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Abstract

Background: Inflammatory bowel diseases (IBD) are intestinal disorders characterized by inflammation in the
gastrointestinal tract (GIT) and to date, no efficient treatments exist. Interleukin-10 (IL-10), one of the most
important anti-inflammatory cytokines of the immune response, has been under study due to its potential for
IBD therapy; however, systemic treatments lead to undesirable side effects and oral administration is limited
due to its quick degradation. To avoid these bottlenecks, we previously engineered an invasive Lactococcus
lactis (L. lactis) strain capable of delivering, directly to host cells, a eukaryotic DNA expression vector coding
for IL-10 of Mus musculus (pValac:il-10) that diminished inflammation in two induced mouse models of
intestinal inflammation. Thus, the aim of this study was to analyze its therapeutic effect in the IL-10-deficient
mouse model (IL-10−/−) that spontaneously and gradually develops an inflammation that modifies the
immune system and resembles Crohn’s disease (CD) in humans, and evaluate if it would also diminish and/or
prevent the onset of this disease.

Results: Oral administration of L. lactis MG1363 FnBPA+ (pValac:il-10) to IL-10−/− mice not only led to IL-10
production by these, but consequently also diminished the severe development of the disease, with animals
showing lower macroscopic scores and histological damages, increased IL-10 levels and tendency to lower
pro-inflammatory cytokine levels.

Conclusions: The results of this study, together with the previously published ones using this DNA delivery-
based strategy, show that it is capable of creating and maintaining an anti-inflammatory environment in the
GIT and thus effectively diminish the onset of inflammation in various mouse models.
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Background
Inflammatory bowel diseases (IBD), including Crohn’s
disease (CD) and ulcerative colitis (UC), are intestinal
disorders characterized by chronic inflammation in the
gastrointestinal tract (GIT), and although sharing clinical
and pathological features, they differ in their histological
aspect and cytokine profiles [1]. The exact etiology and
pathogenesis of these diseases are unclear despite much
research in the last decades, but it is nowadays generally
accepted that they are caused by deregulation of the mu-
cosal immune system towards the native intestinal
microbiota in genetically susceptible individuals, result-
ing in an inappropriate and excessive activation of the
intestinal immune system [2]. As no unique and defined
causal agent is responsible for the development of these
diseases, current treatment proposals, including anti-
inflammatory drugs, immunosuppressants and antibi-
otics, only improve the patient’s quality of life while
presenting serious side effects and no cure, revealing
that better, cheaper and longer lasting treatments are ne-
cessary [3].
IL-10-deficient mice (IL-10−/−) not raised in a defined

specific-pathogen-free (SPF) environment develop a
spontaneous gut inflammation, called enterocolitis, that
is characterized by weight loss and anemia at the age of
4–6 weeks, lethal up to the age of 3 months [4], and is
most severe in the colon, involving the small intestine to
a lesser extent. The typical inflammatory lesions of this
disease are discontinuous and transmural, and include
epithelial hyperplasia, crypt abscesses, ulcers, mucin de-
pletion and bowel wall thickening with infiltration of
lymphocytes, plasma cells, macrophages, eosinophils and
neutrophils [4]; its development is mediated by CD4+ T
cells and an uncontrolled Th1 response [5].
Interleukin-10 (IL-10) is one of the most important

anti-inflammatory cytokines in shaping mucosal immune
responses in the gut [4, 6]. This cytokine is produced by
regulatory T cells, epithelial cells, macrophages, dendritic
cells and B1 cells [7] and therefore presents many import-
ant properties, including stimulation of B-cell differenti-
ation and immunoglobulin secretion [8] and suppression
of macrophage activation to inhibit inflammatory cyto-
kines production. IL-10 is a good therapeutic candidate
against IBD due to its immunosuppressive activity and
central role in downregulating inflammatory cascades [9,
10]; systemic and oral treatments with recombinant hu-
man IL-10 were first tested in CD patients but presented
important drawbacks, such as short half-life and extreme
sensitivity of the gastrointestinal tract [11–14]. Steidler
et al. developed an IL-10-producing Lactococcus lactis (L.
lactis) strain [15] and although initial studies showed
promising results, no statistically significant difference in
mucosal healing between patients receiving the recombin-
ant strains and a placebo were observed [16].

