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Dendritic cells (DCs) are the sentinels of the immune sys-
tem. They sense, process, and present antigens to T lympho-
cytes orchestrating the immune response. The discovery of
DCs granted the Nobel Prize for Ralph Steinman, who
noticed the presence of rare cells in a culture of mice adher-
ent cells with a distinct stellate morphology [1]. Years later,
these cells were shown to express high amounts of major
histocompatibility complex class II (MHC-II) molecules,
and, even though in very low numbers, they revealed to be
the cells responsible for activation and stimulation of naive
T lymphocyte [2]. DCs not only activate and subsequently
polarize lymphocyte but also can have a tolerogenic role,
which is dependent on the factors derived from the sur-
rounded microenvironment [3] and is crucial for the outcome
of infectious diseases and autoimmunity by protecting the
body from immune-mediated tissue damage. This tolerogenic
property is also a target of manipulation by tumor cells to
evade the immune response. Thus, understanding the precise
regulation of DC function mediated by the different stimu-
lus, such as cytokines and other mediators, remains the goal
of numerous studies aiming at skewing T lymphocytes
polarization in vaccination protocols for both cancer and
infectious diseases.

Since the discovery of DCs, they have been extensively
studied in several contexts, from immunity to pathogens
and tumors to the induction of tolerance or an immune
response to transplants, to self, and more recently to microbi-

ota and dietary antigens, with new discoveries happening
constantly. Recent advances in the field have pointed at
new DC function as well as new DC subsets with specific
transcriptomes [4]. DCs are a heterogeneous group of cells
that perform different functions in the immune response.
Although the specific phenotype of DCs may differ depend-
ing on tissue location and inflammatory context, there are
four main groups of DCs identified in both mice and
humans, (1) type 1 and (2) type 2 conventional DCs, which
have high capacity of processing and presenting antigens to
T lymphocytes, (3) plasmacytoid DCs (pDCs), which are
the major IFN-I producers, and (4) inflammatory DCs,
which are monocyte-derived cells in an inflammatory con-
text that produce inflammatory cytokines [5–7]. Recently, a
single-cell RNA-seq study reclassified human DCs into six
transcriptionally different subpopulations, two novel types
in addition to those aforementioned. One of them is related
to pDCs, with the potential to activate T cell, and another
subdivision within the class of cDCs1 [8].

The mechanisms of DC development either from pro-
genitors of bone marrow or from circulating monocytes have
also gained much knowledge in the past years, enlightening
the signaling pathways activated in the rising of the distinct
DC subsets. They are either GM-CSF-mediated STAT5 phos-
phorylation- or FLT3-L-mediated STAT3 phosphorylation-
dependent pathways. Moreover, several transcription factors
have been identified as subtype specific for the development
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of DCs in mouse models [9, 10], such that changes in the
cytokine microenvironment and in the transcription factors
expressed in dendritic cell progenitors are able to switch
DC subset and may influence the outcome of the immune
response. Thereby, this complexity makes evident that the
study of the development and function of DCs still has much
to reveal. The expansion of our understanding of the roles of
these unique cells in different scenarios and their underlying
mechanisms is crucial for the design of new and specific ther-
apeutic approaches.

This special issue presents a collection of original
research articles that unveil the role of dendritic cells, their
cellular interactions, and the molecular mechanisms and sig-
naling pathways involved in clinical and experimental
models of infections, inflammatory disease, and cancer.
First, Azevedo-Santos et al. investigated the mechanisms of
the tolerogenic role of DCs from breast tumor patients. In
this patients’ cohort, they corroborated previous data by
demonstrating that monocyte-derived DCs (mo-DCs) from
cancer patients are less mature, have a decreased ability to
stimulate T lymphocyte proliferation, and produce the
anti-inflammatory cytokine IL-10. In addition, they showed
that completely differentiated DCs from patients presented
the same phenotype as DCs from healthy donors when
cocultured with breast cancer-derived cell lines. Neverthe-
less, monocytes isolated from cancer patients expressed less
GM-CSF and IL-4 receptors than monocytes isolated from
healthy donors, which may inhibit the differentiation of
inflammatory DCs from circulating monocytes. They corre-
lated the presence of the heat shock protein 27 (Hsp27),
which is involved in tumor cell proliferation and invasion,
with the tolerogenic profile of DCs. In addition to previous
data that showed Hsp27 expression in tumor cells, they also
revealed that mo-DCs derived from cancer express higher
levels of Hsp70. The direct involvement of DC-expressed
Hsp27 with the anti-inflammatory response to the tumor
still needs clarification.

The maturation state of DCs was the aim of investigation
of two articles that show its role in different infectious and
inflammatory diseases. In the first article, Islam et al.
observed a higher frequency of circulating CD83+ DCs in a
mouse model of herpes simplex virus-1- (HSV-1-) induced
Behçet’s disease, when comparing asymptomatic and symp-
tomatic mice. By performing a set of experiments blocking
CD83 in vivo by different techniques, they revealed an
improvement on the severity score associated with reduced
frequency of CD83+ DCs and downregulation of IL-17 serum
levels, which demonstrates the involvement of DCs in the
pathology of the disease. Interestingly, ablation of CD83
blockade worsened the symptoms, whereas reestablishment
of CD83 inhibition with siRNA treatment, even in the late
stage of the disease, restored the beneficial effects and indi-
cates that CD83 is a good candidate for novel therapeutic
approaches in Behçet’s disease. In the second article,
Helmin-Basa et al. detected increased circulating CD83-
expressing cDCs in Helicobacter pylori-infected children
compared to healthy controls, although the percentages and
total number of DCs were similar. The induction of circulat-
ing cDC maturation was associated with cDC infiltration in

the gastric lamina propria, albeit infiltrating DCs did not
express CD83, indicating a more immature profile of DCs
in the infected site, which might induce tolerance instead of
immunity to local antigens. This set of articles highlighted
the importance of DC maturation not only for immunity
against HSV-1 and H. pylori infections but also for the
immune response-driven pathology.

Another article within this special issue by Barbosa
et al. emphasized how DC responses can differ depending
on the strain of the pathogen involved, even if the strains
are closely related, pointing out that DC functions are
responsible for the outcome of the infection. They showed
that the Mexican Trypanosoma cruzi strain Ninoa infected
mo-DC more effectively than the Brazilian strain CL-
Brener or even another Mexican strain INC5, all three
classified as the same genotype subgroup. mo-DCs infected
with Ninoa produced more TNF-α and IL-10 than mo-
DCs infected with the other strains. The response varied
also if the mo-DCs were derived from either BALB/c or
C56BL/6 mice, evidencing that phylogenetically close path-
ogens use different pathways for the modulation of DC
function, which affects the course of infection and should
be taken into consideration for treatment.

The last set of articles explored the interactions of DCs
with other cells and their effects on the immune response to
infection in different models. Zhao et al. elegantly showed
by both in vitro and in vivo approaches that DCs play the
role of intermediary between invariant natural killer T cells
(iNKT) and NK cells during Chlamydia pneumoniae infec-
tion in mice, which indirectly helps bacterial clearance.
They revealed a role for iNKT cells in the regulation of
the protective IFN-γ-producing CD27high NK cells by
infecting iNKT cell-deficient mice, which displayed changes
in NK subsets and an inhibition of NK activation and IFN-
γ production. Previous studies demonstrated the role of
DCs in NK cell activation and cytokine production; how-
ever, in vitro, coculture of NK cells with DCs from iNKT
deficient mice resulted in reduced expression of CD69
and CD25 and impaired of IFN-γ production by NK cells
compared to coculture with WT DCs. Interestingly, adop-
tive transfer of DCs from either WT or iNKT-deficient
mice to infected mice resulted in the same effect observed
in vitro, demonstrating that iNKT interaction with DCs
allows them to modulate NK cell responses. Loss et al. also
explored the cellular networks important against bacterial
invasion. They studied the crosstalk between porcine mo-
DCs and intestinal epithelial cells (IEC). Using in vitro
assays, they showed that the enteropathogenic bacteria
Escherichia coli but not the probiotic bacteria Enterococcus
faecium modulated NLRP3-dependent inflammasome sig-
naling. Contact-dependent communication between mo-
DCs and IECs increased inflammasome activation in IECs,
whereas it weakened IL-1β production by DCs. Altogether,
these data illustrate the complexity of cellular interactions
necessary to orchestrate the precisely effective immune
response by different species to fight against a pathogen.
We hope you enjoy the reading of this special issue and
that it may give you new insights into the biology of DCs,
this unique cell with varied functions in diverse context.
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Dendritic cells (DCs) are the most efficient antigen-presenting cells and link the innate immune sensing of the environment to the
initiation of adaptive immune responses, which may be directed to either acceptance or elimination of the recognized antigen. In
cancer patients, though DCs would be expected to present tumor antigens to T lymphocytes and induce tumor-eliminating
responses, this is frequently not the case. The complex tumor microenvironment subverts the immune response, blocks some
effector mechanisms, and drives others to support tumor growth. Chronic inflammation in a tumor microenvironment is
believed to contribute to the induction of such regulatory/tolerogenic response. Among the various mediators of the modulatory
switch in chronic inflammation is the “antidanger signal” chaperone, heat shock protein 27 (Hsp27), that has been described,
interestingly, to be associated with cell migration and drug resistance of breast cancer cells. Thus, here, we investigated the
expression of Hsp27 during the differentiation of monocyte-derived DCs (Mo-DCs) from healthy donors and breast cancer
patients and evaluated their surface phenotype, cytokine secretion pattern, and lymphostimulatory activity. Surface phenotype
and lymphocyte proliferation were evaluated by flow cytometry, interferon- (IFN-) γ, and interleukin- (IL-) 10 secretion, by
ELISA and Hsp27 expression, by quantitative polymerase chain reaction (qPCR). Mo-DCs from cancer patients presented
decreased expression of DC maturation markers, decreased ability to induce allogeneic lymphocyte proliferation, and increased
IL-10 secretion. In coculture with breast cancer cell lines, healthy donors’ Mo-DCs showed phenotype changes similar to those
found in patients’ cells. Interestingly, patients’ monocytes expressed less GM-CSF and IL-4 receptors than healthy donors’
monocytes and Hsp27 expression was significantly higher in patients’ Mo-DCs (and in tumor samples). Both phenomena could
contribute to the phenotypic bias of breast cancer patients’ Mo-DCs and might prove potential targets for the development of
new immunotherapeutic approaches for breast cancer.

1. Introduction

Dendritic cells (DCs) are mononuclear phagocytes, special-
ized in antigen presentation to naïveT cells and, consequently,
to initiation and control of immunity in immunogenic or

tolerogenic response [1–3]. In cancer context, DCs are
crucial for the induction of a potent immune response;
on the other hand, defects in their differentiation/matura-
tion can be favorable to tumor escape [4]. The complex
relationship between tumor cells and the host immune
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system is dynamic, and different stimuli can induce het-
erogeneous DC subsets [5, 6]. A tumor immunoenviron-
ment presents chronic inflammation that contributes to
cancer development and progression and increases the
accumulation of myeloid-derived suppressor cells [7].

Tumor cells produce several factors that affect DC dif-
ferentiation. Heat shock proteins (Hsps) are a chaperone
protein family induced by cell stress. Hsps have antiapop-
totic properties and are actively involved in tumor cell
proliferation and invasion [8]. Small heat shock protein
27 (Hsp27) has a role in protection against toxicity medi-
ated by inflammation conditions. Moreover, the expression
of Hsp27 induces monocyte to produce IL-10, which is a
strong inhibitor of the Th1 response and is constantly
found to be elevated in human cancers [9–11].

Breast cancer is the most common invasive cancer in
women; in this context, Hsp27 is associated with tumor
growth regulation and drug resistance in human breast can-
cer [11–14]. Banerjee et al. demonstrated that the treatment
of monocytes with Hsp27 leads to the differentiation for
macrophages with a tolerogenic profile, being these similar
to the macrophages found in breast tumors [15]. Laudanski
et al. (2007) reported that exogenous inhibition of Hsp27 in
monocytes leads to differentiation in immature dendritic
cells, and its activation is associated with impaired antitu-
moral immune responses [10]. Taking into account this
theoretical framework, our objective is to evaluate the phe-
notype and biological function of monocyte-derived DCs
from patients with breast cancer as well as the role of
Hsp27 in this process.

2. Materials and Methods

2.1. Subjects and Study Design. This was a prospective,
single-blind study with convenience sampling, based on
researcher availability of breast cancer patients undergoing
mastectomy surgery. The protocol was approved by the
National Commission of Ethics in Research (CONEP)
(695/CEP) and was conducted in the Hospital Pérola
Byington (107/06), São Paulo, Brazil. Samples were col-
lected only after obtaining informed consent of donors.
Peripheral blood mononuclear cells (PBMCs) were obtained
from 18 female healthy volunteers (32 to 50 years) and 20
female patients (33 to 62 years). The histological diagnos-
tics confirmed 14 ductal breast carcinomas, 4 lobular
breast carcinomas, and 2 ductal and lobular breast carci-
nomas (pT1-4, pN0-2 and M0).

Initially, we obtained DCs derived from monocyte by
in vitro culture with IL-4 and GM-CSF, adding TNF-α for
DC maturation. The patients and healthy donors’ Mo-DC
phenotypes were characterized by flow cytometry and the
functional activity by mixed lymphocyte reaction culture
and cytokine secretion. Afterward, the Mo-DCs were
cultured with or without breast cancer cell lines for the
phenotype and functional characterization. The IL-4 and
GM-CSF receptors were investigated in monocytes by flow
cytometry. Tumor samples were used to evaluate the
Hsp27 expression by quantitative polymerase chain reac-
tion (PCR).

2.2. Mo-DC Culture. We followed the methods of Barbuto
et al. [16]. PBMCs were separated over a Ficoll-Paque gradi-
ent (d = 1:076), resuspended, and seeded in 12-well plates in
AIM-V medium. After overnight incubation at 37°C, nonad-
herent cells were removed, and the adherent cells were cul-
tured in the presence of GM-CSF and IL-4 (50 ng/mL;
R&D, Minneapolis, MN, USA) in AIM-V medium. On the
5th day, TNF-α (50 ng/mL; R&D, Minneapolis, MN, USA)
was added for DC activation. After 2 further days in culture,
the cells were harvested with cold RPMI 1640 and analyzed
for flow cytometry. The culture efficiency was calculated for
the percentile of cells removed starting from the total of
adherent cells by well.

For tumor coculture in transwells, aliquots of tumori-
genic (MCF7) and metastatic (SKBR-3) breast cancer cell
lines (1 × 105 in 100μL of medium) were pipetted (6.5mm
diameter, 0.4μm pore size polycarbonate transwell filters)
(Corning B.V. Life Sciences, Schiphol-Rijk, The Netherlands)
in Mo-DC culture (5th day). After 7 days, the DCs were har-
vested with cold RPMI 1640 for phenotype and functional
characterization.

2.3. Flow Cytometry of Immune Cell Populations. The mono-
cytes and Mo-DCs were analyzed according to their size and
granularity. To detect specific surface antigens, the immune
cells (5 × 105 cells) were stained with fluorescein isothiocya-
nate (FITC), phycoerythrin (PE), or PE-Cy5-conjugated
mouse monoclonal antibodies (MoAbs) against HLA-DR,
CD11c, CD86, CD116, and CD124 or with mouse isotype
controls (Caltag Laboratories, Burlingame, CA, USA) and
analyzed in a FACSCalibur cytometer (Becton Dickinson,
San Jose, CA, USA) with Win MDI2.8 software. At least
10,000 gated events were acquired per antibody analyzed.
The expression of the markers was determined for the num-
ber and median fluorescence intensity (MFI) of positive cells.

2.4. T lymphocyte Isolation by Rosetting with AET-Treated
Sheep Erythrocytes and Allogenic T Cell Proliferation Assay.
Nonadherent cells obtained previously after adherent assay
of PBMC from healthy donors were incubated for 1 hour
with S-(2-aminoethyl) isothiouronium bromide hydrobro-
mide- (AET-) treated sheep red blood cells. T lymphocytes
that adhered to red cells (R+), forming rosettes, were submit-
ted a Ficoll gradient 900g for 35min and isolated from the
erythrocyte pellet by disaggregation and lysis of red blood
cells with hypotonic saline solution (0.899% NH4Cl) for 2
min. After that, the cells were washed twice in RPMI 1640
supplemented with 10% heat-inactivated fetal calf serum
(FCS) and 2mM L-glutamine (R10 medium), centrifuged at
250g for 10min for the removal of red cell debris. T lympho-
cytes were used in MLR (mix lymphocyte reaction) to evalu-
ate Mo-DC ability to induce lymphoproliferation in vitro.

The ability of DCs from healthy donors and breast cancer
patients to stimulate allogeneic T cells was assessed in this
assay. The T cells used in all the experiments were collected
from healthy volunteers and breast cancer patients. In this
assay, DCs were the stimulator cells and T lymphocytes the
responder cells. The latter were added at 5 × 104 cells/well.
In each assay, all tests were carried out using two replicates.

2 Mediators of Inflammation



Appropriate controls were set up in each 96-well plate
(Costar, Cambridge, UK). The stimulator DCs were irradi-
ated with 25Gy. The T cells were stained with CFSE. DC to
T cell ratio (1 : 30) was set up, and the plates were cultured
for 7 days at 37°C in a humidified 5% CO2 incubator. The
proliferation index was determined by FlowJo software. The
results as a percentage (%) were calculated through the rea-
son of control fluorescence mean/DCs treated to T cell cul-
ture fluorescence mean multiplied by 100 and divided by
the reason of control fluorescence mean/DCs treated without
T cell culture fluorescence mean. The culture supernatants
were frozen for cytokine analyses.

2.5. Quantification of IFN-γ and IL-10 by ELISA. IFN-γ and
IL-10 concentrations in lymphocyte-DC allogenic culture
supernatants were tested using commercially available quan-
titative enzyme-linked immunosorbent assay (ELISA) kits
(Becton Dickinson, San Jose, CA, USA).

2.6. Real-Time Quantitative Polymerase Chain Reaction.
Total mRNA from the Mo-DC and tumor breast cancer cells
was isolated using Illustra RNAspin Mini Isolation Kit (GE
Healthcare, Piscataway, USA). The concentration of total
mRNA was determined by measuring the absorbance at
260nm using a GeneQuant pro (Amersham Biosciences,
Cambridge, England). Reverse transcription was carried out
with a real-time quantitative polymerase chain reaction,
which contains DNAse I to avoid DNA contamination (Pro-
mega, Madison, EUA). mRNA Hsp27 expression was ana-
lyzed using Power SYBR Green master mix (Applied
Biosystems, Warrington, UK) according to the manufac-
turer’s instructions. The fold change in target gene expres-
sion between the various groups was determined using the
comparative Ct (2−ΔΔCt) method, after normalizing to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
β-actin expression as an internal reference.

2.7. Statistical Analysis. Comparisons of the samples to
establish statistical significance were determined by an
unpaired t-test. Results were considered to be statistically
significant when the p < 0:05. We used the GraphPad Prism
7 statistical program (OSB Software, São Paulo, Brazil) to
analyze the results.

3. Results

Mature DC membrane markers were analyzed by flow
cytometry, and Mo-DCs obtained from breast cancer
patients showed less HLA-DR, CD11c CD86, CD80, and
CCR7 expressions when compared to Mo-DCs from healthy
donors (Figure 1(a)). Further, the patient’s Mo-DCs had a
lower lymphostimulatory capacity and secreted less IFN-γ
and more IL-10 (Figures 1(c) and 1(d)) than controls.

Thus, we evaluated the influence of tumor cells upon
healthy donors’ Mo-DC maturation. Two different human
breast cancer cell lines, MCF7 and SKBR-3, when present
during the Mo-DC differentiation, caused a decrease in the
frequency of mature DCs, even after TNF-α supplementation
(Figures 2(a)–2(c)), reduced the Mo-DCs’ ability to induce
lymphoproliferation (Figure 2(d)), and decreased the IFN-γ

secretion in the cocultures (Figure 2(e)). Contrastingly, Mo-
DCs obtained from patients were not affected, neither on
their surface (Figures 2(a)–2(c)) nor on their functional phe-
notype (Figures 2(d)–2(f)) when exposed to the tumor cells.

The combination of granulocyte-macrophage colony
stimulating factor (GM-CSF) and interleukin-4 (IL-4)
induces the differentiation of Mo-DCs from adherent periph-
eral blood leukocytes. In accordance with their poorer differ-
entiation into Mo-DCs, peripheral blood mononuclear cells
obtained from breast cancer patients showed lower levels of
GM-CSF (CD116) and IL-4 receptor (CD124) expression
than healthy donors’ cells (Figures 3(a) and 3(b)).

Hsp27 is an immunomodulatory protein expressed by
breast cancer cells. In this study, the Hsp27 expression was
determined in tumors, normal breast tissue, and Mo-DCs
from healthy donors and from patients by quantitative RT-
PCR, and a significantly higher Hsp27 expression in tumors
(Figure 4(a)) and in Mo-DCs (Figure 4(b)) from patients
was detected.

4. Discussion

In this study, we investigated the influence of the tumor,
in vivo, and of tumor cells, in vitro, on Mo-DCs. We analyzed
their surface phenotype, cytokine secretion, and lymphosti-
mulatory activity and noted that cells from patients or those
from healthy donors exposed to tumor cells presented charac-
teristics that could be ascribed to cells with a tolerogenic func-
tion. Furthermore, we also noticed the association of these
traits with an increased expression of the anti-inflammatory
chaperone Hsp27 by Mo-DCs from the patients.

During Mo-DC generation, monocytes were cultured in
medium containing GM-CSF and IL-4, cytokines that drive
their differentiation into immature DCs, after 5days. After
that, TNF-α was added as a maturation stimulus. Compared
to healthy donor Mo-DCs, breast cancer patient Mo-DCs
showed a surface phenotype suggestive of a poorer ability
to induce T cell activation and a cytokine profile that, like-
wise, would drive the induction of tolerance rather than
response to the antigens they would present. This bias was
maintained even after TNF stimulation, which is known to
drive DC maturation and enhance their antigen-presenting
function [17, 18]. Within the tumor, abnormal differentia-
tion may generate defective DCs which can contribute to
the tumor escape from immune system response [19]. Phe-
notypic and functional impairment of DCs derived from
breast cancer patient monocytes was described in previous
studies [20, 21]. The relationship between a cancer immu-
noenvironment and inflammation is widely accepted. Previ-
ous studies showed that tumors induce tolerogenic DCs
and, consequently, decrease effective immune responses, thus
allowing tumor growth [6, 22, 23]. In breast cancer, a defi-
ciency in mature DC in patients was closely associated with
the stage and duration of the disease [24].

The interaction between immune cells and tumor has
been investigated by several studies, paving the way for new
treatments/therapeutic strategies and indicating new targets
for therapy. Using breast cancer cell lines in coculture with
monocyte-derived dendritic cells, we obtained results
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suggesting that the tumor microenvironment not only is able
to block DC maturation but also appears to have a systemic
effect, preventing the normal differentiation of DC, at least
from blood monocytes, thus affecting these central antigen-
presenting cells, even before any maturation stimulus. The
tumor immunoenvironment is complex and dynamic, with
various components, among which is a highly heterogeneous
population of inflammatory myeloid cells that may support
tumor growth and protect the tumor from host immunity
[25]. Tumor progression causes tissue remodeling, metabolic
alterations, angiogenesis, changes in tissue cytokine milieu,
and cell recruitment, leading to a state similar to that of
chronic inflammation [26, 27]. In parallel, clinical and
experimental reports indicate that such a proinflammatory
microenvironment favors myeloid suppressor cell tumor
infiltration and progression [27–31].

