oral administration of L. lactis MG1363 FnBPA+

strains carrying pValac::dts::IL-4 and pValac::IL-10 verified
in NOD mice was not observed in the STZ-induced
model. This difference between the two main T1D models
has already been reported in other studies [65–67], and it
may be associated with the distinct characteristics of these
models. The STZ model is characterized by rapid destruc-
tion of insulin-producing cells in the pancreas through a
process involving dynamic variation of immune cells
[68–70]. Since STZ is able to induce diabetes even in the
absence of B and T cells, interpretation of the results
requires prudence when the analysis is correlated with
human development of T1D [71, 72]. In this context,
NOD mice integrate the genetic component and the impli-
cations of the immunopathological process, which makes
this a suitable model for testing therapies that aim to
modulate the autoimmune response [72, 73].

Regarding the limitations of our study, we could not
provide all the desirable experimental control groups with
NOD mice, since the acquisition and maintenance of these
animals are costly. However, the assessments performed
with all groups in the STZ-induced model showed that
we should focus efforts on the combined administration
of bacterial strains carrying the cytokine-coding plasmids.
Additionally, these limitations do not invalidate our
valuable findings on combined administration of L. lactis
MG1363 FnBPA+ strains carrying the eukaryotic expres-
sion plasmids encoding IL-4 and IL-10 in the NOD mouse
model.

In conclusion, the results of our study demonstrate that
the combined administration of L. lactis MG1363 FnBPA+

strains carrying the eukaryotic expression plasmids pVa-
lac::dts::IL-4 and pValac::IL-10 attenuated the initial progres-
sion of insulitis in the STZ-induced model by increasing
levels of IL-2 in pancreatic tissue and protected NOD mice
against T1D in the observational period. Our findings suggest
the dynamic cytokine signaling triggered by the oral treat-
ment with the genetically modified bacteria plays a crucial
role in the immunomodulation of the disease in the NOD
mouse model. Our results showed the oral treatment with
L. lactis MG1363 FnBPA+ strains encoding IL-4 and IL-10
can effectively reduce the incidence of T1D and control the
glycemia levels in NODmice. Additionally, we demonstrated
this combined treatment was able to prevent insulitis
progression, primarily by increasing the levels of IL-4 and
IL-10, known by suppressing the proinflammatory cytokine
milieu, in pancreas and serum and decreasing the levels of
the proinflammatory cytokine IL-12 in pancreas. This is the
first study to administer orally the combined genetically
modified L. lactis strains carrying eukaryotic expression plas-
mids encoding IL-4 and IL-10 in the STZ-induced and in the
NOD mouse models. In summary, our study preliminarily
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provides novel and relevant observations, enhancing the
potential of this innovative approach as part of an alternative
therapy to T1D.
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