To overcome IL-10’s sensitivity and survival in the
gastrointestinal tract, our research group used a novel
strategy based on the use of the eukaryotic DNA expres-
sion vector pValac, constructed by ourselves in 2009,
and a L. lactis strain to deliver and trigger DNA expres-
sion by epithelial cells of the host. Basically, after oral
administration of the bacterial strain carrying the plas-
mid of interest, these enter target cells, bacteria suffer
lysis and plasmids are liberated to the cytoplasm and
transferred into the cell’s nucleus. Subsequently, the
cell’s machinery is responsible for the expression of the
ORF of interest, translation and protein synthesis [17].
Advantages of this strategy include the targeting of mu-
cosal immunity, simple technology and low cost as well
as safe use of L. lactis, as this strain does not colonize
the gastrointestinal tract and transits it between 2 and 3
days, not becoming part of the normal gut flora.
The constructed L. lactis strain carrying the thera-

peutic pValac:il-10 plasmid delivers it directly to the
host’s cells. This strategy does not only ensure a more
effective and direct delivery of the therapeutic plasmid
but consequently a higher and more efficient IL-10 in
situ production. This strategy successfully showed its
anti-inflammatory effect and intestinal inflammation pre-
vention in two induced inflammatory mouse models:
TNBS (2,4,6-Trinitrobenzenesulfonic acid) and DSS
(Dextran Sodium Sulphate) [18, 19], showing to be in-
novative and promising for the therapeutic
IBD treatment.
In this line, the aim of the present work was to evalu-

ate the L. lactis MG1363 FnBPA+ (pValac:il-10) strain
as therapy in IL-10−/− mice and evaluate its capacity to
diminish and/or prevent the onset of enterocolitis.

Results
Evaluation of the animals’ weight
The animals’ weight was assessed throughout the 6
weeks of experimentation, starting at the age of 2 weeks.
All experimental groups presented an initial similar
weight gain, according to the normal growth of these an-
imals and development of the disease (Fig. 1). However,
IL-10−/− mice from the KO and FnBPA groups showed
an overall lower weight gain after 2 weeks of experimen-
tation, when compared with the healthy control and the
pValac:il-10 groups. On the other hand, IL-10−/− mice
from the pValac:il-10 group showed rapid weight gain
which equaled that of the healthy control group after the
6 weeks of experimentation. Moreover, this group also
showed statistically significant differences with the KO
and FnBPA groups in weeks 4, 5 and 6 (p < 0.001).

Macroscopic and histologic evaluation
The healthy control group presented neither macro-
scopic nor histologic intestinal lesions (Figs. 2 and 3a)
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and is not shown in Fig. 2 as its macroscopic score was
0. Hematoxylin-eosin (HE) staining of samples of the as-
cending colon (AC) showed that this group presented a
normal histological architecture with an intact mucosa,
thin submucosal and serosal layers, muscular layer thick-
ness compatible with the analyzed segment and normal

proportion of goblet cells. No signs of degenerative, vas-
cular, inflammatory or pathological cell proliferation
processes were observed (Fig. 3a).
All IL-10−/− mice, except those from the pValac:il-10

group, presented similar macroscopic and histologic dam-
age scores regarding the samples of their AC (Figs. 2 and

Fig. 1 Corporal weight variation (%) of mice along the 6 weeks of experimentation. Healthy control group: negative control of intestinal
inflammation, KO: IL-10−/− mice - positive control of intestinal inflammation; FnBPA: IL-10−/− mice that received the L. lactis MG1363 FnBPA+
strain; pValac:il-10: IL-10−/− mice that received the L. lactis MG1363 (pValac:il-10) strain. +: Experimental group (control) whose percentage of
corporal weight is statistically different from those of group pValac:il-10 in week 4 and groups KO and FnBPA in week 6. *: Experimental group
(pValac:il-10) whose corporal weight percentage is statistically different from those of groups KO and FnBPA in weeks 4, 5 and 6 (p < 0.001). The
data is presented as the mean ± SD

Fig. 2 Macroscopic score of the different groups. Bars represent the mean N = 9 ± SD. Asterisks represent statistical significance (***p < 0.0001)
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3b-c). It was possible to observe a compromised histo-
logical architecture with moderate inflammatory infiltrate
in the mucosa and presence of mononuclear cells. Areas
of erosion and reduction of goblet cells were also ob-
served, as well as moderate inflammatory infiltrate in the
submucosal layer and oedema. No evident alterations
were observed in the muscular and the serosa layer (Fig. 3b
and c). These results show that the disease strongly af-
fected the AC region.
The pValac:il-10 group, however, showed that admin-

istration of L. lactis MG1363 FnBPA+ (pValac:il-10) to
IL-10−/− mice was capable of strongly attenuating the
pathology’s development, presenting a much lower
macroscopic damage score and statistically significant
differences with the KO and FnBPA groups (Fig. 2). Fur-
thermore, the pValac:il-10 group also showed significant
improvement of histological patterns: the mucosa of the
AC of this group presented light inflammation in less
than 40% of animals, with no inflammatory alteration in
the rest, no present signals of erosion nor depletion of
goblet cells and no inflammatory infiltrate in the sub-
mucosal layer (Fig. 3d).
After evaluation of the histopathological damage of AC

samples, the histological score was performed, and as ex-
pected, the IL-10−/− control and L. lactis MG1363 FnBPA+