The frequency of mature DCs obtained from the differen-
tiation of blood monocytes from breast cancer patients, when

compared to healthy donors, was lower. Since GM-CSF
and IL-4 are the cytokines used to induce this differentia-
tion [32–34], we investigated the expression of receptors to
both cytokines in peripheral blood mononuclear cells from
patients and healthy donors. The results showed a loss in
both cytokines’ receptor expressions in patients’ PBMCs.
In the inflammatory response, the cytokine signal trans-
duction and the regulation of cytokine gene expression
are controlled by heat shock proteins (Hsps) [35].
Hsp27, an important member of the small Hsp family,
has been investigated for its elevated intracellular expres-
sion and its role as a marker of increased malignancy in
human breast tumor cells [13, 36, 37]. Banerjee et al. reported
elevated serum Hsp27 levels in breast cancer patients which,
in turn, seems to bias the differentiation of monocytes to tol-
erogenic macrophages, with less tumoricidal activity and
with a high proangiogenic capacity that promotes tumor
growth [15]. Laudanski et al. demonstrated that Hsp27
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Figure 1: Mo-DCs from a breast cancer patient show lower frequency of maturation surface markers than those from healthy donors. (a) Box
plots represent the frequency of DCmaturationmarkers. Monocytes were cultivated for 7 days in the presence of GM-CSF and IL-4 (50 ng/ml
each) to induce the differentiation of immature Mo-DCs; cell maturation was induced by TNF-α (50 ng/mL) during the last 2 days of culture.
On day 7 of culture, Mo-DCs were harvested and labeled with monoclonal antibodies specific to the molecules CD1a, CD11c, CD80, CD86,
CD40, HLA-DR, and CCR-7. (b) Allogeneic T lymphocytes previously labeled with CFSE were cocultured with Mo-DCs (from healthy
donors or from patients). On day 4 of coculture, the cells were harvested, stained with a viability marker, acquired by flow cytometry, and
an index of proliferation was determined by FlowJo software. (c, d) Concentration of IFN-γ and IL-10 in supernatants of cocultures with
patients’ Mo-DC or healthy donors’ Mo-DC, determined by ELISA. The results are expressed as the average concentration ðpg/mLÞ ± SEM
. (n = 20 patients and n = 18 healthy donors); a t-test was used to compare patients and healthy donor groups. ∗p < 0:05.
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treatment reduced DC differentiation levels in IL-4 and GM-
CSF-stimulated monocyte cultures [10]. Hsp27 expression
was, therefore, investigated, and the results showed a higher
expression in breast cancer tissue when compared to normal
breast tissue. As mentioned before, Hsp27 has been shown to

be upregulated in breast cancer [38], associated with drug
resistance [36] and described as able to drive immune cells
towards tolerance [10, 15]. Our findings are, accordingly, in
agreement with these data and suggest that Hsp27 expression
not only by tumor cells but also by antigen-presenting cells
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Figure 2: Cancer cell lines (MCF-7 and SKBR3) disturbed the maturation of Mo-DCs. (a, b) Box plots represent the frequency of HLA-DR
and CD11c or HLA-DR and CD86-expressing Mo-DCs from healthy donors and breast cancer patients. Monocytes were cultivated in the
presence of GM-CSF and IL-4, and Mo-DCs maturation was induced by TNF-α. MCF-7 and SKBR3 breast cancer cell lines were
cocultured in a transwell system with the Mo-DCs. On day 7 of culture, Mo-DCs were harvested and labelled with monoclonal antibodies
for CD11c, CD86, and HLA-DR. (c) Contour plots illustrating HLA −DR × CD11c or HLA −DR × CD86 expression under the various
conditions. (d) Proliferation index obtained in mixed lymphocyte reaction (MLR) with healthy donors’ or breast cancer patients’ Mo-DC
cocultured or not with tumor cell lines, as stimulators. (e, f) IFN-γ and IL-10 concentrations in MLR supernatants. Cytokine
concentrations were determined by ELISA. The results are expressed as the average concentration ðpg/mLÞ ± SEM. (n = 4 patients and
n = 4 healthy donors). A t-test was used to compare different groups. ∗p < 0:05 when compared with Mo-DC obtained from healthy
donors and #p < 0:05 when compared with Mo-DC from healthy donors in transwell with the respective tumor line cell.
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may contribute to the immune escape mechanism in breast
cancer, favoring the differentiation of DCs biased to induce
tolerance rather than response.

DCs are highly specialized antigen-presentation cells that
have an important role in the initiation and control of adap-
tive immunity, determining the immunogenic or tolerogenic
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Figure 3: Monocytes from breast cancer patients express less IL-4 and GM-CSF receptors. (a) Box plots representing the frequency of CD124
and CD116 expression by peripheral blood mononuclear cells (PBMCs) obtained from healthy donors and breast cancer patients. (b) Dot
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response [1, 2, 10, 38, 39]. Le Naour et al. described the
gene expression and proteomic profiling changes in Mo-
DC differentiation/maturation and reported that during
DC differentiation the Hsp27 expression was maximal in
immature DCs [40]. Furthermore, exogenous human
Hsp27 treatment stimulates monocytes to produce IL-10
and reduces the TNF-α levels [41]. Accordingly, we
observed that breast cancer and Mo-DCs from breast can-
cer patients expressed more Hsp27 when compared to non-
tumor tissues or healthy donor Mo-DCs. Thus, the
immature phenotype and regulatory activity that we
observed in Mo-DCs from breast cancer patients could be
partially caused by the elevated Hsp27 expression within
the tumor microenvironment both by the tumor cells and,
possibly, by the local DCs (since, at least the Mo-DCs from
patients do show this high expression).

5. Conclusions

Our study shows that an elevated Hsp 27 expression, already
described in breast cancer, is also present in Mo-DCs derived
from patients’ monocytes. These cells have a surface and
functional phenotype that may be indicative of a tolerogenic
bias, which could favor tumor escape and growth. Further-
more, we identify a lower expression of GM-CSF and IL-4
receptors by patients’monocytes, suggesting that the interac-
tion of these cytokines and the cells may be less than optimal
when patients’ cells are involved, a phenomenon that could
contribute to their affected phenotype and, likewise, to tumor
escape. Though we were not able to causally link the lower
expression of cytokines’ receptors to the higher Hsp27
expression, it is possible to envisage how such interactions
within the complex tumor immunoenvironment could lead
an immunosuppressive network that would promote tumor
growth and which, therefore, could be possible targets for
therapeutic modulation.
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Purpose. To investigate the frequency and activation status of peripheral plasmacytoid DCs (pDCs) and myeloid DCs (mDCs) as
well as gastric mucosa DC subset distribution in Helicobacter pylori- (H. pylori-) infected and noninfected children. Materials
and Methods. Thirty-six children were studied; twenty-one had H. pylori. The frequencies of circulating pDCs (lineage-HLA-
DR+CD123+) and mDCs (lineage-HLA-DR+CD11c+) and their activation status (CD83, CD86, and HLA-DR expression) were
assessed by flow cytometry. Additionally, the densities of CD11c+, CD123+, CD83+, CD86+, and LAMP3+ cells in the gastric
mucosa were determined by immunohistochemistry. Results. The frequency of circulating CD83+ mDCs was higher in H.
pylori-infected children than in the noninfected controls. The pDCs demonstrated upregulated HLA-DR surface expression, but
no change in CD86 expression. Additionally, the densities of gastric lamina propria CD11c+ cells and epithelial pDCs were
increased. There was a significant association between frequency of circulating CD83+ mDCs and gastric lamina propria mDC
infiltration. Conclusion. This study shows that although H. pylori-infected children had an increased population of mature
mDCs bearing CD83 in the peripheral blood, they lack mature CD83+ mDCs in the gastric mucosa, which may promote
tolerance to local antigens rather than immunity. In addition, this may reduce excessive inflammatory activity as reported for
children compared to adults.

1. Introduction

Helicobacter pylori (H. pylori) colonizes the human stomach.
Infection usually starts in early childhood and can persist for
decades, sometimes even for the lifetime [1]. H. pylori-
infected children develop gastric mucosal inflammation [2]
but with much lower infiltration of polymorphonuclear and

mononuclear cells and decreased incidence of gastric and
duodenal ulceration, gastric adenocarcinoma, and gastric
mucosa-associated lymphoid tissue (MALT) lymphoma as
compared to adults [3, 4].

Dendritic cells (DCs) are professional antigen-presenting
cells (APCs) that induce T cell response against a presented
antigen. Their migration from the site of an antigen uptake
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to the regional lymph nodes and their subsequent maturation
profile decide about the type of the subsequent adaptive
immune response profiles against infection (protective or
nonprotective responses). The DC maturation process is
associated with the expression of several membrane mole-
cules engaged in the DC migration (CCR7), antigen presen-
tation abilities (MHC class II), and their costimulatory
activities (CD80, CD83, and CD86) [5, 6].

Human DCs are rare in peripheral blood [7] and consist
of two major subsets, myeloid DCs (mDCs) and plasmacy-
toid DCs (pDCs) [8]. The mDCs express myeloid antigen
such as CD11c and can be subdivided into CD1c- and
CD141-bearing cells. pDCs lack these markers and instead
express CD123, CD303, and CD304 molecules. Both mDC
and pDC subsets display APC capacity, but this function is
reduced in pDCs, which have relatively low expression of
HLA-DR [9]. It is well documented that pDCs promote the
generation of regulatory T cells (Tregs) [10].

The circulating DC number and their activation status
may change during the course of infection [11, 12] and may
alter throughout a lifetime [13]. These cells play an important
role in shaping the anti-infection response by constantly
completing the population of tissue-residing DCs.

The interaction of DCs withH. pylori in vitro induces DC
maturation and release of proinflammatory cytokines, such
as IL-6, IL-8, IL-12, and IL-23 [14–21]. However, the DC
cytokine production profile and the T cell response mode
strongly depend on the H. pylori structure [22]. The DCs
expressing CD11c+ [18, 23, 24], the semi-mature DCs
bearing dendritic cell-lysosome-associated membrane gly-
coprotein (DC-LAMP, or LAMP3), and the DCs with high
HLA-DR but little CD80, CD83, and CD86 expression
[25, 26] were found in proximity to and in lymphoid follicles,
together with FoxP3 T cells, in the H. pylori-infected gastric
mucosa of adults [26].

In contrast to many studies concerning DC participa-
tion in H. pylori-induced immune response in adults [23,
24, 26–30], similar ones in children are still rare [31].
Additionally, estimation of the frequencies of mDCs and
pDCs and the expression levels of CD83, CD86, and
HLA-DR in the peripheral DC subsets have not yet been
evaluated in the H. pylori-infected children. There is also
a paucity of information regarding the expression profile
of the human DC maturation markers (LAMP3 and
CD83), the myeloid cell marker (CD11c), and the pDC
marker (CD123) in the gastric mucosa of H. pylori-infected
children. Therefore, the aim of this study was (a) to inves-
tigate the distribution and activation status of peripheral
and gastric mucosa DC subsets (pDCs and mDCs) in the
H. pylori-infected and noninfected children and (b) to eval-
uate correlations between the DC subset phenotype charac-
teristics and the activity score on the basis of the updated
Sydney gastritis classification system.

2. Materials and Methods

2.1. Ethics Statement. The study was undertaken according to
Helsinki declaration with ethics committee approval of
Collegium Medicum Nicolaus Copernicus University in

Bydgoszcz, Poland, and informed consent was obtained
from all the patients’ parents and from the patients older
than 16 years prior to blood and antral biopsy collection.

2.2. Patients. In total, thirty-six subjects with dyspeptic symp-
toms, older than eleven years of age, were included in this
study. The exclusion criteria involved the following: (1) a his-
tory of antibiotic use during 4 weeks for other reasons than
H. pylori infection; (2) the presence of other inflammatory
diseases, such as celiac disease, inflammatory bowel disease,
or allergy; and (3) gastric perforation or hemorrhage, history
of surgery, bleeding conditions, or evidence of other clinical
conditions or intestinal parasites. Each subject or subject’s
parents provided the clinical history.

All the children were examined with gastroduodenal
endoscopy due to permanent abdominal pain. Based on
previous observation that H. pylori-associated gastritis of
the corpus was present only when antral gastritis was
present [32], three antral biopsies were taken from each
patient. One biopsy specimen was subjected to a rapid
urease test. The second specimen was used for histological
analysis. The last specimen was subjected to immunohisto-
chemical staining.

The urease test was performed for every patient. Further-
more,H. pylori infection was excluded in every subject by use
of the 13C urea breath test, performed within one week of
undergoing endoscopy. 13C concentration was measured
with an infrared radiation analyzer (OLYMPUS Fanci2,
Tokyo, Japan), assuming 4‰ as the cutoff point.

A patient was considered H. pylori-infected when the
13C urea breath test and either the rapid urease test or
microscopic evaluation were positive for H. pylori. A
patient was considered noninfected when all three tests
were negative. Twenty-one patients were found to be H.
pylori positive, while fifteen patients satisfied the criteria
for a negative H. pylori status. None of the patients had
ulcer disease or macroscopic lesions of the duodenal
mucosa upon endoscopic examination.

The study was conducted in the H. pylori-infected and
noninfected children and adolescents. The group of nonin-
fected children (controls) consisted of 7 boys and 8 girls
(median age 15 years, range 11-18 years). The group of H.
pylori-infected children comprised 9 boys and 12 girls with
recognized gastritis and H. pylori infection (median age 15
years, range 12-18 years). None of the patients had a history
of other inflammatory diseases or cancer.

2.3. Histological Assessment. The specimen was formalin-
fixed and embedded in paraffin, sectioned and stained with
hematoxylin and eosin for histological analysis, or Giemsa
modified by Gray stain for H. pylori detection. Biopsy speci-
mens were graded for gastritis by two independent patholo-
gists based on the updated Sydney system.

Histological variables (presence and density of mono-
nuclear and polymorphonuclear cells, glandular mucosa
atrophy, intestinal metaplasia, and H. pylori) were scored
on a four-point scale: 0, none; 1, mild; 2, moderate; and
3, marked.
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2.4. Flow Cytometry Analyses. During endoscopy, 5mL of
venous blood was taken for immunological testing. The fre-
quencies of total DCs (tDCs), mDCs and pDCs, as well as
the expression of CD83, CD86, and HLA-DR were deter-
mined in whole blood samples with the use of a five-color
flow cytometry method. We followed the methods of
Helmin-Basa et al. [33]. First, two tubes containing 200 μL
whole blood were stained with FITC Lin-1 lineage cocktail
(antibodies against human CD3, CD14, CD16, CD19,
CD20, and CD56), PerCP-anti-human HLA-DR, APC-anti-
human CD83, PE-Cy7-anti-human CD86, PE-anti-human
CD11c, or PE-anti-human CD123 (BD Biosciences, Franklin
Laker, New Jersey, USA) antibodies for 30min at room
temperature (RT). The erythrocytes were removed with
the use of BD Bioscience FACS Lysing Solution (BD Biosci-
ences). The stained leukocytes were suspended in
phosphate-buffered saline (PBS) and analyzed immediately
with flow cytometry (FACSCanto II, BD Biosciences). The
instrument was set up using a BD Cytometer Setup and
Tracking beads. Data acquisition was performed using BD
FACSDiva software, version 6.1.3 (BD Biosciences) and
the analysis with FlowJo 7.5.5 (Tree Star Inc., Ashland,
Oregon, USA). Compensation settings were performed with
a set of compensation tubes using the BD CompBead
antibody-capturing particles and the compensation setup
tool with BD FACSDiva software.

Fluorescence minus one (FMO) was used for gating
(Figure 1). The gating strategy applied for the DC subset
enumeration in two separate tubes is shown in Figure 2.
Doublets and aggregates were avoided by selecting singlet
cells on a forward scatter: FSC (area)/FSC (height) plot.
Logical gating was used to identify tDC, mDC, and pDC
populations. tDCs were defined as Lin1-HLA-DR+, mDCs
were defined as Lin-1−HLA-DR+CD11c+ cells, while pDCs
were defined as Lin-1−HLA-DR+CD123+ cells. The geomet-
ric mean fluorescence intensity (gMFI) was determined to
quantify cell surface expression of activation molecules. Sta-
tistical analyses were based on at least 5000 events gated on
the mDCs and 2500 events gated on the pDCs.

2.5. Immunohistochemistry. The immunohistochemical stud-
ies were performed on archived formalin-fixed paraffin-
embedded (FFPE) tissue sections delivered to the Depart-
ment of Clinical Pathomorphology Collegium Medicum in
Bydgoszcz, Nicolaus Copernicus University in Torun.

FFPE tissue sections were cut on a manual rotary micro-
tome (AccuCut, Sakura, Torrance, USA). Paraffin sections
(4 μm)were prepared andmounted onto extra adhesive slides
(SuperFrost Plus, Menzel Glasser, Braunschweig, Germany).

The immunohistochemical staining was performed
according to previously described procedures [34, 35] and
standardized using a series of positive and negative control
reactions. The positive control reaction was performed on a
model tissue selected according to reference sources (The
Human Protein Atlas, http://www.proteinatlas.org) [36]
and the antibody datasheets. The negative control reactions
were performed on additional tissue sections, by substituting
the primary antibody with a solution of 1% bovine serum
albumin (BSA) diluted in PBS.

Deparaffinization, rehydration, and antigen retrieval
were performed by heating sections in Epitope Retrieval
Solution high-pH at 95-98°C for 20min (Dako, Agilent Tech-
nologies, Santa Clara, USA) in PT-Link (Dako, Agilent Tech-
nologies). Subsequently, endogenous peroxidase activity was
blocked with the use of a 3% H2O2 solution for 15min at RT
and the nonspecific binding was blocked using 5% solution of
BSA for 15min at RT. Incubation with the primary antibod-
ies, anti-LAMP3 (1 : 400 dilution, rabbit polyclonal), anti-
CD11c (1 : 1000 dilution, rabbit monoclonal), anti-CD123
(IL-3RA, 1 : 200 dilution, rabbit polyclonal), anti-CD83
(1 : 100 dilution, mouse monoclonal), and anti-CD86 (1 : 50
dilution, rabbit monoclonal) (all from Abcam, Cambridge,
England), at 4°C for 16 hours was performed. The antibody
complex was detected using EnVision Flex Anti-Mouse/Rab-
bit HRP-Labeled Polymer (Dako, Agilent Technologies) and
localized using 3-3′diaminobenzidine (DAB) as the chromo-
gen. Finally, tissue sections were counterstained in hematox-
ylin, subsequently dehydrated, and cleared in a series of
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Figure 1: Fluorescence minus one controls for the quantification of dendritic cell subsets. Fluorescence minus one (FMO) controls were
prepared without adding a particular fluorochrome-conjugated antibody, for instance fluorescence minus fluorescein (FITC), fluorescence
minus allophycocyanin (APC), fluorescence minus tandem conjugate of phycoerytrin (PE), and the cyanine dye Cy7 (PE-Cy7), and
fluorescence minus PE, respectively. The gating for each channel was defined to exclude nearly all backgrounds from the FMO controls on
the 2D plots of HLA-DR versus individual fluorescence.
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xylene washes, and a cover slip was applied using mounting
medium (Dako, Agilent Technologies).

2.5.1. Evaluation of Protein Expression Based on
Immunohistochemical Staining. The evaluation of protein
expression in the antrum area of obtained FFPE tissue sec-
tions was performed at 20x and 40x original objective magni-
fications, using the ECLIPSE E400 (Nikon Instruments
Europe, Amsterdam, Netherlands) light microscope.

For the evaluation of expression, immunohistochemical
reactions were scored according to morphometric principles
based on a Remmele–Stegner scale (IRS-Index Remmele–
Stegner; immunoreactive score) [37], used in our previous
publications [34, 38].

The total immunoreactivity score was defined according
to the scale obtained from the grade of intensity multiplied
by the score of positively stained cells to give a total score
from 0 to 12. The intensity of staining was scored as follows:
0, negative; 1, low staining; 2, moderate staining; and 3,
strong staining. The number of positive cells was categorized

as follows: (1) in the gastric lamina propria: 0—negative,
1—1 to 5 positive cells, 2—6 to 10 positive cells, 3—11 to
50 positive cells, and 4—51 to 100 positive cells, and (2) in
epithelium mucosa: 0—negative, 1—1 to 20 positive cells,
2—21 to 50 positive cells, 3—51 to 80 positive cells, and
4—81 to 100 positive cells.

2.6. Statistical Analyses. All data are expressed as medians
with the first and third quartiles. The results were compared
using Mann-Whitney U test calculated by the STATISTICA
12 software (StatSoft). For normal distribution, variables
were analyzed using the Kolmogorov–Smirnov test with Lil-
liefors correction. The age and gastric inflammation scores
were correlated with the frequency of DC and their subsets
using the Spearman’s rank correlation. Statistical significance
was considered at p < 0:05.

3. Results

3.1. Gastric Mucosa Histology. The intensity and activity of
antral gastritis were greater in the H. pylori-infected children
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Figure 2: Gating strategy for multicolor flow cytometric detection of total dendritic cells and their subsets. At first, leukocytes were gated by
forward scatter characteristic (FSC) versus side scatter characteristics (SSC). Next, doublets and aggregates were avoided by selecting singlet
cells on a forward scatter: FSC (area)/FSC (height) plot. Then total dendritic cells (tDCs) were gated for fluorescence intensity of HLA-DR
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and their subsets, a percentage of CD83+ and CD86+ cells was gated (open histograms.) The grey line represents the staining profile for
fluorescence minus one (FMO) control.
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(p < 0:001 and p = 0:003, respectively) when compared to the
H. pylori noninfected ones (Table 1). Interestingly, three chil-
dren with H. pylori infection had mild gastric mucosal atro-
phy in the antrum. However, no intestinal metaplasia was
seen in the children’s gastric mucosa.

3.2. The Distribution of Circulating tDCs, mDCs, and pDCs
and Their Activation Status in H. pylori-Infected and
Noninfected Children. The percentages of tDCs, mDCs, and
pDCs were similar between the two groups (Figures 3(a)–
3(c)). While the percentages of CD83 expressing tDCs and

Table 1: Gastric mucosa histology of H. pylori-infected and noninfected children (median score (range) according to the updated Sydney
system: 0, none; 1, mild; 2, moderate; 3, marked).

Antral mucosa
MN cells (intensity) PMN cells (activity) Atrophy Intestinal metaplasia H. pylori^

Hp+ children 2 (1-3) 1 (0-2) 0 (0-1) 0 (0–0) 1 (1-3)

Hp- children 1 (0-2) 0 (0-1) 0 (0–0) 0 (0–0) 0 (0–0)

p <0.001∗ 0.003∗ 0.703 0.751 <0.001∗

Abbreviations: MN: mononuclear cells; PMN: polymorphonuclear cells. Hp+ children: H. pylori-infected children; Hp- children: noninfected children.
^Modified Giemsa staining method. ∗Statistically significant differences (Mann-Whitney U test).
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Figure 3: Comparison of the distribution of circulating total myeloid and plasmacytoid dendritic cells in H. pylori-infected and noninfected
children with using individual raw data points. Scatter plots are showing differential percentages of total dendritic cells (tDCs), CD83+ tDCs
and CD86+ tDCs (a), myeloid dendritic cells (mDCs), CD83+ mDCs and CD86+ mDCs (b), and plasmacytoid dendritic cells (pDCs), CD83+

pDCs and CD86+ pDCs (c), in H. pylori-infected children (Hp+: n = 21) compared to noninfected children (Hp-: n = 15). Data shown as
individual raw data points, medians (horizontal line), and interquartile ranges (upper and lower whiskers). ∗Statistically significant
differences (Mann-Whitney U test).
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mDCs were markedly higher in H. pylori-infected children
(0.74% versus 0.40%, p = 0:027 and 0.92% versus 0.62%,
p = 0:050), there was no significant difference in the per-
centage of CD83-positive pDCs between these two groups.
The percentages of CD86 expressing tDCs, mDCs and
pDCs were similar between H. pylori-infected and nonin-
fected children (Figures 3(a)–3(c)) (p > 0:05).

Increased densities of HLA-DR on the surface of tDCs
and pDCs were noted in H. pylori-infected children
compared with noninfected controls (296.10 versus 247.51,
p = 0:066 and 278.28 versus 204.89, p = 0:030, respectively)
(Figures 4(a) and 4(c)). There were no statistically significant
differences in CD83 and CD86 expression between the two
groups (p > 0:05) (Figures 4(a)–4(c)).

3.3. The Densities of CD11c+, CD123+, CD83+, CD86+, and
LAMP3+ Cells in the Gastric Mucosa of H. pylori-Infected
and Noninfected Children. To determine the effect of H.

pylori infection on the local immune system, the gastric
mucosa sections were labeled with the following antibodies:
anti-CD11c (high expression on mDCs, but low on granu-
locytes, macrophages, and a subset of B cells), CD123 (a
marker of pDCs), CD83 and LAMP3 (markers of mature
DCs), and CD86 (costimulatory molecule upregulated on
activated DCs and other APCs).

A statistically significant increase in the accumulation
of CD11c-positive cells was noted in the gastric lamina
propria mucosa of H. pylori-infected children (p = 0:023)
(Figures 5(a) and 5(b)). There was no significant difference
between CD83+, CD86+, and CD123+ cells in H. pylori-
infected and noninfected children (p > 0:05). However,
the data display a tendency toward an increased density
of CD123+ DCs in the gastric epithelium mucosa of H.
pylori-infected children (Figures 5(a)– 5(c)) (p > 0:05).
Moreover, we used immunohistochemistry to detect
LAMP3+ cells in an antrum. We observed these cells but
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Figure 4: Comparison of activation status of total myeloid and plasmacytoid dendritic cells in H. pylori-infected and noninfected children
with using individual raw data points. Scatter plots are showing differential densities (gMFI (geometric mean fluorescence)) of HLA-DR,
CD83, and CD86 markers on the surface of total dendritic cells (tDCs) (a), myeloid dendritic cells (mDCs) (b) and plasmacytoid dendritic
cells (pDCs) (c) in H. pylori-infected children (Hp+: n = 21) compared to noninfected children (Hp-: n = 15). Data shown as individual
raw data points, medians (horizontal line), and interquartile ranges (upper and lower whiskers). ∗Statistically significant differences
(Mann-Whitney U test).
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only inmucosal epithelium of six children withH. pylori infec-
tion and 2 noninfected children (Figures 5(a) and 5(c)).

3.4. Correlation Analysis. To evaluate whetherH. pylori-asso-
ciated gastritis influences DC frequency or whether these
values depend more on age, we correlated age, gastric inflam-
mation, and H. pylori density scores with the circulating and
gastric DC frequencies.

There was a weak inverse association between age and
tDC frequency (r = ‐0:32, p = 0:05), but no effect of age on
frequencies of mDC (r = 0:01, p > 0:05) and pDC (r = 0:08,
p > 0:05) subsets was observed (Figure 6(a)). However, we
did not observe any correlation between age and density of
gastric DCs (p > 0:05).

There was no significant association between frequencies
of circulating tDCs, their subsets (mDCs and pDCs), gastritis
intensity (mononuclear cell infiltrate), its activity (polymor-
phonuclear cell infiltrate), and H. pylori density (p > 0:05).
Additionally, no correlation was noted between gastric DCs
frequencies, gastric inflammation scores, and H. pylori den-
sity (p > 0:05).

There was only a moderate positive correlation between
frequency of circulating CD83+ mDCs and density of gastric
lamina propria CD11c+ cells (r = 0:44 and p = 0:01, respec-
tively) (Figure 6(b)).

4. Discussion

We described here peripheral DC subset distribution (mDCs
and pDCs) and their maturation status (expression of CD83,
CD86, and HLA-DR) in the H. pylori-infected and nonin-
fected children. Additionally, the densities of CD11c+

(mDCs), CD123+ (pDCs), CD83+ or LAMP3+ (mature
DCs), and CD86+ (activated) cells in the gastric mucosa were
determined by immunohistochemistry. Similar to the other
studies on H. pylori infection, our control group consisted
of dyspeptic, noninfected patients [39, 40], because gastro-
duoendoscopy is not considered an ethical procedure in the
noncomplaining subjects.

H. pylori-infected children exhibited (1) an increased
percentage of circulating CD83+ mDCs, but with normal
expression of CD86 and HLA-DR, (2) upregulation of
HLA-DR expression but unchanged expression of CD83
and CD86 on pDCs subset, (3) increased densities of
CD11c+ cells in the lamina propria and CD123+ cells in the
epithelium, and (4) a significant association between fre-
quency of circulating CD83+ mDCs and lamina propria infil-
trating CD11c+ DCs.

The gastric mucosa, which does not initially have orga-
nized and diffuse lymphoid tissue, acquires MALT-like struc-
tures with follicles and germinal centers following contact
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Figure 5: Infiltration of dendritic cells into the gastric mucosa in H. pylori-infected and noninfected children. Representative images of
CD11c, CD123, CD83, LAMP3, and CD86 staining in the lamina propria and epithelium in antral gastric mucosa biopsies from H. pylori-
infected (Hp+) and noninfected (Hp-) children. Specific staining appears in brown, and the cell nuclei are counterstained with
hematoxylin in blue. The arrows indicate positive staining. Visualization was performed by immunohistochemistry. Primary objectives,
20x and 40x (a). Scatter plots are showing differential densities (IRS (immunoreactive score)) of CD11c+, CD123+, CD83+, and CD86+

cells in gastric lamina propria mucosa (b) and CD123+, CD86+, and LAMP3+ cells in gastric epithelium (c) in H. pylori-infected children
(Hp+: n = 21) compared to noninfected children (Hp-: n = 11). Data shown as individual raw data points, medians (horizontal line), and
interquartile ranges (upper and lower whiskers). ∗Statistically significant differences (Mann-Whitney U test).
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with H. pylori [41]. H. pylori infection in children is associ-
ated with a higher accumulation of lymphoid follicles con-
taining CD4+ T cells, B cells, and DCs [42] in the lamina
propria of the gastric mucosa, identified by macroscopically
evident nodularity.

H. pylori bacteria attach to the gastric epithelium and
contact the gastric epithelium and subepithelial lamina pro-
pria DCs (direct or indirect), which rapidly increase in the
H. pylori-infected mucosa compared with an uninfected
mucosa [18, 23, 24]. DCs loaded with H. pylori likely migrate
to gastric lymphoid follicles or draining paragastric lymph

nodes to present H. pylori antigens to naive CD4+ T cells
[43, 44], thus initiating and regulating the host H. pylori-spe-
cific immune response.

Three subsets of circulating DCs exist: the CD123+ pDCs
and the two types of CD11c+ mDCs:CD1c+ mDCs with
CD11clow and CD141+ mDCs with CD11chigh [8]. Since
DCs are rare in human peripheral blood [7], we focused on
(a) the enumeration of the two major DC subsets (CD11c+

mDCs and CD123+ pDCs) and (b) the estimation of the cor-
relation between these DC phenotypes, H. pylori-induced
inflammation and H. pylori density scores, according to the
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Figure 6: The relationship between the age and frequencies of dendritic cells and their subsets inH. pylori-infected and noninfected children.
The relationships between the age and the frequencies of circulating total dendritic cells (tDCs), myeloid dendritic cells (mDCs), and
plasmacytoid dendritic cells (pDCs) in H. pylori-infected and noninfected children were correlated by Spearman’s correlation test
(p < 0:05) (a). The relationship between the frequency of CD83+ myeloid dendritic cells (CD83+ mDCs) in peripheral blood and the
density of CD11c+ dendritic cells (CD11c+ cells) in lamina propria (LP) in H. pylori-infected and noninfected children was correlated by
Spearman’s correlation test (p < 0:05) (b). IRS: immunoreactive score.
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updated Sydney system of gastritis classification. Addition-
ally, we used immunohistochemistry to assess DC subset dis-
tribution in antral biopsy specimens.

The distribution of circulating DC subsets in H. pylori-
infected patients has not yet been previously evaluated, and
to our knowledge, this is the first study to demonstrate an
increased percentage of CD83+ mDCs, but with no signifi-
cant differences in surface expression of activation markers
(CD86 and HLA-DR). Terminally differentiated DCs
should induce CD83-specific maturation markers and
increase the expression of CD86 costimulatory molecule
and HLA-DR. Thus, an increase in the frequency of
CD83-expressing mDCs along with the absence of upregu-
lation of CD86 and HLA-DR molecules on mDCs might
suggest that the maturation status of circulating mDCs in
H. pylori-infected children was changed but only within
the small part of mDCs. However, the rest of circulating
mDCs still expressed immature/tolerogenic phenotype
(HLA-DRlowCD86low).

The peripheral blood is not the best source for the study-
ing of DC maturation status in the course of H. pylori infec-
tion; hence, we studied also the gastric epithelial and lamina
propria DC subset distribution and its maturation markers.

We observed high levels of CD11c-positive cells and a
tendency toward increased density of CD83-positive cells in
the gastric lamina propria of H. pylori-infected children.
CD11c is a marker for DCs of myeloid origin (mDCs) which
are potent APCs and can activate T cells. CD83 is a more
selective marker, present on mature DCs. Hence, we used
CD11c and CD83 antigens for detecting mDCs and mature
DCs in a gastric mucosa.

CD11c+ mDCs could be recruited from the blood in
response to H. pylori infection, but we could not observe
any association between frequency of circulating mDCs and
gastric mucosa mDC density. However, we noted association
between frequency of circulating mature CD83-bearing
mDCs and gastric mDC density. The accumulation of mDCs
in the gastric lamina propria of H. pylori-infected patients is
necessary for mounting adaptive immune response needed
for efficient bacterial clearance. The increased number of
mDCs but not CD83-positive DCs in the H. pylori-infected
gastric lamina propria mucosa could indicate that H. pylori
infection in children may be associated with local accumula-
tion of immature mDCs (lack of CD83-expressing DCs). The
presence of these cells might initiate low protective immune
response to H. pylori.

We had too small biopsy sections to evaluate other acti-
vation marker expressions (HLA-DR and CD80). Instead,
we studied the expression of more specific DC maturation
markers like LAMP3. We could not detect LAMP3+ cells in
the gastric lamina propria by immunohistochemistry. How-
ever, in six H. pylori-infected children, we observed these
cells in mucosal epithelium. This marker is absent on imma-
ture DCs but rapidly increase upon DCs activation [45], so
our results might suggest that some H. pylori-infected chil-
dren have small numbers of activated DCs in gastric epithe-
lium. In H. pylori-infected adults, DC-LAMP+ cells were
also observed but they were located only in the gastric lamina
propria [26].

Immature human DCs constitutively express interme-
diate amounts of CD86 and lack of CD80, CD83, and
DC-LAMP [45]. CD80 is exclusively induced on mature
DCs while CD86 is already present on immature cells
and further upregulated upon stimulation [46]. Terminally
differentiated DCs induce specific maturation markers
including CD83 and DC-LAMP. Recent studies in adults
also showed an increased population of HLA-DR-positive
[23], DC-SIGN-positive [26], or DC-LAMP-positive DCs
with a semimature phenotype (CD83+, CD80-CD86low)
[23, 26] in lymphoid follicles of the gastric lamina propria
in the H. pylori-infected human gastric mucosa, and these
cells were in the same location as follicular FoxP3+ Tregs
[26]. The presence of CD11c-bearing mDCs but not
mature DCs expressing CD83 or LAMP3 molecules in gas-
tric lamina propria in pediatric may promote tolerance to
local antigens rather than immunity. The presence of
immature DCs and other immature APCs could increase
H. pylori density in the gastric mucosa. On the other
hand, it can also be beneficial, as it may reduce excessive
inflammatory activities responsible for gastric ulcers and pre-
malignant gastric lesions in some individuals. The absence of
mature DCs in a pediatric gastric mucosa might also explain
the lower local proinflammatory responses toH. pylori infec-
tion in children than in adults [47].

Our study also demonstrated a tendency to increase the
density of CD123- (marker of pDCs) positive cells in gas-
tric epithelium as compared to normal controls. This pDC
subset may mount both protective and tolerogenic immune
responses [48] and can induce Treg differentiation [49]. A
previous study in adults showed that gastric CD303-
expressing DC (other marker of pDCs) cells were present
in a very low number in both H. pylori-infected and unin-
fected individuals however with no significant difference
between the groups. Thus, the presence of pDCs in the site
of H. pylori infection (gastric epithelium) may initiate low
protective immune response to H. pylori often observed.

5. Conclusion

This study shows that although H. pylori-infected children
had an increased population of mature mDCs bearing
CD83 in the peripheral blood, they lack mature CD83+

mDCs in the gastric mucosa, which may promote tolerance
to local antigens rather than immunity. In addition, this
may reduce excessive inflammatory activity as reported for
children compared to adults.
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Dendritic cells (DCs) are a type of antigen-presenting cells that play an important role in the immune response against
Trypanosoma cruzi, the causative agent of Chagas disease. In vitro and in vivo studies have shown that the modulation of these
cells by this parasite can directly affect the innate and acquired immune response of the host in order to facilitate its biological
cycle and the spreading of the species. Many studies show the mechanisms by which T. cruzi modulates DCs, but the interaction
of these cells with the Mexican strains of T. cruzi such as Ninoa and INC5 has not yet been properly investigated. Here, we
evaluated whether Ninoa and INC5 strains evaded the immunity of their hosts by modulating the biology and function of
murine DCs. The CL-Brener strain was used as the reference strain. Herein, it was demonstrated that Ninoa was more infective
toward bone marrow-derived dendritic cells (BMDCs) than INC5 and CL-Brener strains in both BMDCs of BALB/c and
C57BL/6 mice. Mexican strains of T. cruzi induced different cytokine patterns. In BMDCs obtained from BALB/c mice, Ninoa
strain led to the reduction in IL-6 and increased IL-10 production, while in C57BL/6 mice Ninoa strain considerably increased
the productions of TNF-α and IL-10. Also, Ninoa and INC5 differentially modulated BMDC expressions of MHC-II, TLR2, and
TLR4 in both BALB/c and C57BL/6 mice compared to Brazilian strain CL-Brener. These results indicate that T. cruzi Mexican
strains differentially infect and modulate MHC-II, toll-like receptors, and cytokine production in DCs obtained from C57BL/6
and BALB/c mice, suggesting that these strains have developed particular modulatory strategies to disrupt DCs and,
consequently, the host immune responses.

1. Introduction

Chagas disease, an illness identified 110 years ago by the phy-
sician and researcher Carlos Chagas, is a serious public health
problem, affecting approximately 8 million people worldwide

[1, 2]. Trypanosoma cruzi, the etiological agent of the disease,
presents intraspecific genetic and phenotypic heterogeneity.
Based on phylogenetic, molecular, biochemical, and biologi-
cal markers, the causative agent of the disease is grouped into
six discrete typing units (DTUs) ranging from TcI to TcVI
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[3–5]. The genetic diversity of T. cruzi exerts influence on the
biological, clinical, immunological, and epidemiological
variation of the disease, and it is also directly related to the
establishment of the infection [6, 7]. For example, the TcVI
genotype is associated with human Chagas disease in coun-
tries of South America, especially north of the equator where
several cases of human infection have been reported [4].
Specifically, the CL-Brener strain [8] belongs to the TcVI
genotype, and the metacyclic forms derived from this
strain are highly invasive in vitro and in vivo [9–11].
TcI is considered a homogeneous group but contains
the largest distribution among the described genotypes and
is subdivided into five subgroups (TcIa–TcIe) [5, 12–15].
TcI is the genotype that predominates in Mexico and is
responsible for causing most of the clinical manifestations
of Chagas disease. The Mexican strain of this genotype has
different biological characteristics such as growth, metacyclo-
genesis, and infectivity in vitro and can cause patent and
subpatent parasitemia. However, the strains belonging to
the same TcI genotype differ in their ability to invade cells
and cause infection [16–21]. Experimental studies have
shown that although the Mexican strains belong to the same
TcI genotype, they present differences in the induction of
mortality (0–100%), muscle cell tropism (mainly skeletal
and cardiac), and in the inflammatory process generated by
the infection. This indicates that biological behavior varies
between these strains in the same DTU [16, 17, 19, 20]. Thus,
elucidating the underlying mechanisms that generate so
many differences even in strains of the same genotype and
in the same geographical region is essential for understand-
ing the disease in Mexico.

The T. cruzi parasite presents three morphological forms
in its biological cycle, and of these, metacyclic trypomasti-
gotes are the infective forms eliminated by triatomines
during blood feeding [9, 16, 22–24]. The surface molecules
presented by the metacyclic trypomastigotes are fundamental
for the interaction of the parasite with the host, and through
these surface molecules, the protozoan can be recognized by
host defense cells. In this context, dendritic cells (DCs) are
one of the preferred targets of the infecting forms of T. cruzi
[25]. Because of their efficient antigen presentation ability,
DCs can detect pathogens and initiate an effective response
through a cascade of triggered events that culminates in
the presentation of antigen to lymphocytes and activation
of a specific and protective immune response [26]. In this
process, these cells are activated and direct the host
immune response depending on the production of cyto-
kines and the presence and intensity of surface markers
that characterize their maturation [27–29]. During antigen
presentation, these cells have high expression of molecular
markers such as CD80, CD86, and MHC [27, 30–32]. Addi-
tionally, cellular migration markers such as CCR7, which are
fundamental in the migration process of these cells to the
presentation sites, are expressed [27, 33]. Furthermore, vari-
ous proinflammatory cytokines such as IL-1β, IL-12, IL-8,
TNF-α, and IL-6 are synthesized and assist in the formation
of a specific pattern of immune response [27, 34, 35].

The interaction with T. cruzi induces inhibition of the
expression of important cell activation and cellular matura-

tion markers such as CD80, CD86, MHC, and CD40 [36].
In addition, T. cruzi induces a DC death marker called
PDL-1 that inhibits the production of proinflammatory
cytokines such as IL-12, TNF-α, and IL-6 and stimulates
the synthesis of anti-inflammatory cytokines such as IL-10
and TGF-β targeting a tolerogenic profile where there is less
activation of T. cruzi-specific T lymphocytes [6, 25, 28, 37,
38]. These immunomodulations by the parasite can vary
depending on the T. cruzi strain and how they interact with
these cells, highlighting the key role of DCs in the develop-
ment of clinical forms of the disease [6, 7, 37, 39–43].
Although many studies have elucidated the mechanisms
by which T. cruzi modulates DCs, the interaction of these
cells with Mexican strains has not yet been properly inves-
tigated. The present study is aimed at investigating the
infectivity, expressions of standard recognition receptors
and costimulatory molecules, and the production of cyto-
kines in DCs cultured with Mexican strains to understand
how they evade the immune responses of their hosts by
modulating these cells.

2. Material and Methods

2.1. Parasites. Two strains of T. cruzi fromMexico were used.
They were maintained in the laboratory of parasitology of the
Federal University of the Triângulo Mineiro, UFTM. Ninoa
strain (MHOM/MX/1994) [44] was obtained from xenodiag-
nosis of a patient with acute Chagas disease, while the INC5
strain (MHOM/MX/1994) [45] was isolated from a patient
with Chagasic cardiomyopathy [19, 20]. CL-Brener is a Bra-
zilian strain and was used as a reference for the study. This
strain was isolated from a Triatoma infestans, belonging to
the Department of Parasitology of the Federal University of
São Paulo, UNIFESP, and was kindly provided by Dra.
Nobuko Yoshida. The parasites were cultured at 28°C in liver
infusion tryptose (LIT) medium supplemented with 10%
fetal bovine serum. Metacyclic forms of cultures in stationary
growth phase were purified by column passing DEAE-
cellulose as previously described [46].

2.2. Animals and Differentiation of Bone Marrow-Derived
DCs (BMDCs). Male BALB/c and C57BL/6 (6–8 weeks
old) wild-type mice were bred and maintained in experi-
mental animal facilities of the Federal University of Triân-
gulo Mineiro, UFTM, Uberaba, MG, Brazil, according to
the guidelines of the Ethics Committee on Animal Use
(CEUA). All the experiments were conducted according to
the Ethics Committee on the Use of Animals of the Federal
University of Triângulo Mineiro. Bone marrow cells from
the femurs and tibiae removed from mice were centrifuged
at 400 × g for 10min at 8°C in RPMI 1640 medium (GE
Healthcare, Uppsala, Sweden). Subsequently, 2mL of lysis
buffer was added for lysing the red cells, and the cells were
washed thrice for counting. Cells were counted in a Neubauer
chamber and resuspended to 5 × 106 cells/mL in RPMI 1640
medium with the addition of 50mM Hepes (Gibco, Grand
Island, NY, USA), 10% of inactivated fetal bovine serum
(Gibco, USA), 2mM L-glutamine (Gibco, USA), 40mg/mL
gentamicin, and 12.5 ng/mL murine GM-CSF (BD) at 37°C
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in a humidified atmosphere with 5% CO2. On day 3, 10mL of
RPMI medium containing 12.5 ng/mL GM-CSF was added.
Cells were further differentiated for additional 4 days with
GM-CSF containing complete medium. After 7 days of
culture, the cells were collected and analyzed by flow cytom-
etry to determine the percentage of CD11b and CD11c, and
further experiments were performed only after evaluating
this percentage. All cultures presented at least 80% of
CD11b+CD11c+ DCs, and bone marrow-derived dendritic
cells (BMDCs) were harvested and cultured in 96-well plates.

2.3. In Vitro Infection of DCs. After 7 days of differentiation,
BMDCs at a concentration of 1 5 × 105 cells per well (96-
well plate) in 250 μL of 10% RPMI 1640 medium were
incubated for 18h with the three different T. cruzi strains
(CL-Brener, Ninoa, or INC5 at MOI 2 : 1) with or without
LPS (5 μg/mL). Cells were then evaluated for parasite infec-
tion using 4′,6-diamidino-2-phenylindole dihydrochloride
(DAPI; Molecular Probes, Eugene, Oregon, US). Expression
of MHC-II, CD80, CD86, TLR2, and TLR4 surface markers
was evaluated by flow cytometry, and the production of
TNF-α, IL-10, IL-12p70, CCL-2, and IL-6 was measured by
cytometric bead array. AMOI of 2 : 1 was chosen because this
ratio of cell and parasite was sufficient to affect the different
steps of the DC biology or to assess parasitic infectivity.

2.4. Determination of T. cruzi-Infected DCs. BMDCs in 96-
well plates were analyzed by fluorescence microscopy using
DAPI. BMDCs differentiated from both the mouse strains
were cultured with different strains of T. cruzi, harvested,
and incubated at 4°C for 30min with 10 μM DAPI. Cells
were washed twice with PBS and centrifuged at 400 × g
at 4°C for 10min and immediately analyzed by EVOS Cell
Imaging System (Thermo Scientific, USA) at ×400 magnifi-
cation. The number of intracellular parasites was counted
in a total of 100 cells, and percentage of infected cells, para-
sites per 100 cells, and mean parasite load in infected cells
were determined.