groups showed statistically significant differences with the
L. lactisMG1363 FnBPA+ (pValac:il-10) group (Fig. 4).
HE staining of samples of the descending colon (DC)

of the healthy control group showed that all fragments
of this group presented patterns of normality, with nor-
mal histological architecture and integral mucosa with-
out erosion and with presence of goblet cells in the
adequate proportion. The muscular layer thickness ob-
served, thin submucosal and serosal layers, were com-
patible with the analyzed segment and no signs of
degenerative or pathological cell proliferation processes
were observed. Some few animals presented a light in-
flammatory infiltrate in the region of the mucosa and
oedema in the submucosa (Fig. 5a).
IL-10−/− animals of the KO and FnBPA groups pre-

sented a compromised histological architecture. HE
staining of DC samples of these groups showed moder-
ate inflammatory infiltrate in the mucosa, marked by
mononuclear cells; however, no areas of erosion, ulcer-
ation or with goblet cells reduction were observed. Mod-
erate oedema and light infiltrate were observed in the
submucosa region, with no evident alteration in the
muscular and serosa layers (Fig. 5b and c). These results
show that the disease also strongly affects the descend-
ant region of the colon.

Fig. 3 Histopathology of changes in the AC of all experimental groups. a Control group; b KO group; c FnBPA group and d pVala:il-10 group.
Presence of inflammatory infiltrate (asterisks) and mucosal lesion (black thin arrow) can be observed in varied degrees of intensity. The thick
arrow highlights the preserved mucosal architecture with the presence of goblet cells. The strains were obtained from the tissue of AC stained
with HE. The bar in each image represents 100 μm
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Fig. 5 Histopathology of changes in the DC of all experimental groups. a Control group; b KO group; c FnBPA group and d pVala:il-10 group.
Presence of inflammatory infiltrate (asterisks) can be observed in varied degrees of intensity. The strains were obtained from the tissue of DC
stained with HE. The bar in each image represents 100 μm

Fig. 4 Histological score of AC samples of all groups. Bars represent the mean N = 9 ± SD. Asterisks represent statistical significance (*p < 0.05)
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IL-10−/− animals that received the L. lactis MG1363
FnBPA+ (pValac:il-10) strain showed an attenuated
pathologic pattern, with light inflammatory infiltrate in
the mucosa and no observed alteration in the epithe-
lium. Moreover, alterations in the submucosa (oedema
and infiltrate) were considered light or even absent in
some animals (Fig. 5d).
Again, after analysis of histopathological damages of

DC samples, the histological score of all groups was real-
ized and showed, as expected, that the KO and FnBPA
groups showed major histological damage scores than
the L. lactis MG1363 FnBPA+ (pValac:il-10) group
(Fig. 6).

Administration of L. lactisMG1363 FnBPA+ (pValac:il-10)
results in IL-10 production in all evaluated tissues
All IL-10−/− mice from the groups that did not receive
any treatment (KO and FnBPA) did not produce IL-10
(Fig. 7). This in turn resulted in statistically significant
differences (p < 0.0006) with the control group in the
small intestine and spleen (Fig. 7c-d) and with the pVa-
lac:il-10 group in all evaluated tissues. As expected, L.
lactis MG1363 FnBPA+ (pValac:il-10) administration to
IL-10−/− mice led to IL-10 production in all evaluated
tissues. It was quite surprising to observe that IL-10
levels in the control group were lower than in the pVa-
lac:il-10 group, especially in the AC and spleen (Fig. 7a

and d), where these were even statistically significant
(p < 0.05 and p < 0.001, respectively).

Administration of the pValac:il-10 plasmid tends to alter
the production of IL-6 and IFN-� cytokines
L. lactis MG1363 FnBPA+ (pValac:il-10) administration
to IL-10−/− mice resulted in lower IL-6 production levels
in the AC when compared to both the KO and FnBPA
groups; however, these were not statistically significant
(Fig. 8a). In the small intestine, although not being sta-
tistically significant, IL-6 levels of the pValac:il-10 were
lower than in the KO group but slightly higher than in
the FnBPA group (Fig. 8b).
In relation to IFN-� production, the pValac:il-10 group

presented lower levels both in the AC and small intes-
tine with no statistically significant difference with the
other groups (Fig. 9). Again, regarding lower IL-6 levels
in the pValac:il-10 group, administration of the L. lactis
MG1363 FnBPA+ (pValac:il-10) strain to IL-10−/− mice
tended to reduce IFN-� production levels.

No bacterial translocation was observed after oral
administration
No bacterial translocation was detected in the spleen
and liver up to 24 h following oral administration of bac-
terial strains (Table 1).

Fig. 6 Histological score of DC samples of all groups. Bars represent the mean N = 9 ± SD
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