2.5. Flow Cytometry Analysis. BMDCs differentiated from
both mouse strains were analyzed by flow cytometry using
the following monoclonal antibodies: anti-CD11c, anti-
MHC-II, anti-CD80, anti-CD86, anti-TLR2, or anti-TLR4,
labeled with APC, FITC, PE, or PECy7 according to the
intended purpose. The acquisition was obtained using an
Accuri flow cytometer (BD Immunocytometry Systems),
and the analyses were performed using the FlowJo software.

2.6. Cytometric Bead Array. Cytometric bead array was
performed using the CBA Mouse Inflammation Kit (BD
Biosciences) according to the manufacturer’s instructions,
and the following cytokines were measured: TNF-α, IL-10,
IL-12p70, IL-6, and chemokine CCL-2. Briefly, supernatants
of BMDCs from C57BL/6 and BALB/c mice cultured with
T. cruzi, with or without LPS, were incubated with beads
coupled with specific monoclonal antibodies and PE-
conjugated secondary antibodies for 4 h at room tempera-
ture. Beads were washed and the acquisition was performed
using the Accuri flow cytometer (BD Immunocytometry Sys-
tems). The concentration of the samples was estimated by

comparing the PE fluorescence obtained from the stan-
dard curve obtained by serial dilution of recombinant
murine cytokines. Results were analyzed by 5-parameter
logistic regression with FCAP array software and expressed
in pg/mL.

2.7. Statistical Analysis. The results were analyzed by Graph-
Pad Prism 7.0 (GraphPad Software, San Diego, CA, USA).
The Kruskal-Wallis test with a Dunn’s post hoc test was
performed for data with a non-Gaussian distribution. Bar
graphs show mean and standard error of the mean. The
results were considered significant when the p value was
lower than 0.05 (5%).

3. Results

3.1. Evaluation of the Infectivity of Different Strains of T. cruzi
in DCs Derived from BALB/c and C57BL/6 Mice. In general,
the different T. cruzi strains were able to infect DCs.
However, the percentage of infection varied depending on
the strain and the origin of DCs [6, 7, 37, 47]. In BMDCs
derived from BALB/c mice, the percentage of cells infected
with the different strains did not show a significant difference
despite experiencing a slight increase when these cells were
cultured with LPS (Figure 1(a)). Contrastingly, when evaluat-
ing the amount of parasites present in a total of 100 BMDCs,
we found that cells cultured with T. cruzi from the Ninoa
strain previously stimulated with LPS exhibited a significant
increase in the number of parasites compared to the INC5
strain plus LPS (p = 0 0427) (Figure 1(b)). The same profile
in relation to the Ninoa and INC5 strains plus LPS was found
by analyzing the amount of parasites present in each infected
cell (p = 0 0219) (Figure 1(c)). In the CL-Brener strain with-
out LPS treatment, the number of parasites per infected cell
was significantly higher compared to the INC5 strain also
without LPS treatment (p = 0 0427) (Figure 1(c)). When the
BMDCs derived from C57BL/6 mice were evaluated, the
percentage of infected cells after culture with CL-Brener
strain plus LPS presented a significant variation (p = 0 0234
) compared to BMDCs cultured with INC5 strain plus LPS
(Figure 1(d)). The amount of parasites per 100 cells showed
a significant increase when the CL-Brener strain was
compared to the INC5 strain (p = 0 0422). The same differ-
ence in infectivity was found when the number of parasites
in BMDCs cultured with the CL-Brener strain plus LPS was
compared to BMDCs cultured with the Ninoa strain plus
LPS (p = 0 0230) (Figure 1(e)). The same pattern was
observed in the amount of parasites per infected cell compar-
ing the effects of the Ninoa and CL-Brener strains (p = 0 0181
) (Figure 1(f)). In Figure 1(g), we show a representative pic-
ture of DAPI labeling evidencing the infectivity of different
strains of T. cruzi in BMDCs in vitro.

3.2. Production of Cytokines and Chemokine CCL-2 in DCs
Cultured with Different Strains of T. cruzi. The concentration
of cytokines in BMDCs from BALB/c mice did not show sta-
tistically significant differences in any of the analyses, regard-
less of whether they were infected only with the strains or in
the presence of LPS. The following cytokine levels were
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measured: TNF-α, IL-6, IL-12p70, CCL-2, and IL-10
(Figures 2(a)–2(e)). When we analyzed the cytokines present
in the culture supernatant of BMDCs derived from C57BL/6
mice, a significant increase was observed in the production of
TNF-α in BMDCs cultured with the Ninoa strain without
or plus LPS compared to cultures without T. cruzi infection
(p = 0 0094) (Figure 3(a)). Also, the Ninoa strain induced a
significant increment of IL-10 production in LPS-treated
cultures compared to LPS alone and all other strains plus
LPS (p = 0 00001 for LPS, p = 0 023 for CL-Brener, and

p = 0 0331 for INC5) (Figure 3(e)). We did not find sig-
nificant differences in the production of IL-6 (Figure 3(b)),
IL-12p70 (Figure 3(c)), and CCL-2 (Figure 3(d)).

3.3. Percentage of Cytokine and Chemokine CCL-2 Variation
in DCs Cultured with Different Strains of T. cruzi. In order to
demonstrate how the different T. cruzi strains could modu-
late the ability of dendritic cells to produce cytokines, we
calculated the variation of cytokines by determination of
percentage of increment or reduction in cytokines produced
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Figure 1: Trypanosoma cruzi infectivity in murine BMDCs from BALB/c and C57BL/6 mice. BMDCs with or without LPS stimulation
(5 μg/mL) were incubated for 18 h with different T. cruzi strains (MOI 2 : 1) and stained with DAPI. (a) and (d) show the percentage of
infected cells; in (b) and (e) the number of parasites per 100 cells and in (c) and (f) the ratio of parasites per infected cell are shown. (g)
Representative images of BMDCs infected with T. cruzi after stimulation with LPS (5 μg/mL) and stained with DAPI. Statistical analysis,
when applicable, was performed with the Kruskal-Wallis test with Dunn’s posttest, where ∗,∗∗p < 0 05.
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by T. cruzi-infected BMDCs previously treated with LPS and
those maintained only with LPS (5 μg/mL). Globally, the
interaction of BMDCs with T. cruzi induced TNF-α, IL-6,
CCL-2, and IL-10 increment and IL-12p70 reduction. The
cytokine IL-6 (Figure 4(b)) showed significant alteration only
in the BMDCs derived from BALB/c mice, showing a reduc-
tion in cells stimulated with the Ninoa strain compared to
cells stimulated with the CL-Brener strain (p = 0 0387). On
the other hand, the Ninoa strain induced significant incre-
ment in CCL-2 compared to CL-Brener in BALB/c mice
(p = 0 01). IL-10 also showed significant variation for both
mice strains, as BMDCs cultured with the Ninoa strain
had an increase in IL-10 compared to BMDCs cultured
with the INC5 strain in BALB/c mice (p = 0 0219) and
compared to INC5 and CL-Brener in C57BL/6 mice
(p < 0 0001). We did not observe any significant changes
in the variation of TNF-α (Figure 4(a)) and IL-12p70 among
strains (Figure 4(c)). In Figures 4(f)–4(i), it is possible to
observe the variation in the production of the cytokines
according to the different strains with or without the addition
of LPS.

3.4. Evaluation of MHC-II, CD80, CD86, TLR2, and TLR4
Expression in DCs Cultured with Different Strains of T.
cruzi. Data related to flow cytometry were analyzed by ascer-
taining the variation of the percentage of positive cells and
the variation of the expression per cell (mean fluorescence
intensity). Our results point that T. cruziMexican strains sig-
nificantly reduce cells expressing MHC-II, TLR2, and TLR4
compared to the Brazilian strain CL-Brener. Specifically,
the interaction with INC-5 and Ninoa led to a lower MHC-
II+ BMDC in both BALB/c (p = 0 0011) and C57BL/6
(p = 0 0004) mice (Figure 5(a)). The costimulatory molecules
CD80 and CD86 presented a negative variation in BMDCs
cultured with all evaluated (Figures 5(b) and 5(c)). For both
BALB/c and C57BL/6, the CL-Brener strain induced higher
percentage of TLR2+ BMDCs compared to the INC5 strain
(p = 0 0051 and p = 0 0001, respectively) and to Ninoa
(p = 0 0051 and p = 0 0001, respectively, Figure 5(d)). In a
similar way, the CL-Brener strain interaction induced a
higher percentage of TLR4+ BMDCs in both mice strains
compared to the INC5 (p = 0 0001 for BALB/c and
C57BL/6) and Ninoa strains (p = 0 0001 for BALB/c and
C57BL/6) (Figure 5(e)).

In both mouse strains, the INC5 strain led to a signifi-
cant increment in BMDC MHC-II expression compared to
the CL-Brener strain (p = 0 0319) and Ninoa (p = 0 0004) in
BALB/c. Interestingly, while in BALB/c mice the CL-Brener
strain induced a slight increment in MHC-II, in C57BL/6
mice, this expression was inhibited and significantly differ-
ent from INC5 and Ninoa (p = 0 0427, Figure 6(a)). All T.
cruzi strains induced an inhibition in CD80 expression for
both mouse strains (Figure 6(b)). For CD86, only Ninoa
induced a slight increment in expression but without statis-
tical significance (Figure 6(c)). The CL-Brener strain also
induced a considerable increment in TLR2 expression in
both mouse strains compared to the INC5 and Ninoa strains
(p = 0 0002 for BALB/c and p = 0 0001 for C57BL/6,
Figure 6(d)). On the other hand, the CL-Brener strain infec-

tion induced a lower expression of TLR4+ BMDCs compared
to the INC5 and Ninoa strains (p = 0 0004 for BALB/c and
p = 0 01 for C57BL/6, Figure 6(d)). Radar plots present a
summary of the impact of the interaction with different T.
cruzi strains in LPS-stimulated BMDCs from BALB/c
(Figure 6(f)) and C57BL/6 (Figure 6(g)) mice.

4. Discussion

Our study is aimed at evaluating the infectivity and immuno-
modulatory capacity of different Mexican strains of T. cruzi
on DCs derived from BALB/c and C57BL/6 mice. Our results
point to the fundamental role of these strains in the interac-
tion with these DCs during the in vitro coculture, depending
on the mouse lineage.

The biological behavior, anatomical route of invasion,
inoculum, surface molecules expressed in the metacyclic
forms of T. cruzi, and host immune response are factors that
are closely related to the establishment of the infection [6, 9,
48–50]. Our data showed that all three strains infected DCs
efficiently. However, strains belonging to the TcI genotype
(AQ1.7, Mutum, and G) presented a profile with low infectiv-
ity in BMDCs [6, 51]. This can be explained by the fact that T.
cruzi presents a high intraspecific genetic and phenotypic
diversity, especially for the TcI genotype. Thus, different
genetic markers indicate that there is an intra-DTU genetic
variation, and the TcI is the genotype that presents high
genetic heterogeneity. This may be related to the different
epidemiological characteristics and generate controversies
regarding the infectivity and pathogenicity of the strains
belonging to this genetic group [4, 13, 19, 52].

When inoculated in Swiss mice, the parasites of the
INC5 and Ninoa strains presented patent parasitemia, high
infectivity, and mortality. Intense tissue parasitism was
observed in several organs of the experimental animals,
increasing the virulence of these strains [20, 52]. However,
trypomastigote forms were used in these other studies [17,
20, 21]. Notably, the different evolutionary forms of T.
cruzi use different strategies in adhesion or invasion of
cells because of the specific stage molecules, which affect
the infectivity and pathogenicity, even in the same strain
[53, 54]. The parasite inoculation pathway can also
influence the biological behavior of the strain because of
the different biological barriers that the parasite needs to
overcome to establish the infection, directly impacting
the immune response and host resistance [50]. One factor
that needs to be considered is the type of cell or tissue that
the metacyclic form infects. The Ninoa strain showed low
parasitemia and mortality and a mild inflammatory pro-
cess when inoculated orally in mice of this same strain.
In oral infection, the parasites enter into the epithelial cells
of the stomach and can undergo pepsin action, and the
metacyclic trypomastigote forms express on their surface
molecules that can facilitate or inhibit this invasion pro-
cess. Recent studies have shown that the TcI genotype
has a poor infective oral profile, as they express gp90 on
their surface, and this molecule negatively regulates inva-
sion to the target cell [16, 55].
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On the other hand and consistent with our present study,
the CL-Brener strain presents a highly infectious profile in
in vitro studies, and its profile is well studied in oral infection.
An explanation for the increased infectivity may be the glyco-
protein gp82 expressed on its surface that facilitates the entry
of the parasite into the cell through the mobilization of intra-
cellular calcium [9, 11]. These different results using the same
strains show that in addition to the parasite genetics, the
infected cell line and the immune response caused by the
contact of the parasite with the cell are associated with the
infection. Additionally, the cells derived from the C57B/6
and BALB/c mice present different degrees of susceptibility
and/or resistance [51]. Our results show that the Ninoa strain
has a higher infectivity potential when the BMDCs are acti-
vated with LPS, while the CL-Brener strain is more infective
in BMDCs not yet activated. Different strains have shown
distinct infectivity potentials [6], and this can be related to
the ability of these cells to recognize the molecules presented
on the surface of the parasite [56]. In addition, in BALB/c
mice, we observed a similar cell interaction for all strains,
while in C57BL/6 the CL-Brener strain had a better perfor-

mance. This suggests that a strain can have different behav-
iors depending on the mice used, as shown in experiments
with Y strain [57].

Once the ability of infection in cells derived from the two
strains was confirmed, we analyzed the ability of these strains
to modulate surface markers and stimulate the production of
cytokines. We observed that both strains of T. cruzi and lin-
eage of mice presented different patterns for the parameters
evaluated. In BMDC from BALB/c mice, the Ninoa strain
lead to a reduction in IL-6 and an increase in IL-10 produc-
tion, while in C57BL/6 mice the cytokine production was
associated with a huge increment in TNF-α and IL-10. Cyto-
kines are one of the most relevant factors in determining the
course of infection [17, 51, 58]. During the process of infec-
tion by T. cruzi, a modulating response associated with sus-
ceptibility to the disease can be triggered by the parasite.
For instance, in macrophages infected with T. cruzi, the acti-
vation of TLR is weak, leading to a decrease in the production
of proinflammatory cytokines such as IL-12 [59]. In addition,
the production of IL-10 and TGF-β is stimulated in infected
macrophages, and this causes a favorable response to the
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Figure 2: Cytokine and chemokine production by BALB/c-derived BMDCs infected with CL-Brener, Ninoa, and INC5 strains of T cruzi.
BMDCs with or without LPS stimulation (5 μg/mL) were incubated for 18 h with different T. cruzi strains (MOI 2 : 1), and the production
of cytokines and chemokine was evaluated by CBA: (a) TNF-α, (b) IL-6, (c) IL-12p70, (d) CCL-2, and (e) IL-10. Statistical analysis, when
applicable, was performed with the Kruskal-Wallis test with Dunn’s posttest, where ∗,∗∗p < 0 05.
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Figure 3: Cytokine and chemokine production by C57BL/6-derived BMDC infected with CL-Brener, Ninoa, and INC5 strains of T cruzi.
BMDCs with or without LPS stimulation (5 μg/mL) were incubated for 18 h with different T. cruzi strains (MOI 2 : 1), and the production
of cytokines and chemokine was evaluated by CBA: (a) TNF-α, (b) IL-6, (c) IL-12p70, (d) CCL-2, and (e) IL-10. Statistical analysis, when
applicable, was performed with the Kruskal-Wallis test with Dunn’s posttest, where ∗,∗∗p < 0 05.
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parasite to be triggered [37, 60, 61]. Similar results were
found in our study, where the Ninoa strain presented more
modulatory behaviors compared to the other strains under
similar conditions, especially when the cells were already
activated. According to Gil-Jaramillo et al. [7], more virulent
strains can manipulate DCs to produce more tolerogenic
cytokines.

Ferreira et al. [51] described increased levels of IL-10 in
C57B1/6 and BALB/c mice in the acute phase of the disease.
In addition, BALB/c mice had elevated serum TGF-β levels,
indicating susceptibility to the disease. The proinflammatory
cytokines TNF-α, IFN-γ, IL-1β, IL-2, IL-5, and IL-6 also
showed high levels of expression during the infection period,
suggesting that the balance between cytokines determines the
course of infection. In DCs derived from BALB/c mice, we
observed that no cytokine showed great peak expression;
however, in C57BL/6, IL-10 and TNF-α were strongly stimu-
lated by the Ninoa strain. The other cytokine levels did not
change. Analyzing the serum of BALB/c animals infected
with the Ninoa strain, the study conducted by Espinoza
et al. demonstrated an increase in the levels of IL-10 in the
acute phase, which decays and rises gradually during the
course of infection. IL-12, which reached its peak in the acute
phase and was maintained throughout the chronic phase,
was also evaluated [17].

TLRs form a family of transmembrane proteins responsi-
ble for the recognition of molecular patterns essential for the
triggering of immune responses [62–64]. Several surface
molecules of T. cruzi are recognized by these receptors. Some
molecules of trypomastigotes are recognized by TLR2 [65,
66], and other molecules present in epimastigotes are recog-
nized by TLR4 [67]. The relationship between the recogni-
tion of T. cruzi by these receptors and the development of a
susceptible or resistant immune response has been exten-
sively investigated. TLR2, TLR4, TLR7, and TLR9 are impor-

tant for the development mechanisms of T. cruzi infection
[64]. The parasitic form tested in our study for all the strains
used was the metacyclic, the same as that of the natural infec-
tions in vector transmission, and we observed a better expres-
sion of TLR2 in cells infected by the CL-Brener strain
belonging to TcVI in relation to the INC5 strain belonging
to TcI and a better expression of TLR4 in relation to the
Ninoa strain in the TcI group. Similar studies using other
strains showed strains belonging to the TcI group that were
able to improve TLR2 expression, whereas the decrease in
TLR4+ was evidenced in the TcII group [6]. The increase in
TLR2 can be related to the ability to evade host defense by
changing the cytokine profile produced, favoring the produc-
tion of TLR2-dependent IL-10, as in infections by several
other microorganisms [6, 51, 59, 67, 68]. Although this strain
has not been highlighted by the production of IL-10 com-
pared to others, the TLR2 pathway may be responsible for
the observed production. TLR4 can trigger the production
of cytokines such as IL-12, IFN-γ, TNF-α, and nitric oxide
(NO) in T. cruzi infections [67, 69], leading to better
response. Our data show that the CL-Brener strain presents
a greater number of TLR4+ DCs, although not showing a sig-
nificant expression with respect to the cytokines of these
profiles.

The ability of maturation and presentation of antigens by
DCs is impaired by the presence of the parasite. This damage
is due to the modulation of important molecules such as
MHC, CD80, CD40, and CD86, whose levels are reduced in
the presence of the parasite [6, 25, 28, 37, 38]. Only the
INC5 strain induced high amounts of MHC-II. In general,
this molecule is responsible for the success of antigen presen-
tation and efficient assembly of specific immune response,
including the production of antibodies [27, 30–32]. This is
consistent with the data shown by Henrique et al., indicating
that the most virulent strains Ninoa, INC5, and Colombian
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Figure 6: Expression of MHC-II, costimulatory molecules, and toll-like receptors in BMDCs after in vitro T. cruzi infection. The expression of
molecules was evaluated by flow cytometry and represented as a variation of the mean intensity of fluorescence (a) MHC-II, (b) CD80, (c)
CD86, (d) TLR2, and (e) TLR4. (f, g) Representation of the cytokine secretion pattern in BMDC culture supernatant. The lines highlight
the change in cytokine levels in LPS-stimulated BMDCs and infected with different strains of T. cruzi (MOI 2 : 1) in relation to uninfected
LPS-stimulated BMDCs. Statistical analysis, when applicable, was performed with the Kruskal-Wallis test with Dunn’s posttest, where
∗p < 0 05.
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induced high production of antibodies. The costimulatory
molecules CD80 and CD86 are also related to the maturation
and presentation capacity of the antigen [27, 30–32, 52]. The
strains studied here presented a negative variation for CD80
and CD86 in BMDCs derived from the two mouse lineages,
suggesting a difficulty of maturation of these infected cells.
A similar result was observed with splenic DCs infected with
the Tehuantepec strain, where the decrease in CD86 expres-
sion prevented the migration of these cells to the antigen-
presenting organs [47]. This represents a good escape strat-
egy for the host defense parasite.

The metacyclic form is the infective form of transmission
of T. cruzi, and the first cells found after infection are DCs.
However, many studies on these cells were not performed
using this infective form [6]. Thus, the evaluation of our data-
set allows us to observe situations that can mimic what
occurs during the interaction process with the host. By using
strains of T. cruzi and different mice, we were able to expand
the observations even further and conclude that the two
Mexican strains studied here were capable of modulating
the response of DCs, regardless of their origin, through dif-
ferent pathways. The results reinforce the escape strategy of
the host immune response and demonstrate the importance
of investigating the mechanisms involved in this process.
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Behçet’s disease (BD) is an autoinflammatory disease that can lead to life- and sight-threating complications. Dendritic cells (DCs)
are the most potent antigen-presenting cells that can regulate multiple inflammatory pathways. The objective of this study was to
investigate the association of the DC stimulatory molecule CD83 with BD. Frequencies of costimulatory molecules expressing DCs
in peripheral blood leukocytes (PBL) were measured by flow cytometry (FACS). The severity of symptoms in HSV-1-induced BD
symptomatic mice was also assessed. Frequencies of CD83-positive cells were significantly increased in mice exhibiting BD
symptoms, compared to those in asymptomatic mice. Abatacept, a CD80/86 blocker, significantly decreased the frequencies of
CD83-positive cells in a time- and dose-dependent manner. BD symptomatic mice treated with Abatacept showed gradual
reduction in the severity score of symptoms. Intraperitoneal injection of CD83 siRNA significantly reduced the frequencies of
CD83-positive cells in PBL and peritoneal macrophages. After CD83 siRNA injection, BD symptoms of mice were improved
and disease severity was decreased. Discontinuation of CD83 siRNA deteriorated symptoms while readministration of CD83
siRNA again improved BD symptoms of mice. These results clearly indicate the involvement of CD83-expressing cells in the
inflammatory symptoms of BD. Therefore, CD83 might be useful as a therapeutic target for BD.

1. Introduction

Behçet’s disease (BD) is a multisystemic autoinflammatory
disease with inflammatory lesion as its main clinical fea-
ture that can affect the skin, joints, eye, intestinal tract,
genital area, and nervous system. The exact etiology of
BD is currently unclear. However, several factors including
environmental, genetic, infectious, and/or immunologic
dysregulation have been suggested as possible triggering
factors. Herpes simplex virus (HSV) is considered as one
of the triggering factors in BD. HSV viral DNA particles
have been identified in ocular fluids [1], peripheral blood
leucocytes [2], saliva [3], and skin lesions [4], of BD
patients. Serum anti-HSV-1 antibodies [2] have also been
identified in BD patients. HSV-1-induced model mice
show similar clinical manifestations, including genital
ulcer, oral ulcer, skin lesions, eye lesions, arthritis, and

intestinal ulcers [5]. When evaluated in immune modula-
tory experiments, HSV-1-induced model mice are very
similar to those of human BD disease patterns [6].

Dendritic cells (DCs) are the most potent antigen-
presenting cells (APCs) that can effectively connect innate
and adaptive immune systems. Due to its unique ability to
induce the activation and differentiation of T lymphocytes,
many investigators focus on DC-mediated immune response.
DCs are involved in several autoimmune diseases, such as
inflammatory bowel disease (IBD) [7], rheumatoid arthritis
(RA) [8], uveitis [9], and Crohn’s disease (CD) [10]. Upon
antigen capture, DCs undergo a process of maturation.
Mature DCs then acquire the ability to differentiate naïve T
cells, B cells, and NK cells. They also express cytokines [11].
During maturation, DCs accumulate peptides and upregulate
expression levels of the major histocompatibility complex
(MHC) and costimulatory molecules such as CD40, CD80,
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CD83, and CD86 [12]. Among costimulatory molecules,
CD83 plays an important role in immune response besides
its function as an activation marker [13]. HSV-1-infected
DCs can lead to degradation of CD83 within 6 to 8 hours
after infection [14]. They also lead to inhibition of the
CD83 mRNA transport, thus significantly inhibiting DC-
mediated T lymphocyte activation [15]. CD83 upregulation
and selective expression, together with CD80 and CD86, sug-
gest an important role of CD83 in immune response [16].
CD83 is a membrane integral protein [17], and soluble
CD83 (sCD83) is produced by the release of cell surface
CD83 molecules [18]. Elevated levels of sCD83 have been
found in plasma and synovial fluids of RA patients [19, 20]
and in those with hematological malignancies [21]. Although
the functions of CD83 ligands (CD83L) remain controver-
sial, it is believed that when they are stimulated with CD3
and CD28, activated T cells can express CD83L, suggesting
that CD83Lmight function in immune response when T cells
are activated in the presence of the costimulatory signal
provided by CD83 APCs [22]. The specific role of CD83 in
the regulation of immune response is not yet well known.
However, the manipulation of the CD83 pathway has been
proposed to develop therapeutics for the treatment of inflam-
mation and autoimmune diseases [18]. Blocking CD83 func-
tion or its ligand has not yet been demonstrated in BD.
Therefore, the purpose of this study was to determine
whether blocking CD83 function could affect BD symptoms
in a mouse model.

2. Materials and Methods

2.1. Animal Experiment. Institute of Cancer Research (ICR)
(CD1) mice at 4 to 5 weeks old were infected with HSV type
1 (1 × 106 plaque-forming unit (pfu)/mL, F strain) grown in
Vero cells as previously described [5]. Virus inoculation
was performed twice with a 10-day interval followed by 16
weeks of observation. Mice were bred in temperature- and
light-controlled conventional rooms (20-22°C, 12 h light/-
dark cycle). These mice had ad libitum access to food and
water. During the experimental period, animals were closely
observed and photographed. Animals were handled in accor-
dance with a protocol approved by the Institutional Animal
Care and Use Committee of Ajou University (approval num-
ber: AMC-2018-0017).

2.2. BD Symptomatic Mouse Induced by HSV-1. Virus inocu-
lation was performed using the published procedures [5].
Briefly, earlobes of mice were scratched with a needle and
inoculated with 20 μL of 1 × 106 pfu/mL of HSV-1 (F strain)
that had been grown in Vero cells. Virus inoculation was
performed twice with a 10-day interval. For virus inocula-
tion, mice were euthanized by intramuscular injection in
the hind leg with Ketamine/Xylazine cocktail (15mg/kg
Ketamine and 10mg/kg Xylazine). Several symptoms were
observed in mice after HSV inoculation. The incidence of
BD was 15% of HSV-inoculated mice, including oral ulcers,
genital ulcers, erythema, skin pustules, skin ulcers, arthritis,
diarrhea, red eye, loss of balance, and facial swelling. Oral,
genital, skin ulcers, and eye symptoms were classified as

major symptoms while arthritis, intestinal ulceration, and
neurological involvement were considered as minor symp-
toms. Mice with one or more major symptoms and one
or more minor symptoms were classified as having BD.
Each symptom score was one. The sum of the scores of dif-
ferent symptoms was used to determine the severity of BD
using BD current activity from 2006 prepared by the Inter-
national Society for Behçet’s Disease (http://medhealth.
leeds.ac.uk/download/910/behcetsdiseaseactivityform). Loss
of symptoms or a reduction in lesion size of more than
20% was an indicator of BD improvement. The control
group was inoculated with HSV. Asymptomatic healthy
mice were used as BD normal (BDN) as previously
described [5].

2.3. Medication to the Mice. To normal mice, 1 or 2mg Aba-
tacept per day was administered for 3 consecutive days via
intraperitoneal injection. To BD mice, 2mg Abatacept per
mouse for 3 times with 3-day intervals was applied. As a con-
trol group, PBS was treated to normal or BD mice. CD83
siRNA was mixed with jetPEI transfection reagent (Poly-
plus-transfection, Illkirch-Graffenstaden, France) and used
for in vivo transfection. For siRNA application to mice, 0.5
or 1.0 μmol of CD83 siRNA was dissolved in 200μL of 5%
glucose solution, mixed with transfection reagent jetPEI,
and intraperitoneally injected into normal or BD mice for 4
times with 3-day intervals. As a control, scramble siRNA
was applied to normal and BD mice following the same
procedure as CD83 siRNA injection. At 2 h after the final
injection, mice were sacrificed. Leukocytes isolated from
peripheral blood (PBL) and macrophages from the peritoneal
cavity were then isolated for further analysis.

2.4. Preparation of siRNA. CD83 siRNA oligonucleotides
with the following sense and antisense sequences were
synthesized by Integrated DNA Technologies (Coralville,
IA, USA). Synthesized sequences of CD83 siRNA were as
follows: 5′-GUGCUUUUCAGUCAUCUACAAGCTA-3′
and 3′-CUCACGAAAAGUCAGUAGAUGUUCGAU-5′.
For injection into mice, CD83 siRNA was mixed with trans-
fection reagent [23].

2.5. Generation of Mouse Bone Marrow-Derived DCs. Bone
marrow-derived dendritic cells (BMDCs) were obtained
from femurs of mice, and red blood cells (RBC) were
treated with ACK solution for RBC lysis. These cells were
cultured in RPMI media (Gibco, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum, 2 ng/mL recom-
binant mouse IL-4 (ProSpec, NJ, USA), and 20ng/mL
recombinant mouse GM-CSF (ProSpec, NJ, USA). The cul-
ture medium was changed at 3 and 6 days after culture.
New medium and cytokines (rmIL-4 and rmGM-CSF) were
added after rinsing cells. Cells were harvested for experi-
ments on day 9.

2.6. siRNA Transfection. Bone marrow-derived cells
(2 5 × 105/well) were seeded into 6-well plates in 2mL of cul-
ture medium and treated with cytokines (rmIL-4 and
rmGM-CSF). siRNA transfections were performed using
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jetPEI reagent according to the instructions of the manu-
facturer. Cells were transfected with 100 ng/well of CD83
siRNA (Integrated DNA Technologies, CA, USA) and
scramble siRNA (Bioneer, Daejeon, Korea) at day 3 after
cell seeding. siRNA treatment was three times with 3-day
intervals. After the final treatment, 2 hours later, cells were
harvested for further analysis.

2.7. Flow Cytometric Analysis. PBL and peritoneal macro-
phages of mice were washed with phosphate-buffered saline
(PBS) and stained with PerCP-eFluor-labeled anti-mouse
CD40, eFluor 660-labeled anti-mouse CD83, PE-Cyanine7-
labeled anti-mouse CD80, and FITC-labeled anti-mouse
CD86 (eBioscience, San Diego, CA, USA) at 4°C for 30min
in the dark. For identification of regulatory T cells (Treg
cells), isolated PBL was stained with PE-Cyanine7-labeled
anti-mouse CD4 and PE-labeled anti-mouse CD25 for
30min at 4°C in the dark. For intranuclear detection of
Foxp3, an anti-mouse Foxp3 staining kit (eBioscience, San
Diego, CA, USA) was used, according to the manufacturer’s
instructions. Briefly, cells were fixed using Fix/Perm buffer
and, after washing with 1x permeabilization buffer, were
incubated with PE-Cyanine5-labeled anti-mouse Foxp3 Ab
for 30min at 4°C in the dark. Stained cells were analyzed by
a FACS Aria III flow cytometer (Becton Dickinson, San Jose,
CA, USA) with ≥10,000 gated cells.

2.8. Measurement of Cytokine by Enzyme-Linked
Immunosorbent Assay (ELISA). After each mouse was sacri-
ficed, blood was collected from the heart and serum was ana-
lyzed using a commercial ELISA kit for the IL-17 level (R&D
Systems, Minneapolis, MN, USA). ELISA was conducted
according to the manufacturer’s instructions. Absorbance
values of samples were read at a wavelength of 450 nm using
a Bio-Rad model 170-6850 microplate reader (Hercules, CA,
USA). ELISA was repeated three times in duplicate wells.

2.9. Morphological Observation under Transmission Electron
Microscopy (TEM). Cellular morphological changes were
observed under transmission electron microscopy. Cul-
tured DCs were fixed with Karnovsky’s fixative solution
for 2 h at room temperature and postfixed with osmium
tetroxide for 30min. Fixed cells were washed with cacody-
late buffer, dehydrated in graded ethanol, embedded in
epon mixture, and incubated at 60°C for 48 h. Epon blocs
were sectioned with an ultramicrotome (Reichert-Jung,
Bayreuth, Germany), stained with uranium acetate and
lead citrate, and then observed under the electron micro-
scope (Zeiss, Oberkochen, Germany).

2.10. Statistical Analysis. All data are represented as
mean ± SD. Statistical differences between experimental
groups were determined by Student’s t-test and Bonferroni
correction. Statistical analysis was conducted using Med-
Calc® version 9.3.0.0. (MedCalc, Ostend, Belgium). Statisti-
cal significance was considered when the p value was less
than 0.05.

3. Result

3.1. Frequencies of CD40-, CD83-, CD80-, and CD86-
Expressing Cells in Normal, HSV-Infected, BD Normal
(BDN), and BD Mice. Frequencies of DC-expressing
costimulatory molecules CD40+, CD83+, CD80+, and
CD86+ cells in PBL of mice were analyzed by FACS. Fre-
quencies of CD83+ cells in BD mice (n = 5) were signifi-
cantly elevated compared to those in BDN (n = 8) mice
(41 0 ± 11 28% vs. 25 85 ± 7 86%, p = 0 01), HSV-infected
mice (n = 5) (28 56 ± 4 59%, p = 0 05), and control mice
(n = 8) (29 92 ± 8 18%, p = 0 06) (Figure 1(b)). However,
frequencies of CD86+ cells in PBL of BD mice were
significantly downregulated compared to those in healthy
control mice (5 18 ± 2 11% vs. 11 91 ± 4 55%, p = 0 01)
(Figure 1(d)). Frequencies of CD86+ cells were also down-
regulated in HSV-infected mice (4 94 ± 0 92% vs. 11 91 ±
4 55%, p = 0 006) and BDN mice (6 47 ± 3 47% vs. 11 91
± 4 55%, p = 0 01) compared with control mice. Frequen-
cies of CD80+ cells in BDN mice were downregulated
compared to those in control mice (50 15 ± 7 30% vs.
60 88 ± 6 70%, p = 0 008) (Figure 1(c)). However, there
was no statistically significant difference in the frequencies
of CD40+ cells among groups (Figure 1(a)). Figure 1(e)
shows representative histograms of CD83+ cells and
CD86+ cells in normal healthy control, HSV, BDN, and
BD mice (n indicates the number of mice used in the
analysis). To know what population of PBL cells was more
correlated to the expression of CD83, the population was
gated and CD83+ cells were analyzed. In granulocytes,
the frequencies of CD83+ cells were significantly different
in BD mice compared with normal (64 74 ± 16 44% vs.
41 86 ± 14 84%, p = 0 02) and BDN mice (64 74 ± 16 44%
vs. 28 7 ± 5 70%, p = 0 0002). In lymphocytes and in
monocytes, the frequencies of CD83+ cells were not signif-
icantly different between BD and control groups (Fig. S1
of the Supplementary Data).

3.2. Administration of Abatacept Inhibits CD83+ Cell
Frequencies in Normal Mice in a Dose- and Time-
Dependent Manner and Improves BD Symptoms. Abatacept
is a fusion protein of the extracellular domain of CTLA-4
and immunoglobulin Fc portion known as a CD80/86
blocker [24]. Abatacept treatment of 2mg/mouse, once a
day for 3 consecutive days, to normal mice significantly
decreased frequencies of CD40+ cells (15 26 ± 3 77% vs.
35 13 ± 9 50%, p = 0 02), CD83+ cells (10 46 ± 3 25% vs.
22 43 ± 3 44%, p = 0 01), CD80+ cells (36 66 ± 2 74% vs.
50 86 ± 2 77%, p = 0 003), and CD86+ cells (3 16 ± 1 25%
vs. 9 26 ± 3 23%, p = 0 03) (Figures 2(a)–2(d)) in PBL of nor-
mal mice compared to the control. CD83+ cell frequencies
were also decreased after Abatacept treatment in a time-
dependent manner from day 1 to day 3 (18 63 ± 1 76% vs.
10 46 ± 3 25%, p = 0 01) (Figure 2(e)). GC7 (N1-guanyl-1,7-
diaminoheptane), an inhibitor of hypusine formation, also
known as an inhibitor of CD83 [15], was used to treat
normal mice to determine whether GC7 could decrease
CD83+ cell frequencies. The results showed that there
was no significant difference in CD83+ cell frequencies

3Mediators of Inflammation



between before and after GC7 treatment (Fig. S2 of the
Supplementary Data). Frequencies of CD40+ cells
(21 91 ± 7 58% vs. 31 64 ± 4 11%, p = 0 02) and CD83+ cells
(28 08 ± 10 54% vs. 41 0 ± 11 28%, p = 0 06) were signifi-
cantly decreased in BD mice treated with Abatacept com-
pared to those in nontreated BD mice (Figures 2(f) and
2(g)). However, frequencies of CD86+ cells (7 62 ± 0 93%
vs. 5 18 ± 2 11%, p = 0 05) were increased in BD mice
after treatment with Abatacept compared to those in
non-treated control BD mice (Figure 2(i)). Frequencies of
CD80+ cells (67 16 ± 8 65% vs. 58 92 ± 14 53%, p = 0 22)
were not significantly changed after treatment with Abata-
cept (Figure 2(h)).

3.3. Frequencies of Regulatory T Cells in Abatacept-Treated
BD Mice. CD4+CD25+ Foxp3+ regulatory T (Treg) cells
were analyzed by flow cytometry analysis. Frequencies of
CD4+ T cell in BD mice were significantly downregulated
compared to those in BDN mice (11 92 ± 7 78% vs. 22 23 ±
7 16%, p = 0 01). They were slightly elevated after Abatacept
treatment (before and after treatment: 11 92 ± 7 78% vs.
16 41 ± 3 54%, p = 0 19) (Figure 2(m)). Frequencies of
Foxp3+ cells were more downregulated in BD mice than
those in BDN mice (2 76 ± 1 86% vs. 5 06 ± 3 20%, p = 0 10).
They were marginally but not significantly increased by
Abatacept treatment (before and after treatment: 2 76 ±
1 86% vs. 3 50 ± 1 44%, p = 0 42) (Figure 2(o)). Frequencies
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of CD4+Foxp3+ cells were significantly decreased in BD
mice compared to those in BDN mice (0 71 ± 0 43%
vs. 1 77 ± 1 01%, p = 0 02) (Figure 2(p)). Frequencies of
CD4+CD25+ cells were also lower in BD mice than those
in BDN mice (0 78 ± 0 37% vs. 1 62 ± 1 02%, p = 0 05)
(Figure 2(r)). Frequencies of CD4+CD25+ Foxp3+ Treg cells
were downregulated in BD mice compared to BDN mice.
However, such difference was not statistically significant
(Figure 2(s)).

3.4. Abatacept Treatment Decreases the Disease Severity Score
and Ameliorates BD Symptoms in Mice. To determine
whether Abatacept could manage BD symptoms, 2mg
Abatacept was intraperitoneally injected to BD mice 3 times
with 2-day intervals and BD symptoms were traced for one
week. Only PBS was injected to BD mice as control. The
severity score of Abatacept-treated BD mice was significantly
decreased at one week after treatment compared to that of
PBS-treated BD mice (1 33 ± 0 62% vs. 2 33 ± 0 28%, p =
0 03) (Figure 2(j)). Figure 2(k) shows the changes of BD
symptoms at 1 week after Abatacept treatment. Figure 2(l)
shows representative histograms of CD83+ and CD86+ cells
in normal, BD, and Abatacept-treated BD mice.

3.5. CD83 siRNA Suppresses CD83+ Cell Frequencies in
Normal Mice. CD83 siRNA was used to treat normal mice
to suppress the surface expression of CD83. Frequencies of
CD83+ cells were measured by FACS analysis. Intraperito-
neal treatment of CD83 siRNA to normal mice decreased
frequencies of CD83+ cells in peritoneal macrophages
(6 74 ± 1 62% vs. 14 4 ± 3 12%, p = 0 002) and in PBL
(24 3 ± 3 01% vs. 32 6 ± 7 83%, p = 0 06) (Figure 3(b))
compared with the scramble siRNA treatment group.

CD83 siRNA treatment also decreased CD80+ cell fre-
quencies in PBL (62 18 ± 2 40% vs. 70 0 ± 2 35%, p = 0 001)
compared with the scramble siRNA treatment group
(Figure 3(c)). There were no significant differences
observed in CD40+ and CD86+ cells in PBL and perito-
neal macrophages.

3.6. CD83 siRNA Treatment Affects BD Symptoms and
Decreases the Disease Severity Score of Mice. The frequencies
of CD83+ cells in BD mice treated with CD83 siRNA were
measured by FACS analysis. Intraperitoneal injection of
CD83 siRNA at 0.5 μmol/mouse (12 32 ± 5 67% vs. 24 5 ±
3 19%, p = 0 006) and 1μmol/mouse (8 38 ± 4 95% vs. 24 5
± 3 19%, p = 0 0004) to BD mice significantly decreased the
frequencies of CD83+ cells in peritoneal macrophages, com-
pared with injection with scramble siRNA (Figure 3(f)). In
PBL, the 0.5 μmol- (38 51 ± 9 69% vs. 52 22 ± 3 07%, p =
0 02) and 1μmol-treated groups (24 66 ± 16 52% vs. 52 22
± 3 07%, p = 0 01) showed lower frequencies of CD83+ cells
compared to the scramble siRNA-treated group (Figure 3(f)).
Frequencies of CD40+ cells in peritoneal macrophages were
downregulated in 0.5 μmol (25 96 ± 8 44% vs 36 07 ± 2 67%,
p = 0 05) and 1μmol (17 38 ± 11 80% vs 36 07 ± 2 67%,
p = 0 01) CD83 siRNA-treated BD mice compared to those
in the scramble siRNA-treated control group (Figure 3(e)).
They were also decreased in PBL of the 1μmol CD83
siRNA-treated group compared to those in the scramble
siRNA-treated control (16 85 ± 6 30% vs. 29 1 ± 3 77%, p =
0 008) (Figure 3(e)). Frequencies of CD86+ cells in peritoneal
macrophages of 1μmol CD83 siRNA-treated BD mice were
also decreased compared to those in the scramble siRNA-
treated control group (0 65 ± 0 35% vs. 1 37 ± 0 28%, p =
0 009), although no significant differences were found in
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Figure 2: Abatacept affected the frequencies of CD83+ cells in normal and BDmice. (a–d) Frequencies of DC costimulatory molecules CD40,
CD83, CD80, and CD86 in normal mice treated with Abatacept in the surface of peripheral blood leukocytes were evaluated by FACS analysis
(n = 3 for each group). (e) Abatacept 2mg for 1 to 3 days in normal mice was evaluated by FACS analysis (n = 3 for each group). (f–i)
Frequencies of CD40, CD83, CD80, and CD86 in BD mice treated with Abatacept were evaluated by FACS analysis (n = 5 in normal, n =
5 in BD, and n = 8 in BD+Abatacept). (j, k) Abatacept treatment decreased the disease severity score and improved symptoms. (l)
Representative histograms of CD83+ and CD86+ cell frequencies in PBL of BD mice treated with Abatacept. Regulatory T cells in BD
mice were analyzed by FACS analysis. (m–s) Frequencies of CD4+, CD4+Foxp3+, CD4+CD25+, and CD4+CD25+Foxp3+ Treg cells in
BDN, BD, and Abatacept-treated BD mice were evaluated by FACS analysis (n = 10 in BDN, n = 7 in BD, and n = 5 in BD+Abatacept).
n indicates the number of mice used in each group. The p value was determined by Student’s t-test. Experiments were performed
more than three independent times.
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PBL (Figure 3(h)). Frequencies of CD80+ cells in PBL in the
0.5μmol (71 15 ± 8 23% vs. 84 1 ± 5 29%, p = 0 02) and in
the 1μmol (59 96 ± 11 48% vs. 84 1 ± 5 29%, p = 0 004)
CD83 siRNA-treated groups also showed downregulation
compared to those in the scramble siRNA-treated control
group (Figure 3(g)). In peritoneal macrophages, the 1 μmol-
treated group showed lower frequencies of CD80+ cells
compared to the 0.5μmol-treated group (68 4 ± 13 26% vs.
84 94 ± 5 09%, p = 0 02) (Figure 3(g)). CD83 siRNA-treated
BD symptomatic mice showed improved symptoms
(Figure 3(i)). The disease severity score was also significantly
decreased after 2 weeks (1 75 ± 0 61 vs. 2 60 ± 0 54, p = 0 04)
(Figure 3(j)). Discontinuation of treatment increased the dis-
ease severity score and deteriorated symptoms. Retreatment
brought improvement again and decreased the disease severity
score (Figure 3(j)). Figure 3(k) shows changes of BD symp-
toms after CD83 siRNA treatment to mice and time intervals.

Figure 3(l) shows representative histograms of CD83+ cells in
BD mice treated with CD83 siRNA.

3.7. Frequencies of Regulatory T Cells in CD83 siRNA-Treated
BD Mice. Frequencies of CD4+Foxp3+, CD25+Foxp3+,
CD4+CD25+, and CD4+CD25+Foxp3+ Treg cells were
analyzed by FACS. Frequencies of CD4+ T cells in BD
mice were downregulated compared to those in BDN mice
(15 76 ± 8 59% vs. 22 23 ± 7 16%, p = 0 14) (Figure 3(m)).
Frequencies of CD4+Foxp3+ and CD25+Foxp3+ cells were
slightly decreased in BD mice compared to those in BDN
mice (CD4+Foxp3+: 1 04 ± 0 39% vs. 1 77 ± 1 01%, p =
0 15; CD25+Foxp3+: 1 15 ± 0 58% vs. 2 71 ± 2 31%, p =
0 16) (Figures 3(p) and 3(q)). Frequencies of CD4+CD25
+Foxp3+ Treg cells were similar between 1μmole CD83
siRNA-treated BD mice and BD control (0 49 ± 0 41% vs.
0 61 ± 0 44%, p = 0 64) (Figure 3(s)).
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Figure 3: CD83 siRNA decreases the frequencies of CD83+ cells in normal mice. (a–d) Frequencies of CD40, CD83, CD80, and CD86 in the
surface of peripheral blood leukocytes (PBL) and in the peritoneal macrophages of normal mice treated with CD83 siRNA were evaluated by
FACS analysis (n = 5 in each group). (e–h) CD83 siRNA decreases frequencies of CD83 in BD mice. Frequencies of CD40, CD83, CD80, and
CD86 in the surface of peripheral blood leukocytes (PBL) and in the peritoneal macrophage of BD mice treated with CD83 siRNA were
evaluated by flow cytometry analysis. n = 4, BD symptomatic mice were used in control groups as scramble siRNA; n = 6, BD
symptomatic mice were used in the 0.5 μmol and 1.0 μmol CD83 siRNA-treated groups. (i, j) CD83 siRNA treatment significantly
decreased the severity score of BD mice and improved symptoms. (k) Treatment schedule of CD83 siRNA to BD mice. (l) Representative
histogram of CD83+ cell frequencies in PBL and peritoneal macrophage of BD mice treated with CD83 siRNA. (m–s) Regulatory T cells
in BD mice analyzed by FACS analysis. Frequencies of CD4+, CD4+Foxp3+, CD4+CD25+, and CD4+CD25+Foxp3+ regulatory T cells in
BDN (n = 10), BD (n = 5), jetPEI-treated BD (n = 6), and CD83 siRNA-treated BD mice (n = 6) were evaluated by FACS analysis. n
indicates the number of mice used in each group. The p value was determined by Student’s t-test. Experiments were performed more than
three independent times.

10 Mediators of Inflammation



3.8. CD83 siRNA Treatment Downregulates IL-17 Levels in
the Plasma of BD Mice. Several studies of BD have demon-
strated that a significant increase of serum IL-17 is an indica-
tor of reactive or recurrence of infection [25, 26]. To
determine whether CD83 siRNA could improve the symp-
toms of BD by downregulating IL-17, plasma IL-17 levels
were measured in CD83 siRNA-treated BD mice by ELISA.
The IL-17 level was downregulated in CD83 siRNA-treated
BD symptomatic mice (25 2 ± 26 2 pg/mL) compared to that
in nontreated BD mice (54 4 ± 35 3 pg/mL) (p = 0 12)
(Figure 4). This result suggests that the inhibition of CD83
has a protective role against BD.

3.9. CD83 siRNA Suppresses CD83+ Cell Frequencies and
Modulates the Morphology of Dendrites in In Vitro-Cultured
Dendritic Cells. CD83 siRNA was used to treat bone
marrow-derived dendritic cells to elucidate whether CD83
siRNA can suppress CD83 in in vitro dendritic cell cul-
tures. Frequencies of CD83+ cells were measured by FACS
analysis. CD83 siRNA significantly decreased the frequen-
cies of CD83+ cells compared with the scramble siRNA
treatment group (71 7 ± 3 53% vs. 96 3 ± 0 14%, p = 0 01)
(Figure 5(b)). There were no significant differences observed
among the groups in other costimulatory molecules
(Figures 5(a), 5(c), and 5(d)). By transmission electron
microscopy, dendrites of the plasma membrane in cultured
dendritic cells were shown to be decreased in the CD83
siRNA-treated group when compared to those in the
nontreated BD or scramble siRNA-treated BD group
(Figure 5(e)). The morphology of cytoplasmic organelles
was not different between the CD83 siRNA- and scramble
siRNA-treated groups, except for vacuoles; CD83 siRNA-
treated dendritic cells showed less vacuoles than scramble
siRNA-treated cells.

4. Discussion

DCs are primary initiators and frontline cells of immune
response. They are involved in the interface between innate
immunity and adaptive immunity. DCs contribute to both
central immunity and peripheral immunity [27]. Signals of

costimulatory molecules such as CD40, CD80, CD83, and
CD86 can regulate the maturation of DCs [28]. Mitogen-
activated protein kinase [29], signal transducers, and activa-
tors of transcription [30] are also involved in the maturation
of DCs. Costimulatory molecules are receptors/ligands that
can regulate inflammation [31]. Among those costimulatory
molecules for DC maturation, CD83 is a functional molecule
in the interplay between DCs and lymphocytes. CD83 is
expressed as membrane-bound and soluble form (sCD83)
[32]. Expression of the cell surface CD83 is upregulated upon
DC activation. It is primarily used to identify the maturation
or activation of DCs [33]. A significant number of CD83-
expressing DCs have been observed in patients with Crohn’s
disease [34]. Treatment with soluble CD83 can inhibit path-
ological symptoms of experimental autoimmune encephalo-
myelitis (EAE) [35] and experimental autoimmune uveitis
(EAU) [36]. In the present study, frequencies of CD83-
expressing cells in the PBL surface were upregulated in BD
symptomatic mice. This suggests that the elevated level of
CD83 plays a pathogenic role in BD.

CD80 and CD86, also known as DC activation molecules,
are stimulated via CD28 on the T cell surface. They provide T
cell activation signals [37, 38]. Upregulation of CD80 and
loss of constitutive properties of CD86 have been associated
with the severity of disease and inflammation in humans
[31]. Costimulatory interactions of CD80 and CD86 to T
cells are required for the activation of autoreactive T cells
and induction of arthritis [39]. Our investigation showed that
in symptomatic BD mice, the proportion of CD80 was
slightly increased, while the proportion of CD86 was
decreased in symptomatic BD mice. It has been reported that
the DC costimulatory molecule CD40 can bind to its ligand
CD40L which is transiently expressed on T cells under
inflammatory conditions and expressed significantly greater
in ulcerative colitis and Crohn’s disease [40]. We found that
in BD symptomatic mice, frequencies of CD40 expressing
cells were not significantly elevated.

GC7 (N1-guanyl-1,7-diaminoheptane) is an inhibitor of
CD83 that interferes with CD83 surface expression and
inhibits DC-mediated T cell activation by affecting the
nuclear cytoplasmic translocation of CD83 mRNA [15].
However, in our study, GC7 treatment in normal mice did
not show any significant difference in CD83 inhibition.

Abatacept, a recombinant fusion protein of the extracel-
lular domain of CTLA-4 and the Fc region of human IgG1,
can selectively modulate costimulatory signals CD80/CD86-
CD28 for T cell activation [41, 42]. Abatacept significantly
decreased CD83+ cells in a dose- and time-dependent man-
ner in the present study. It also downregulated proportions
of CD40, CD80, and CD86 in normal mice. Abatacept has
been approved for use in patients with highly active rheuma-
toid arthritis (RA). It can improve the symptoms of RA and
decrease disease activity and progression of structural dam-
age [41, 42]. Abatacept treatment to the systemic sclerosis
mouse model is effective in preventing fibrosis [43]. In our
study, treatment of symptomatic BD mice with Abatacept
significantly reduced the frequencies of CD83+ and CD40+
cells. We also found that Abatacept treatment to BD symp-
tomatic mice decreased the disease severity and improved
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Figure 4: Serum interleukin 17 (IL-17) levels in BDmice after being
treated with CD83 siRNA were analyzed by ELISA. Data represent
two independent experiments.
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symptoms. Treg cells play an important role in the sup-
pression of inflammation in autoimmune diseases. Patients
with rheumatoid arthritis treated with Abatacept show
increased IL-10 by producing CD4+CD25-LAG3+ Treg
cells [44]. Abatacept can reduce T cell apoptosis and
upregulate the proportion of Treg cells in RA patients

[45]. Increased CD4+CD25+ Treg cells are associated with
improved inflammatory symptoms in BD mice [46]. In the
present study, Abatacept treatment to BD mice increased
the frequencies of CD4+ T cells and CD25+Foxp3+ cells
compared to nontreated control. This suggests that DC
costimulatory molecules are associated with BD symptoms.
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It has been suggested that the inhibition of CD83 mRNA
transport can be applied to develop therapeutics for autoim-
mune diseases [16, 47]. Preventing cell surface expression of
CD83 can significantly inhibit DC-mediated T cell activation
[15]. siRNA is considered to be a potent drug molecule that
can silence genes associated with pathogenesis, especially in
the treatment of inflammatory diseases [48, 49]. The siRNA
binds to the RNA-induced silencing complex (RISC); then
the passenger siRNA chain departs and initiates the process
of RNA interference process, causing mRNA fragmentation
and degradation [50, 51]. Injection of CD83 siRNA into nor-
mal mice significantly reduced the proportion of CD83-
expressing cells in PBL and peritoneal macrophages. In addi-
tion, the frequencies of CD83+ cells in peritoneal macro-
phages and PBL of BD symptomatic mice treated with
CD83 siRNA were significantly reduced. We also found that
BD mice treated with CD83 siRNA showed reduced frequen-
cies of CD40+ cells in peritoneal macrophages and PBL and
decreased frequencies of CD80+ and CD86+ cells in perito-
neal macrophages. CD4+CD25+ Treg cells can maintain
self-tolerance and suppress autoimmune response and
upregulation of CD4+CD25+ Treg cells in BD mice that are
associated with disease improvement [46]. BD mice treated
with CD83 siRNA showed a significantly reduced severity
score of the disease, with improved symptoms. However, dis-
continuation of CD83 siRNA treatment showed deteriora-
tion of symptoms that were again improved after CD83
siRNA treatment. This clearly suggests that CD83 is a poten-
tial molecule for modulating BD symptoms. Upon activation
of DCs, immature DCs can migrate to the draining lymph
node and become mature antigen-presenting cells [52]. Dur-
ing maturation, DCs can change the surface expression of
costimulatory molecules and morphology, including the
expansion of dendrites and increase of lysosomes [53]. In
our in vitro study, cultured bone marrow-derived DCs
showed enhancement of dendrites in normal, BDN, and BD
mice while treatment with CD83 siRNA showed less dendrite
compared to nontreated BD and scramble siRNA-treated
DCs. This provides evidence that CD83 plays a potent role
in the maturation of DCs.

Th17 cells play an important role in autoimmunity.
Expression of cytokine IL-17 is a special characteristic of
Th17 cells. Increased production of IL-17 has been associated
with several inflammatory disorders such as rheumatoid
arthritis (RA), ankylosing spondylitis (AS), and Behçet’s dis-
ease (BD) [54–56]. A significantly higher level of IL-17 has
been observed in active BD patients [57, 58]. Downregulation
of IL-17 is associated with the reduction of symptoms in BD
mice when treated with miRNA21, IL-6 siRNA, recombinant
IL-4, and N-acetyl-d-galactosamine 4-sulfate [49]. In our
study, BD symptomatic mice treated with CD83 siRNA
showed improved BD symptoms and downregulation of IL-
17 in serum.

5. Conclusion

In summary, a high proportion of CD83+ cells in BD mice is
correlated with BD symptoms. Inhibition of CD83 by treat-
ment with CD83 siRNA to BD mice can significantly reduce

the proportions of CD83+, and that is associated with disease
improvement. Discontinuation and retreatment of CD83
siRNA brought changes of symptoms. According to these
data, it is clear that CD83 plays an important role in modu-
lating BD symptoms. Our results suggest that targeting
CD83 molecules can be used as a strategy to develop therapy
for BD management.
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Chlamydia pneumoniae (Cpn) infection causes multiple acute and chronic human diseases. The role of DCs in host defense against
Cpn infection has been well documented. The same is true for invariant natural killer T (iNKT) cells and NK cells, but the
interaction among cells is largely unknown. In this study, we investigated the influence and mechanism of iNKT cell on the
differentiation and function of NK cell in Cpn lung infection and the role played by DCs in this process. We found that
expansion of IFN-γ-producing NK cells quickly happened after the infection, but this response was altered in iNKT knockout
(KO) mice. The expression of activation markers and the production of IFN-γ by different NK subsets were significantly lower
in KO mice than wild-type (WT) mice. Using in vitro DC-NK coculture and in vivo adoptive transfer approaches, we further
examined the role of DCs in iNKT-mediated modulation of NK cell function. We found that NK cells expressed lower levels of
activation markers and produced less IFN-γ when they were cocultured with DCs from KO mice than WT mice. More
importantly, we found that the adoptive transfer of DCs from the KO mice induced less NK cell activation and IFN-γ
production. The results provided evidence on the modulating effect of iNKT cell on NK cell function, particularly the critical
role of DCs in this modulation process. The finding suggests the complexity of cellular interactions in Cpn lung infection, which
should be considered in designing preventive and therapeutic approaches for diseases and infections.

1. Introduction

The role of DCs in host defense against infections has been
well defined. In particular, we and others have found signifi-
cant interaction of iNKT/NK cells with DCs which are
important for T cell response in different infection settings
[1–4]. In the present study, we intended to study the modu-
lating effect of iNKT cell on NK cell and the involvement of
DCs in this process.

NK cells are an important component of the innate
immune system, contributing to host resistance to micro-
bial infection such as viruses, bacteria, and certain parasites
[5–7]. Some studies have demonstrated that human and
murine NK cells are highly heterogeneous populations with

multifunctional features [8, 9]. In this context, murine NK
cells can be grouped into four subsets based on CD11b and
CD27 expression. The CD11blowCD27low, CD11blowCD27-
high, CD11bhighCD27high, and CD11bhighCD27low NK subsets
represent a continuous NK cell differentiation process [10].
Among these subsets, the CD11blowCD27high and
CD11bhighCD27high subsets exhibit enhanced cytokine pro-
duction and higher responsiveness, while CD11bhighCD27low

NK subsets appear to be more tightly controlled due to their
higher expression of inhibitory receptors [11]. The functional
distinctions of NK subsets in immune responses have been
discerned in several disease models [12, 13].

iNKT is an innate-like T lymphocyte sublineage that
expresses NK cell markers and limited/semi-invariant T cell
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repertoire that recognize lipid in the context of nonclassical
MHC-I molecule CD1d [14, 15]. Functional studies on iNKT
cells have suggested a significant impact of these cells on
immune regulation. After activation, iNKT cells produce a
broad range of cytokines and provide surface stimulatory
molecules to activate NK cells, T cells, B cells, and DCs [1,
16, 17]. Some studies have shown the modulating effect of
iNKT cell on NK cell in infection and noninfection settings.
Injection of soluble model antigen α-galactosylceramide (α-
Galcer) which is a specific agonist for iNKT cells led to NK
cell activation and proliferation and production of IFN-γ in
mice [18, 19]. In addition, α-Galcer-stimulated human iNKT
cells also activated NK cells through an IL-2-dependent
mechanism [20]. Furthermore, activated iNKT cells induced
NK cell differentiation and affected NK cell education [21].
Interestingly, in infection settings, the effect of iNKT on
NK cell functions appears variable in the literature [22–24].
One study showed that NK cells maintained its activity
and protective function in the absence of iNKT cells during
Trypanosoma cruzi infection [22]. Another study showed
that iNKT cells suppressed IFN-γ production by NK cells
following acute influenza A virus infection [23]. In con-
trast, we reported previously that iNKT cells promote
IFN-γ production by NK cells during C. muridarum, a
mouse strain of Chlamydia, infection [24]. The mixed find-
ings suggest that the effect of iNKT cell on NK cell is likely
infection specific; thus, it is important to specifically study
particular pathogens.

Members of the Chlamydia family are obligate intracel-
lular Gram-negative bacterial pathogens, which include sev-
eral species and various serotypes. Previous studies have
shown that the distinct cellular immune responses includ-
ing NK/iNKT cells were induced by different species of
Chlamydia particularly Cpn and C. muridarum (Cm) [25].
NK cells play a protective role in Cm infection [26–28],
but one report showed that NK cells did not contribute to
innate resistance to Cpn infection in a setting of T cell
and B cell deficiencies [29, 30]. Notably, the kinetics and
functional involvement of NK cell response in Cpn infec-
tion have not been well clarified. Therefore, it is important
to specifically test NK cell response and the effect of iNKT
cells in Cpn infection. In addition, we have reported that
iNKT cells can modulate the phenotype, cytokine produc-
tion, and function of DCs in Cpn infection [1, 31]. In partic-
ular, we found that iNKT cells could enhance DC IL-12p70
production in a CD40L-, IFN-γ-, and cell-cell contact-
dependent manner in the coculture system. Considering
the important role of DCs in modulation of NK and iNKT
cell function, it is natural to study the involvement of DCs
in this process.

In the present study, through depletion of NK cell in vivo
and direct comparison of WT and iNKT KO mice, we exam-
ined the involvement of NK cell response in host defense
against Cpn infection and the effect of iNKT cells on NK cell
differentiation and activation during the infection. Further,
we explored the mechanism by which iNKT cells modulate
NK cell activation and function, particularly the involvement
of DCs in this process, using in vitro DC-NK coculture and
in vivo adoptive transfer approaches.

2. Materials and Methods

2.1. Mice. Female C57BL/6 mice were bred and kept under
a specific pathogen-free animal facility at the University of
Manitoba. Breeding pairs of Jα18 gene knockout (Jα18-/-)
mice which lacked invariant iNKT cells in B6 background
were kindly provided by Dr. Masaru Taniguchi (RIKEN
Research Center for Allergy and Immunology) and main-
tained at the animal care facility of the University of Man-
itoba. All mice used were between 6 and 12 weeks old. All
experiments were conducted in accord with the guidelines
of the Canadian Council on Animal Care, and the proto-
col was approved by the ethical committee of the Univer-
sity of Manitoba.

2.2. Chlamydia. Cpn were propagated, purified, and quanti-
fied as previously described [1]. Briefly, Cpn was grown in
HEp-2 cells in Eagle’s MEM containing 10% FBS. After 48
h culture, infected cells were harvested. Elementary bodies
(EBs) were purified by discontinuous density gradient cen-
trifugation. The purified EBs were measured by immuno-
staining and stored at -80°C. For mice infection, 5 × 106
inclusion-forming units (IFUs) of Cpn in 40 μl final vol-
ume of PBS was used to inoculate mice intranasally. The
same seed stock of EBs was used throughout the study.

2.3. Antibodies. Fluorescent-labeled mAbs and correspond-
ing isotype controls were purchased from eBioscience or
BioLegend. For analysis of NK subsets by flow cytometry,
anti-CD3ε-PE-Cy7, anti-NK1.1-PE, anti-NK1.1-APC, anti-
CD69-PE, anti-CD25-FITC, anti-CD11b-APC, anti-NK1.
1-Pacific Blue, anti-CD27-FITC, and anti-CD11b-APC-
Cy7 were used.

2.4. Surface Marker and Intracellular Cytokine Staining. For
in vivo experiments, the fresh splenocytes were stained by
anti-CD3ε-PE-Cy7, anti-NK1.1-APC, anti-CD69-PE, and
anti-CD25-FITC for CD69 and CD25 expression. NK subset
staining and analysis were performed as described previ-
ously [24]. For intracellular cytokine staining, cells were
stimulated with PMA (50 ng/ml) and Ionomycin (1 μg/ml)
and incubated in complete RPMI 1640 medium at 37°C.
After 3-hour incubation, brefeldin A was added, and cells
were cultured for another 3 hours to accumulate cytokines
intracellularly. Cells were subsequently washed and blocked
for 10 min with anti-CD16/CD32 in FACS buffer (Dulbec-
co’s PBS, 2% heat-inactivated FBS, 0.09% sodium azide)
and then surface stained with the appropriate Abs. Cells
were fixed, permeabilized, and subsequently stained with
APC-anti-IFN-γ for 30 min. Stained cells were washed and
analyzed using an LSR II flow cytometer. The data were sub-
sequently analyzed with FACS express software.

2.5. Isolate DCs and Adoptive Transfer. DCs were isolated
from splenocytes according to the manufacturer’s instruc-
tions as described previously [1]. Briefly, spleens from
either Jα18-/- mice or C57BL/6 mice were aseptically col-
lected at a certain time after infection and digested into sin-
gle cells using 2 mg/ml collagenase D. DCs were purified
using magnetic CD11c microbeads and MACS-positive
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selection column (Miltenyi Biotec, Auburn, CA). The purity
of the isolated CD11c+ cells was up to 90% based on flow
cytometric analysis.

For adoptive transfer, DCs were isolated from either Cpn-
infected Jα18-/- mice or C57BL/6 mice, and 2 × 106 DCs in
sterile PBS were adoptively transferred intravenously (i.v.) to
naive C57BL/6 recipients. Twenty-four hours after adoptive
transfer, the mice were intranasally inoculated with 5 × 106
IFUs of Cpn. The recipient mice were sacrificed at day 3 p.i.,
and the expression of activation markers and IFN-γ pro-
duction by NK cells were measured by flow cytometry.

2.6. NK Cell Purification. Spleen cells from uninfected mice
were prepared, and NK cells were isolated by negative selec-
tion using an NK cell isolation kit (Miltenyi Biotec) accord-
ing to the manufacturer’s instructions. NK cells (NK1.1
+CD3e-) were >90% pure following separation as deter-
mined by flow cytometry.

2.7. DC and NK Cell Coculture. Purified DCs (1 × 106) from
either Cpn-infected Jα18-/- mice or C57BL/6 mice were
cocultured with NK cells (2 × 105) isolated from uninfected
C57BL/6 mice in a 96-well round bottom plate at 37°C. After
48 h, cells were collected for intracellular cytokine staining to
analyze IFN-γ production by NK cells following the protocol
described above. Meanwhile, concentrations of IFN-γ in the
supernatants were measured by ELISA.

2.8. NK Depletion In Vivo. Mice were injected i.p. with 30 μl
anti-asialo-GM1 (Wako) in 300 ml PBS to deplete NK cells
in vivo. Control mice received appropriate normal rabbit
IgG (Wako). Injections were performed 3 days prior to Chla-
mydia infection and repeated every 3 days to maintain deple-
tion. The depletion of NK cells (95%) by this treatment was
confirmed by flow cytometric analysis.

2.9. Statistical Analysis. Statistical analysis of the datawas per-
formed as indicated using either unpaired Student’s t-test
or one-way ANOVA (GraphPad Prism software; version 5).
Values of p < 0 05 were considered significant.

3. Results

3.1. CD27high NK Cells Expand after Respiratory Infection
with Cpn. To test whether NK cells respond to Cpn infection,
the percentage and the absolute number of NK cells were
analyzed by flow cytometry at various time points after respi-
ratory tract Cpn exposure. NK cells were identified as NK1.1
+CD3e- cells. As shown in (Figures 1(a) and 1(b), there was a
modest increase of the percentage of NK1.1-expressing cells
in the spleen at day 1 after Cpn infection which peaked at
day 3. At day 5, the percentage of NK cells started to decrease.
A similar kinetic change of NK cells was also observed in the
lung (Figure S1A and B). The absolute number of NK cells in
the spleen also increased at day 1 and reached the peak at day
3 (Figure 1(c)). The total number of NK cells expanded about
2.5-folds in the spleen (Figure 1(c))) and 4-folds in the lung
(Figure S1C) at their peak level at day 3.

It has been reported that murine NK cells can be grouped
into 4 subsets based on surface CD11b and CD27 expression

[10, 11]. To explore whether the NK subsets were affected by
Cpn infection, the pattern of NK subsets was examined. As
shown in Figures 1(d) and 1(e), Cpn infection resulted in a
significant increase of the proportion of CD27high NK cells
compared with uninfected mice. The frequency of both
CD11blowCD27high and CD11bhighCD27high NK cells was
nearly doubled at day 7 p.i. The increase of CD27high NK
cells was accompanied by a reduction of CD11bhighCD27low

NK subset. Together, the results indicate that Cpn infection
induces rapid expansion of NK cells, especially the
CD27high subsets.

3.2. NK Cells Are Activated and Produce IFN-γ after Cpn
Infection. To determine whether NK cells are an activated
phenotype in response to Cpn infection, we measured the
expression of two early activation markers, CD69 and
CD25, on NK cells in a kinetic manner. We found that Cpn
infection rapidly increased CD69 expression on NK cells as
early as day 1, peaking at day 3, with 45% NK cells in the
spleen (Figures 2(a) and 2(b)) expressing this marker. The
level of CD25 on splenic NK cells (Figures 2(c) and 2(d))
was also significantly elevated at day 1 and peaked at day 3
p.i. Both CD69 and CD25 gradually decreased from the peak
but remained high at day 9 when the experiment was termi-
nated. Further, intracellular cytokine staining was performed
to determine IFN-γ production by NK cells following Cpn
infection. We found that the percentage of IFN-γ-producing
NK cells started to increase as early as day 1 p.i., with about
25% of NK cells stained positive for IFN-γ at day 5 p.i.
(Figure 2(e)). About 5% of NK cells produced IFN-γ in unin-
fected control mice. The high IFN-γ production by NK cells
remained during the period of the study. The results show
that NK cells are activated and produce IFN-γ in response
to Cpn infection.

3.3. NK Cell Depletion Results in Increased Susceptibility to
Cpn Lung Infection. To further confirm the role of NK cells
in host defense against Cpn lung infection in immune intact
mice, we used anti-asialo-GM1 treatment to deplete NK
cells in vivo and examine its effect on host susceptibility
to Cpn infection. We found that NK-depleted mice showed
greater body weight loss (Figure 3(a)) and significantly
higher bacterial burden in the lung compared with control
antibody-treated mice (Figure 3(b)). The depletion of NK
cells in the spleen and lung was confirmed by flow cytom-
etry (Figure S2). The result suggested that NK cells played
an important protective role in host defense against Cpn
lung infection.

3.4. iNKT Deficiency Leads to Changes of NK Cell Subset
Expansion. To address the impact of iNKT cell on the
expansion of NK cells during Cpn infection, we first mea-
sured the number of NK cells in WT and iNKT KO
(Jα18-/-) mice. We found that there is no significant differ-
ence in NK cell number between these two mouse strains
before and after Cpn infection (Figure S3). Then, we
analyzed the distribution of NK subsets based on their
CD27 and CD11b expression in WT and iNKT KO mice
before and after Cpn infection. At the steady state before
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infection, the distribution of NK subsets was similar in iNKT
KO and WT control mice. Following Cpn infection, the
pattern of NK subsets was significantly altered in WT mice
at day 7 p.i., showing a remarkable increase of the

CD11blowCD27high and CD11bhighCD27high NK subsets
(Figure 4). Notably, the increase of the CD27high NK cells
in iNKT KO mice was found at day 5 p.i., earlier than that
shown in WT mice. Consequently, the frequency of
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Figure 1: Cpn lung infection induces expansion of NK cell number and changes the distribution of NK subsets. Mice were infected with
5 × 106 IFUCpn intranasally and killed at specified time points. Splenocytes were stained for NK1.1 and CD3e. (a) Percentage of NK
cells (NK1.1+CD3e-) among living lymphocytes was gated according to forward and side scatter. Representative dot plots are shown.
(b) Kinetics of the percentage of NK cells. (c) Kinetics of the absolute number of NK cells per mouse spleen. (d) Based on CD11b
and CD27 staining, NK cell subsets were analyzed after gating on NK1.1+CD3e- cells. Representative zebra plots for CD11b- and
CD27-expressing NK cells before and after Cpn infection were shown. (e) Kinetics of the mean percentage of indicated NK cell
subsets are plotted. Data are expressed as mean n = 4 ± SD and represent three independent experiments. ∗p < 0 05.
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Figure 2: NK cells become activated and produce IFN-γ in response to Cpn infection. After intranasal infection by Cpn, mice were killed at
different days, and splenocytes were stained for NK1.1, CD3e, CD25, and CD69. (a) Representative histogram of activation marker CD69
expression on NK cells at days 0, 1, and 3 p.i.: isotype control Ab staining (gray histograms) and infected mice (solid lines). (b) Kinetics of
the expression of CD69 by NK cells. (c) Representative graph of the expression of activation marker CD25 on NK cells after infection:
isotype control Ab staining (gray histograms) and infected mice (solid lines). (d) Kinetics of the expression of CD25 by NK cells. (e)
Representative staining for intracellular IFN-γ before and after Cpn infection. IFN-γ production by splenic NK cells was assayed by
intracellular cytokine staining on gated NK1.1+CD3e- population. The data represent one of at least three independent experiments and
are shown as mean ± SD for four mice at end time points.

d0 d1 d2 d3 d4 d5 d6 d7
−30

−20

−10

0

Sham
Anti-asialo-GM1

Bo
dy

 w
ei

gh
t c

ha
ng

e (
%

)

(a)

Sham Anti-asialo-GM1
0

1

2

3

4

5

6

IF
U

 (l
og

)

⁎⁎⁎

(b)

Figure 3: More severe disease in NK-depleted mice after Cpn lung infection. C57BL/6 mice were treated with anti-asialo-GM1 or control
rabbit IgG during Cpn lung infection as described in Materials and Methods. (a) The body weight changes of the mice were monitored
daily. Each time point represented the mean ± SD of three mice. (b) Mice were sacrificed, and the lungs were collected for testing Cpn
loads at day 7 p.i. The mean of log10-transformed IFUs per lung is presented. ∗∗∗p < 0 001.
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CD11bhighCD27low NK subset showed an earlier decrease in
iNKT KOmice thanWT control. Therefore, iNKT deficiency
appeared to promote the increase of CD27high NK subset
in the kinetics.

3.5. iNKT Deficiency Results in Compromised NK Activation
and Reduced IFN-γ Production by NK Cells following Cpn
Infection. It has been reported that the murine CD27high

NK cells exhibit potent responsiveness and enhanced cyto-
kine production, whereas the CD11bhighCD27low subset has
a higher activation threshold [11]. Therefore, the increased
frequency of the CD27high NK cells in Jα18-/- mice might
suggest an enhanced NK function in these mice. To test this
possibility, we compared the activation status and cytokine
production of NK cell in the Cpn-infected WT and iNKT
KO mice. Surprisingly, we found that the NK cells from
iNKT KO mice showed much lower expression of CD69
(Figures 5(a) and 5(b)) and CD25 (Figures 5(c) and 5(d))
than WT mice at day 1 and day 3 p.i. Further analysis
revealed that the levels of CD69 (Figure 5(e)) and CD25
(Figure 5(f)) expression in all the NK subsets from iNKT

KO mice were lower than that of WT mice. The data did
not support the notion of higher NK activation in iNKT
KOmice thanWTmice although the percentage of CD27high

NK cells is higher in iNKT KO mice.
We further investigated the influence of iNKT cells on

IFN-γ production by NK cells through intracellular cytokine
staining. As shown in Figures 6(a) and 6(b), significantly less
NK cells in iNKT KO mice were stained positively for IFN-γ
at day 5 after Cpn infection, compared with those in WT
mice. The percentage of IFN-γ-producing NK cells in iNKT
KO mice was less than half of WT mice. IFN-γ production
by NK cells partially depended on iNKT cells. Furthermore,
we tested the levels of intracellular IFN-γ expression in each
of the subsets to determine the functional changes in individ-
ual NK subsets. We found reduced IFN-γ production by all
the three major NK subsets (Figure 6(c)), suggesting that
the modulating effect of iNKT cells on IFN-γ production
by NK cells was not restricted to particular NK subsets.
Together, the data suggest that iNKT cells can promote
the activation and IFN-γ production of NK cells following
Cpn infection.
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Figure 4: NK cells from Jα18-/- mice show altered distribution of NK subsets during Cpn infection. Mice were killed at different days
following intranasal infection with Cpn EBs (5 × 106 IFUs), and the splenocytes were prepared for flow cytometry. (a) Relative distribution
of CD11b- and CD27-expressing NK cells at a steady state and at specified days after infection in WT mice and Jα18-/- mice. Zebra plots
were shown from at least three independent experiments. (b) The bar summarizes the relative distribution of splenic NK subsets at day 5
p.i., which are shown as mean ± SD for four mice. ∗∗p < 0 01.
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Figure 5: NK cells from Jα18-/- mice show lower CD69 and CD25 expression in response to Cpn infection. WT and Jα18-/- mice were
intranasally infected with Cpn (5 × 106 IFUs) and examined at days 1 and 3 p.i. Splenocytes were prepared for flow cytometry analysis. (a)
CD69 expression on NK (NK1.1+CD3e-) cells was analyzed at days 1 and 3 p.i. Representative histograms are shown. Filled gray: isotype
control Ab staining; black lines: anti-CD69 Ab staining. (b) Summary of the proportion (upper) and the MFI (lower) of CD69 on NK
cells. (c) Representative histograms of CD25 expression on NK cells are shown. Filled gray: isotype control Ab staining; black lines: anti-
CD25 Ab staining. (d) Summary of the proportion (upper) and the MFI (lower) of CD25 on NK cells. (e) The frequency of CD69 was
analyzed on the specified NK cell subsets based on CD11b and CD27 staining at day 3 p.i. (f) The frequency of CD25 was analyzed on the
indicated NK cell subsets based on CD11b and CD27 staining at day 3 p.i. The results are shown as mean ± SD of three mice in each
group and are representative of three independent experiments. ∗p < 0 05 and ∗∗p < 0 01.
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3.6. DCs from iNKT-Deficient Mice Show Reduced Ability to
Induce NK Cell Activation and IFN-γ Production. DC can
prime resting NK cell both in mice [4, 32, 33] and in humans
[34]. Previous studies have demonstrated a pivotal role for
DC-derived IL-12 in the induction of IFN-γ-producing NK
cells [35]. The level of DC maturation affected the degree of
NK activation [33, 36]. Therefore, it is likely that the reduced
NK cell activation and IFN-γ production in iNKT-deficient
mice are a result of the altered DC function. To directly test
this, DCs were isolated from Cpn-infected WT and iNKT
KO mice and cocultured with NK cells from uninfected
WT mice for 24 hours. The expression of CD69 and CD25
and production of IFN-γ by NK cells were tested by flow
cytometry. As shown in Figure 7, both WT-DC and KO-
DC induced enhanced CD69 and CD25 surface expression
by NK cells. However, KO-DC-induced CD69 (Figures 7(a)
and 7(b)) and CD25 (Figures 7(c) and 7(d)) expression of
NK cells was significantly lower than that induced by WT-
DC. More importantly, NK cells cocultured with KO-DC
produced significantly lower levels of IFN-γ than those
cocultured with WT-DC (Figures 7(e) and 7(f)). Meanwhile,

IFN-γ levels in culture supernatants were also significantly
lower in KO-DC-NK coculture than in WT-DC-NK cocul-
ture (Figure 7(g)). As a control, neither DC nor NK alone
produced detectable IFN-γ. To further test the role of DCs
in iNKT-mediated NK response in vivo, we performed adop-
tive transfer experiments with DC isolated from Cpn-infected
iNKT KO and WT mice. The activation marker expression
and IFN-γ production by NK cells were examined at day 3
after Cpn challenge. As shown in Figure 8, significantly lower
CD69 and CD25 expression and IFN-γ production by NK
cells were observed in the recipients of KO-DCs than WT-
DC recipients. The data suggest that DCs play a critical role
in iNKT-mediated NK activation and IFN-γ production dur-
ing Cpn infection.

4. Discussion

Our data showed a significant modulating effect of iNKT cell
on NK cell activation and IFN-γ production in lung Cpn
infection. Moreover, we found that DCs play an important
role in the iNKT-mediated modulation of NK cell function.
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Figure 6: Reduced IFN-γ production by NK cells in Jα18-/- mice following Cpn lung infection. Mice were intranasally infected with Cpn
(5 × 106 IFU). At day 5 p.i., splenocytes from WT and Jα18-/- mice were stained for NK1.1, CD3e, CD11b, CD27, and IFN-γ and
analyzed by flow cytometry. (a) Representative dot plots of IFN-γ production by NK cells in WT and Jα18-/- mice. (b) The percentage of
IFN-γ-producing NK cells was summarized. (c) The frequency of IFN-γ production was analyzed on the specified NK cell subsets based
on CD11b and CD27 staining. The data are shown as mean ± SD (n = 4). One representative experiment of three independent
experiments is shown. ∗p < 0 05.
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Specifically, we showed that respiratory Cpn infection
induced NK cell activation and IFN-γ production with
dynamic changes of NK subsets. Further comparison of NK
cell response in iNKT KO and WT mice revealed a promot-
ing role of iNKT cells in NK cell function, which was demon-
strated by decreased expression of activation markers,
reduced production of IFN-γ, and changes of NK subsets in
iNKT KO mice. The activation and IFN-γ production by
NK cells are largely influenced by iNKT cells in Cpn infection
although it is not completely dependent on iNKT cells,
suggesting a promoting role of iNKT cell on NK cell function.
More interestingly, we found in a DC-NK coculture system
that DCs isolated from Cpn-infected iNKT KOmice induced
lower activation marker expression and less IFN-γ produc-
tion by NK cells than those isolated from WT mice, suggest-
ing a critical role of DCs in iNKT-mediated modulation of

NK function. We also showed in the present study that NK
cells play an important protective role in host defense against
Cpn infection. In line with this, we also found that adoptive
transfer of DCs from iNKT KO mice generated less IFN-γ
production by NK cells than the DCs from WT mice
in vivo. Our previous studies focus on the effect of iNKT on
DC function in modulating T cells [1] while the current data
showed an effect of iNKT on DCs which subsequently mod-
ulate NK cell function. We have reported previously that
iNKT can significantly influence DC phenotype, cytokine
production, subsets, and function in the spleen and lung in
chlamydial infections [1, 27, 28, 31]. The combined data
from previous reports and the current study provide a mech-
anistic explanation for the previously reported modulating
effect of iNKT on NK function [24] by showing the critical
role of DCs in this modulating process. Considering our
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Figure 7: Reduced ability of DCs from Cpn-infected iNKT KO mice to induce activation and IFN-γ production by naïve NK cells. DCs were
isolated from spleens of iNKT KOmice (KO-DC) andWTmice (WT-DC) at day 5 p.i. NK cells were enriched from the spleen of naïve mice.
NK cells (2 × 105) were cocultured with DC (1 × 106) cells in a 96-well round bottom plate. After 48 h, the cells and supernatant were collected
for CD69, CD25, and IFN-γ staining of the cells and ELISA measurement of IFN-γ in the supernatants, respectively. The representative
histograms and dot plots for CD69 (a) and CD25 (b) expression and IFN-γ production (e) by NK cells are depicted. The percentage of
CD69+ (b), CD25+ (d), and IFN-γ+ (f) NK cells was summarized. (g) The concentration of IFN-γ in supernatant was examined by
ELISA. The data represent one of three similar experiments and are shown as mean ± SD. ∗p < 0 05, ∗∗p < 0 01.
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previous report on the modulating effect of NK on DCs [27],
the findings also suggest a reciprocal influence of DC and NK
cells in chlamydial infection.

The study provides new data on the dynamic changes of
NK cell responses in lung Cpn infection, showing that NK
cells rapidly expanded with upregulated CD69 and CD25
expression and enhanced IFN-γ production. More interest-
ingly, the data provided in vivo evidence of NK subset switch
in response to Cpn infection. Distinct function of NK subsets
based on CD27 and CD11b expression has been reported
[12, 37, 38]. We observed that Cpn infection increased the
percentage of CD11blowCD27high and CD11bhighCD27high

NK subsets so consequently reducing the proportion of
CD11bhighCD27low NK subset. It has been reported that
CD27high NK cells have a lower threshold for activation
and produce more IFN-γ compared with CD27low subset
[11]. In our infection model, CD27high NK cells were the
major producer for IFN-γ within the whole NK population
during Cpn infection (data not shown). The increased pro-
portion of CD27high NK cells might contribute to high levels
of IFN-γ production by NK cells after Cpn infection.
Although the exact mechanism accounting for CD27high

NK cell expansion remains unclear, the following possibili-
ties are likely involved: (1) the proliferation of CD27high

NK cells in situ, (2) the migration of immature NK cells
from bone marrow, and (3) the cell death or reversion of
CD11bhighCD27low NK subset.

The effect of iNKT on NK subsets was particularly inter-
esting. It was found that the iNKT KO mice showed higher
expansion of CD27high NK subset than WT mice following
Cpn infection. Considering the lower threshold of this subset
for activation, one might think that the KO mice had better
NK function especially IFN-γ production. However, we
found that all the NK cell subsets including the CD27high

subset in iNKT KO mice showed lower CD69 and CD25
expression and IFN-γ production compared with the corre-
sponding subsets in WT mice. The results suggest that the
surface markers in defying the functional subsets of NK cells
may not be absolute. Although CD27 expression normally
suggests higher activation and IFN-γ production, the
CD27high NK cells, in the condition of iNKT deficiency, actu-
ally expressed lower levels of activation markers and IFN-γ
than those in WT mice. Therefore, the analysis of cell subsets
needs to have a combination of surface markers and cytokine
patterns. Moreover, since all the three NK subsets from iNKT
KO mice showed lower expression of activation markers and
production of IFN-γ, the modulating effect of iNKT cells on
NK cells is not restricted to a particular NK cell subset.

The results of NK-DC coculture study provide new
mechanistic data on the modulating effect of iNKT on NK
cells by showing the critical role of DCs in this process.
Notably, we and others have shown the modulating effect
of iNKT and NK cells on DC function [1, 27, 28]. In partic-
ular, we found that iNKT as well as NK cell can modulate
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Figure 8: Adoptive transfer of KO-DC induces less activation and IFN-γ production by NK cells. Naive recipient mice (C57BL/6) were
delivered DCs isolated from spleens of Cpn-infected iNKT KO mice (KO-DC) and WT mice (WT-DC). The recipient mice were sacrificed
at day 3 after Cpn challenge. The spleen cells were collected to measure CD69 and CD25 expression and IFN-γ production by NK cells
using flow cytometry. The percentage of CD69+ (a), CD25+ (b), and IFN-γ+ (c) NK cells was summarized. The data represent one of
three similar experiments and are shown as mean ± SD. ∗p < 0 05.
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the function of splenic and pulmonary DCs in promoting
CD4 and CD8 T cell responses [27, 28]. The present finding
on the promoting effect of DCs from iNKT intact WT mice
on NK cells for the production of IFN-γ suggests a loop of
positive feedback in amplifying the promoting role of iNKT
on type 1 T cell responses in addition to the direct promot-
ing effect on NK effector function. The finding further sup-
ports the importance of interactions among multiple types
of innate and adaptive immune cells in the expansion and
restriction of the scales of inflammatory reactions for
immune homeostasis.

Our data showed that NK depletion in immune intact
mice led to increased Cpn burden in the lung (Figure 3),
suggesting that NK cells are functionally involved in pro-
tection against Cpn lung infection. This observation might
be considered inconsistent with the study using T cell- and
B cell-deficient mice [29, 30]. Indeed, one report showed
that RAG-1-/-/γcR-/- and RAG-1-/- mice showed similar
susceptibility to Cpn lung infection, suggesting a negligible
role of NK cells in Cpn infection [30]. Another report
showed that the Cpn load in the lung of RAG-1-/- mice
was not altered after eliminating NK cells using neutraliz-
ing Abs [29]. However, we think that our data are not neces-
sarily contradictory with the previous reports. The observed
discrepancy might be due to the different mice that were used
in the studies: T/B cell deficient [29, 30] versus T/B intact
mice in the present study. When our current study is consid-
ered with previously reported ones [29, 30], it might suggest
that NK cell plays its protective role though promoting the
function of other immune cells, particularly T and B cells,
rather than directly controlling Cpn lung infection as an
effector. The deficiency of T and B cells in RAG-1-/- mice
likely covered up this promoting function of NK cells on
Th1 responses though IFN-γ production as shown in our
previous study [27].

5. Conclusions

In summary, our data revealed a significant modulating effect
of iNKT cell on NK cell activation and IFN-γ production in
respiratory Cpn infection. Additionally, the results provided
a mechanistic explanation for the iNKT-mediated modula-
tion of NK cell function by showing the important role of
DCs. The finding has implications on understanding the
complexity of cellular networks in respiratory tract chlamyd-
ial infection, which should be considered in designing pre-
ventive and therapeutic approaches.
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The gut epithelium constitutes an interface between the intestinal contents and the underlying gut-associated lymphoid tissue
(GALT) including dendritic cells (DC). Interactions of intestinal epithelial cells (IEC) and resident DC are characterized by
bidirectional crosstalk mediated by various factors, such as transforming growth factor-β (TGF-β) and thymic stromal
lymphopoietin (TSLP). In the present study, we aimed (1) to model the interplay of both cell types in a porcine in vitro
coculture consisting of IEC (cell line IPEC-J2) and monocyte-derived DC (MoDC) and (2) to assess whether immune responses
to bacteria are altered because of the interplay between IPEC-J2 cells and MoDC. With regard to the latter, we focused on the
inflammasome pathway. Here, we propose caspase-13 as a promising candidate for the noncanonical inflammasome activation
in pigs. We conducted challenge experiments with enterotoxigenic Escherichia coli (ETEC) and probiotic Enterococcus faecium
(E. faecium) NCIMB 10415. As potential mediators of IEC/DC interactions, TGF-β and TSLP were selected for analyses.
Cocultured MoDC showed attenuated ETEC-induced inflammasome-related and proinflammatory interleukin (IL)-8 reactions
compared with MoDC monocultures. Caspase-13 was more strongly expressed in IPEC-J2 cells cocultured with MoDC and
upon ETEC incubation. We found that IPEC-J2 cells and MoDC were capable of releasing TSLP. The latter cells secreted greater
amounts of TSLP when cocultured with IPEC-J2 cells. TGF-β was not modulated under the present experimental conditions in
either cell types. We conclude that, in the presence of IPEC-J2 cells, porcine MoDC exhibited a more tolerogenic phenotype,
which might be partially regulated by autocrine TSLP production. Noncanonical inflammasome signaling appeared to be
modulated in IPEC-J2 cells. Our results indicate that the reciprocal interplay of the intestinal epithelium and GALT is essential
for promoting balanced immune responses.

1. Introduction

Intestinal epithelial cells lining the intestinal mucosa are con-
tinuously exposed to a variety of potentially harmful antigens
and build a physical interface that separates the luminal con-
tent from the host milieu [1]. In the gut, DC are found in the
lamina propria, in the subepithelial dome region of Peyer’s

patches, and in solitary lymph nodes such as the mesenteric
lymph nodes [2–4]. Within the dynamic communication sys-
tem between enterocytes and mucosal immune cells, IEC
direct the function of resident DC by releasing immune
mediators, such as the regulatory cytokine TGF-β and TSLP
[5, 6]. Intestinal DC and IEC are both pivotal for maintaining
normal barrier function as they support the discrimination
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between inflammatory and tolerogenic immune responses [7,
8]. Therefore, functional properties of the intestinal epithe-
lium cannot be fully understood by using in vitro models in
which epithelial cells are solely grown as monocultures [7].
Our objective was to reconstruct the intestinal environment
in vitro by implementing the presence of MoDC in the sube-
pithelial compartment of a porcine jejunum epithelial cell
line grown on cell culture inserts of Transwell systems.

Since luminal microbiota also participate in the crosstalk
[9, 10], we hypothesized that the inflammatory response
patterns of IEC and immune cells to the different types of
bacteria are influenced by the mutual interplay of these
cells. Therefore, a pathogenic ETEC strain frequently caus-
ing postweaning diarrhea in piglets [11, 12] and an apatho-
genic E. faecium strain were included in the study design.
In pigs, the probiotic E. faecium NCIMB 10415, which is
used as a feed additive for sows and piglets, has previously
been demonstrated to exert diverse favorable effects on the
immune system and performance parameters both in vitro
[13–15] and in vivo [16–19], especially during the post-
weaning period.

We aimed to unravel variations in the inflammatory
responses of IEC and DC under coculture conditions with
a focus on the signaling via the inflammasome pathway.
Nucleotide oligomerization domain (NOD)-like receptors
(NLR) represent a class of intracellular pattern recognition
receptors (PRR), some of which are able to form inflamma-
somes [20]. A well-known member of this inflammasome-
forming receptor family is NLRP3 (NLR family, pyrin
domain containing 3) [21]. Among other stimuli, the NLRP3
inflammasome can be activated through bacterial infection
[22]. Canonical and noncanonical inflammasome activations
can be distinguished with regard to the characterization of
inflammasome signaling [23]. Upon canonical inflamma-
some activation, the effector caspase-1 leads to the produc-
tion and secretion of the proinflammatory cytokines IL-1β
and IL-18 [24]. In contrast, noncanonical inflammasome
activation requires species-specific inflammatory caspases
other than caspase-1, particularly caspase-11 in mice [25]
and caspase-4 and -5 in humans [26, 27]. Bovine caspase-
13 is presumed to represent the ortholog of human caspase-
4 [28]. Based on these findings, we propose that caspase-13
exerts a similar function in pigs. Noncanonical inflamma-
some activation has been demonstrated for various Gram-
negative bacteria, such as Vibrio cholerae, Escherichia coli
(E. coli), and Salmonella Typhimurium [25, 29]. Most of
the inflammasome studies have been carried out in human
or mouse models, but a deeper understanding of porcine
inflammasome pathways is lacking. In particular, no studies
exist regarding noncanonical inflammasome activation in
pigs. A further hypothesis tested in the present study was that
porcine caspase-13 is involved in noncanonical inflamma-
some activation in pigs.

2. Material and Methods

2.1. Porcine Intestinal Epithelial Cells. The cell line IPEC-J2
was used as a porcine intestinal epithelial model. The cell line
was originally derived from the jejunum of a newborn piglet

and was kindly provided by Professor Dr. Anthony Blikslager
(North Carolina State University, USA). Cells were cultivated
as described elsewhere [15]. Medium was changed 3 times
per week. Every 7 days, cells were split at a ratio of 1 : 3. Pas-
sages between 73 and 80 were included in the experiments.
IPEC-J2 cells were seeded on the top surface of collagenized
cell culture inserts of 12-well Transwell systems (12mm
diameter, 1.12 cm2 growth surface area, 0.4μm pore size,
Costar, Corning BV, Schiphol-Rijk, The Netherlands) at a
density of 1× 105 cells per cell culture insert. Cells were culti-
vated under a humidified atmosphere of 5% CO2 at 37

°C for
14 to 21 days until reaching confluency.

2.2. Generation of Monocyte-Derived Dendritic Cells. Blood
was taken from conventionally reared Danbred×Pietrain
pigs (10 to 12 weeks of age) kept at the Institute of Animal
Nutrition (Freie Universität Berlin, Germany) or from clini-
cally healthy pigs at a slaughterhouse in Brandenburg,
Germany. The blood sample collection procedure was con-
ducted in accordance with the guidelines for animal welfare
and was approved by the ethics committee for animal welfare,
namely, “Landesamt für Gesundheit und Soziales” (LaGeSo
Berlin, no. T0264/15). Blood samples were collected in 9ml
ethylenediamine tetra-acetic acid (EDTA)-coated blood
tubes (S-Monovette®, SARSTEDT, Nümbrecht, Germany).

Peripheral blood mononuclear cells (PBMC) were puri-
fied by density gradient centrifugation as described by Loss
et al. [30] by using Ficoll-Paque™ PLUS (1.077 g/l, GE
Healthcare, Uppsala, Sweden). Monocytes were subsequently
enriched by magnetic labeling based on their CD14 expres-
sion and subsequent cell sorting in a MidiMACS separator
and LS separation columns (both from Miltenyi Biotec,
Bergisch Gladbach, Germany). CD14+ monocytes were
diluted in RPMI-1640 (Biochrom, Berlin, Germany) supple-
mented with 10% fetal calf serum (FCS, Biochrom), 100U/
ml penicillin, and 100μg/ml streptomycin (Sigma-Aldrich
Chemie GmbH). Cells were seeded at a density of 1.44× 106
cells/ml and 1ml per well in 12-well cell culture plates
(TPP, Faust Lab, Klettgau, Germany or Eppendorf GmbH,
Hamburg, Germany). To differentiate monocytes into
MoDC, cells were supplemented with recombinant porcine
(rp) granulocyte-macrophage colony-stimulating factor
(GM-CSF, 20ng/ml) and rp IL-4 (50 ng/ml; both from
R&D Systems, Minneapolis, MN, USA). Cells were grown
at 37°C under a humidified atmosphere of 5% CO2 for 6 days.
After 3 days, cells were fed with another 1ml of fresh differ-
entiation medium. On day 6, adherent immature MoDC
were used for the experiments. In order to ensure successful
differentiation, the morphological and phenotypical features
of the cells were examined by phase contrast microscopy
(Leica DMI 6000 series, Leica Microsystems, Heidelberg,
Germany) and flow cytometry. Flow cytometric phenotypical
characterization was performed as described elsewhere [30].
Briefly, the monoclonal antibodies anti-human CD14 (clone
REA599, isotype IgG1, Miltenyi Biotec), anti-pig CD16
(clone G7, isotype IgG1, Bio-Rad Laboratories GmbH,
Munich, Germany), anti-pig CD1 (clone 76-7-4, isotype
IgG2ακ, SouthernBiotech, Cambridge, United Kingdom),
and anti-pig swine leukocyte antigen (SLA) II (clone
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K274.3G8, isotype IgG1, major histocompatibility complex
[MHC] II, Bio-Rad Laboratories GmbH) were used. Success-
ful differentiation was considered to have occurred when the
cells showed a characteristic DC morphology and were tested
as being CD14+ CD16+ CD1+ SLA+.

2.3. Bacterial Strains. Two different bacterial strains were
used for the experiments: the probiotic strain E. faecium
NCIMB 10415 (Cylactin®, DSM, Kaiseraugst, Switzerland)
and enterotoxigenic E. coli IMT4818 (isolated from a two-
week-old piglet with diarrhea, O149:K91:K88 [F4]). E. faecium
and ETEC were grown on BHI (brain-heart infusion) and
LB (Luria-Bertani) agar plates, respectively. After overnight
incubation, E. faecium was grown in BHI broth (OXOID
GmbH, Wesel, Germany) and ETEC in LB medium contain-
ing 10 g/l tryptone, 5 g/l yeast extract, and 10 g/l NaCl, at pH
7.0 (Roth, Karlsruhe, Germany). Each bacterial strain was
cultivated at 37°C until the midlog phase was reached. Bacte-
ria were then centrifuged and washed twice with cold PBS.
Prior to addition to IPEC-J2 cells, bacteria were diluted in
serum- and antibiotic-free IPEC-J2 cell culture medium at a
concentration of approximately 108 colony-forming units
(CFU)/ml. For their application into the MoDC compart-
ment, RPMI-1640 was used for the resuspension of bacterial
cells to give a concentration of approximately 107CFU/ml. In
order to quantify bacterial concentrations, the optical density
(OD) was measured at a wavelength of 600nm in a Helios™
Epsilon spectrophotometer (Thermo Scientific, Rockford,
IL). Additionally, dilution series were made with a subse-
quent CFU count on LB agar plates.

2.4. Coculture Model and Experimental Design (Figure 1). In
the present study, a coculture model comprising IPEC-J2
cells and porcine MoDC was utilized as illustrated in
Figures 1(c) and 1(d). To this end, Transwell inserts with
confluent IPEC-J2 monolayers grown on their top surface
were transferred to the 12-well culture plates containing
adherent MoDC on the bottom. On the day prior to the
experiments, each cell type was fed with the appropriate cell
culture medium. After 24 h in coculture, the cells were chal-
lenged with the aforementioned bacterial strains.

Prior to bacterial infection, FCS- and penicillin-
streptomycin-supplemented media were removed from the cell
cultures and replaced by serum- and antibiotic-free IPEC-J2 or
MoDC cell culture medium, respectively, after the appropri-
ate cells had been washed with the aforementioned media.

For the experiments, cells were incubated with either the
probiotic E. faecium strain or the pathogenic ETEC strain.
The number of bacteria differed depending on the cell type
infected. IPEC-J2/MoDC cocultures were incubated with
bacteria by adding either 1× 106CFU per insert to the
IPEC-J2 compartment of the cultures or 5.4× 104CFU per
well to the MoDC compartment (Figures 1(c) and 1(d)).
The appropriateness of the applied bacterial concentrations
was evaluated in preliminary experiments.

In addition to the IPEC-J2/MoDC cocultures, mono-
cultures of IPEC-J2 cells or MoDCwere also included as con-
trols to assess the influence of cocultivation on the reactivity
of each cell type (Figures 1(a) and 1(b)).

For the sake of completeness, we examined the immune
responses after direct incubation with the bacterial strains

Culture
insert

IPEC-J2

IPEC-J2 monoculture

Bacteria

(a)

MoDC

MoDC monoculture

Bacteria

(b)

Coculture
IPEC-J2 challenged

Culture
insert MoDC

IPEC-J2Bacteria

(c)

Coculture
MoDC challenged

Culture
insert

IPEC-J2

MoDC

Bacteria

(d)

Figure 1: Schematic illustration of experimental design. (a) IPEC-J2 monocultures were grown as a monolayer on the top surface of Transwell
cell culture inserts. Bacteria were added to the IPEC-J2 compartment. (b) MoDC monocultures were cultivated in 12-well cell culture plates.
Bacteria were added to the MoDC compartment. (c)–(d) Cocultures of IPEC-J2 cells grown on Transwell inserts and adherent MoDC located
in the bottom compartment. In separate approaches, bacteria were added either (c) to the IPEC-J2 compartment or (d) to the MoDC
compartment. The lightning flash indicates the localization of the bacterial challenge with either E. faecium or ETEC.
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(comparison of mono- vs. coculture), as well as after indirect
bacterial incubation. In these assays, we additionally assessed
the inflammatory responses of cocultured IPEC-J2 cells when
MoDC had been challenged and vice versa. Thus, an in vivo-
like situation discriminating between the apical or basolateral
occurrence of individual bacteria was simulated. The
expected higher bacterial load in the lumen compared with
the subepithelial space was also modeled as described above;
this has to be taken into account when interpreting the
results of the indirect challenge.

In order to prevent bacterial overgrowth, cells were
washed with gentamicin-containing medium (150μg/ml,
Biochrom) after 2 h of bacterial incubation. The medium
was then replaced with medium supplemented with gentami-
cin at a final concentration of 50μg/ml. After this medium
change, cells were incubated for further 4 h.

2.5. Transepithelial Electrical Resistance (TEER)
Measurements. The transepithelial electrical resistance (TEER)
across the IPEC-J2 monolayers was measured in the Trans-
well systems by using a Millicell-ERS (Electrical Resistance
System, Millipore GmbH, Schwalbach, Germany). During
the experiments, the TEER was measured every two hours
(before bacterial addition and at 2 h, 4 h, and 6h of incuba-
tion). TEER values were corrected against their blank control
(cell-free cell culture insert with medium) and against the
membrane area. For each experimental condition, three wells
were used. Results are reported as [Ω× cm2].

2.6. Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR). To perform mRNA expression analyses, samples
for RT-qPCR were collected 6 h after bacterial addition.
MoDC and IPEC-J2 cells were washed with cold PBS, har-
vested by scraping, and stored in RNAlater RNA stabiliza-
tion reagent (Qiagen GmbH, Hilden, Germany) at −20°C.
Isolation of RNA and its quantitative and qualitative analyses
were performed as described by Kern et al. [14]. Samples
were used when the RNA integrity number was higher than
or equal to 8. An aliquot of 100ng total RNA was reverse-
transcribed into cDNA in a Mastercycler™ Nexus Gradient
(Eppendorf GmbH) by using the iScript™ cDNA Synthesis
Kit (Bio-Rad Laboratories GmbH). All primers for RT-
qPCR were synthesized by Eurofins MWG Synthesis GmbH
(Ebersberg, Germany). In preliminary experiments, various
reference genes were validated for each cell line by using
ge-Norm® software. Three reference genes were selected for
normalization (MoDC: TATA-binding protein [TBP], tyro-
sine 3-monooxygenase/tryptophan 5-monooxygenase acti-
vation protein zeta [YWHAZ], and beta-2-microglobulin
[B2M]; IPEC-J2: TBP, YWHAZ, and glyceraldehyde-3-
phosphate dehydrogenase [GAPDH]). Primer information
regarding the target and reference genes is given in Table 1.
RT-qPCR was conducted in an iCycler iQ™ Real-Time PCR
Detection System (Bio-Rad Laboratories GmbH) by using
SYBR Green I detection. Samples were run in triplicate.
The final volume of the reaction (20μl) was composed of
iQ SYBR Green Supermix (Bio-Rad Laboratories GmbH),
primers (0.38μl of 20 pmol/μl each), and 5μl cDNA. An
inter-run calibration sample was used to correct for run-to-

run variations. To check for possible genomic DNA contam-
ination, minus-reverse transcriptase controls were included
in the experiments. The software iQ5 (Bio-Rad Laboratories
GmbH) was utilized to calculate the relative expression of
target genes by using the ΔΔCt method.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA). For the
analysis of cytokine release from MoDC or IPEC-J2 cells,
cell-free cell culture supernatants were collected 6 h after bac-
terial addition, centrifuged (6000 rpm for 5min), and stored
at −80°C until used. IL-1β, IL-8, TGF-β, and TSLP concen-
trations were determined by using the following ELISA kits
according to the manufacturer’s instructions: porcine IL-1β
ELISA (Quantikine ELISA, Porcine IL-1β/IL-1F2 Immuno-
assay, R&D Systems), porcine IL-8 ELISA (Invitrogen ELISA
Kit, Swine IL-8, Invitrogen Life Technologies GmbH), por-
cine TGF-β ELISA (Quantikine ELISA, Porcine TGF-β1
Immunoassay, R&D Systems), and porcine TSLP ELISA
(Porcine TSLP ELISA kit, BlueGene, Shanghai, China). A
microplate reader (EnSpire Multimode Plate Reader, Perkin
Elmer, Rodgau, Germany) was employed to measure the
absorbance values and to calculate the OD-specific sample
concentrations from a standard curve by using a four-
parameter logistic curve fit. Results are reported as (pg/ml).

2.8. Statistical Analysis. Statistical analyses and the creation
of graphs were performed by using SigmaPlot 11.0 for Win-
dows (Systat Software Inc., San Jose, CA, USA). Statistical
significance of differences between the various treatment
groups was assessed by two-way repeated measures analysis
of variance (ANOVA) for the factors “bacteria” (“control”,
“E. faecium”, and “ETEC”) and “culture” (“IPEC-J2 mono-
culture”/“MoDC monoculture”, “coculture - IPEC-J2 chal-
lenged”, and “coculture - MoDC challenged”). In addition
to the analysis of these two main effects, we also tested
for possible interactions between the two factors. If interac-
tions occurred, comparisons among the different treatment
groups of the factor “bacteria” were made for each “culture”
condition and vice versa. Findings were considered to be
significant when P ≤ 0 05. When overall analysis of the data
of each cell type and a certain parameter (TEER, mRNA, or
protein expression) showed a statistical difference between
treatment groups (including interactions), the Fisher least
significant difference post hoc test was carried out. In the
figures, results are presented as means± standard error of
the means (SEM).

3. Results

3.1. TEER. During the course of experiments, TEER values of
the IPEC-J2 monolayers were measured at four time points
in order to monitor the barrier integrity (Figure 2). In addi-
tion to the cocultures, TEER was also determined in corre-
sponding IPEC-J2 monocultures. As shown in Figure 2(a),
initial TEER values of the cocultures did not differ from those
of IPEC-J2 monocultures before the bacterial challenge.

In IPEC-J2 monocultures, ETEC significantly reduced
the TEER after 2 h (P ≤ 0 05) (Figure 2(b)) and after 4 h
(P ≤ 0 05) of incubation (Figure 2(c)). In cocultures with
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challenged IPEC-J2 cells, this ETEC effect was only present
at 2 h after bacterial infection (P ≤ 0 05) (Figure 2(b)).
Bacterial infection of cocultured MoDC revealed no ETEC-
induced drop of TEER of IPEC-J2 monolayers at each con-
sidered time point. Unlike ETEC, E. faecium treatment led
to no modifications in the TEER throughout the experimen-
tal period in each experimental setup.

3.2. Expression of Inflammation-Related Genes in IPEC-J2
Cells. The mRNA expression of various inflammation-
related genes was analyzed in IPEC-J2 cells (and porcine
MoDC—see next section) after 6 h of bacterial stimulation.
Cells were incubated with either probiotic E. faecium or path-
ogenic ETEC. Samples were obtained from cocultures or
from the corresponding monocultures.

To gain insight into the potential involvement of the
inflammasome pathway, IL-1β, IL-18, and NLRP3 were
selected for the analysis of the inflammasome response to

the applied bacterial strains. As shown in Figure 3(a), mRNA
expression levels of IL-1β in IPEC-J2 cells remained rather
stable independent of the cultivation method (cocultures or
monocultures) and the bacterial challenge. However, the
IL-18 mRNA expression of IPEC-J2 cells was generally
higher in the coculture setup when MoDC had been chal-
lenged compared with IPEC-J2 monocultures (P ≤ 0 05)
(Figure 3(b)). This effect was, as a trend, mainly based on
greater values in cocultures challenged with ETEC. Incuba-
tion with the pathogenic ETEC strain also provoked an
upregulation of NLRP3 mRNA expression in IPEC-J2 cells
in comparison with the control and the E. faecium group
(P ≤ 0 05) (Figure 3(c)).

We hypothesized that caspase-13 would be a promising
candidate targeting noncanonical inflammasome activation
in pigs. As indicated in Figure 3(d), caspase-13 mRNA
expression was strongly enhanced in ETEC-infected IPEC-
J2 cells under either cultivation methods (P ≤ 0 05). Notably,

Table 1: Oligonucleotide primers and amplicon length of PCR products.

Gene information Primer sequence
Amplicon
length

Accession
number

Reference

IL1B1 (interleukin-1, beta 1, Sus scrofa)
(S) 5′- CCT CCT CCC AGG CCT TCT GT -3′

(AS) 5′- GGG CCA GCC AGCA CTA GAG A -3′ 178 bp [31]

IL-18 (interleukin-18, Sus scrofa)
(S) 5′- ACG ATG AAG ACC TGG AAT CG -3′

(AS) 5′- GCC AGA CCT CTA GTG AGG CTA -3′ 205 bp AF191088.1

NLRP3 (NLR family, pyrin domain
containing 3, Sus scrofa)

(S) 5′- AGC AGA TTC CAG TGC ATC AAA G -3′
(AS) 5′- CCT GGT GAA GCG TTT GTT GAG-3′ 75 bp NM_001256770.2 [32]

NLRC4 (NLR family, CARD domain
containing 4, Sus scrofa)

(S) 5′- TGC TCT GAA ACA CCT TGC AT -3′
(AS) 5′- GCA TAG ATT CCT GCC TCC AG -3′ 92 bp XM_013987922.1

CASP13 (caspase-13, apoptosis-related
cysteine peptidase, Sus scrofa)

(S) 5′- GTG CTA CAG AAA CGC CAT GA -3′
(AS) 5′- AGG GCA AAG CTT GAG GGT AT-3′ 150 bp XM_003129812.6

CASP1 (caspase-1, apoptosis-related
cysteine peptidase, Sus scrofa)

(S) 5′- CTC TCC ACA GGT TCA CAA TC -3′
(AS) 5′- GAA GAC GCA GGC TTA ACT GG -3′ 116 bp NM_214162 [33]

ASC (LOC100522011) (apoptosis-
associated speck-like protein containing
a CARD, Sus scrofa)

(S) 5′- CCG ACG AGC TCA AGA AGT TT -3′
(AS) 5′- AGC TCA GCG CTG TAC TCC TC -3′ 154 bp XM_003124468.4

IL-8 (interleukin-8, Sus scrofa)
(S) 5′- GGC AGT TTT CCT GCT TTC T -3′

(AS) 5′- CAG TGG GGT CCA CTC TCA AT -3′ 154 bp X61151 [34]

TLR4 (toll-like receptor 4, Sus scrofa)
(S) 5′- AGA ACT GCA GGT GCT GGA TT -3′
(AS) 5′- AGG TTT GTC TCA ACG GCA AC -3′ 180 bp AB188301

TGF-β (transforming growth factor beta,
Sus scrofa)

(S) 5′- TGA CCC GCA GAG AGG CTA TA -3′
(AS) 5′- CAT GAG GAG CAG GAA GGG C -3′ 164 bp NM_214015.2

TBP (TATA box binding protein,
Sus scrofa)

(S) 5′- GAT GGA CGT TCG GTT TAG G -3′
(AS) 5′- AGC AGC ACA GTA CGA GCA A -3′ 124 bp DQ178129 [35]

YWHAZ (tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation
protein, zeta polypeptide, Sus scrofa)

(S) 5′- ATG CAA CCA ACA CAT CCT ATC -3′
(AS) 5′- GCA TTA TTA GCG TGC TGT CTT -3′ 178 bp DQ178130 [35]

B2M (beta-2-microglobulin, Sus scrofa)
(S) 5′- AAA CGG AAA GCC AAA TTA CC -3′
(AS) 5′- ATC CAC AGC GTT AGG AGT GA -3′ 178 bp DQ178123 [35]

GAPDH (glyceraldehyde-3-phosphate
dehydrogenase, Sus scrofa)

(S) 5′- ACT CAC TCT TCTACCTTTGATGCT -3′
(AS) 5′- TGT TGC TGT AGC CAA ATT CA -3′ 100 bp DQ178124 [35]
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the observed upregulation was more evident in cocultured
IPEC-J2 cells than in IPEC-J2 monocultures (P ≤ 0 05). An
interesting additional finding was that the cocultivation of
IPEC-J2 with MoDC (irrespective of infection) was followed
by a higher caspase-13 mRNA expression in IPEC-J2 cells
(P ≤ 0 05).

To further illuminate the noncanonical inflammasome
signaling pathway in IPEC-J2 cells, we additionally included

the following genes in our analyses: inflammasome-forming
NLRC4 (NLR family, CARD domain containing 4), the
adapter ASC (apoptosis-associated speck-like protein con-
taining a CARD), caspase-1, and toll-like receptor (TLR) 4
(Supplementary Tables 6 and 7). We found a lack of NLRC4
mRNA in IPEC-J2 cells (Supplementary Table 6). Whilst
ASC mRNA expression was not regulated, caspase-1 mRNA
expression was upregulated in cocultured IPEC-J2 cells
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Figure 2: Transepithelial electrical resistance (TEER, in Ω× cm2) of IPEC-J2 monolayers after stimulation with either E. faecium (Ecf) or
ETEC. In IPEC-J2/MoDC cocultures, Ecf or ETEC was added either to the apical side of IPEC-J2 cells or to the MoDC compartment. In
IPEC-J2 monocultures, the bacteria were added to the apical compartment. TEER values were measured at 0 h, 2 h, 4 h, and 6 h (a)-(d).
Data are expressed as means± SEM. N = 6 independent experiments per bar. Results of the ANOVA are indicated below each graph.
Results of post hoc tests are presented in Supplementary Table 1.
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(P ≤ 0 05). TLR4 mRNA levels were higher in the ETEC-
incubated treatment groups (P ≤ 0 05).

The mRNA expression of the proinflammatory chemo-
kine IL-8 in IPEC-J2 cells was markedly augmented by incu-
bation with ETEC under each culture condition (P ≤ 0 05)
(Figure 3(e)). As with caspase-13, IPEC-J2 cells from the set-
ting in which cocultured MoDC was treated with the bacteria
exhibited the largest ETEC response (P ≤ 0 05).

In contrast, E. faecium treatment did not alter the mRNA
expression of the considered genes within the experimental

design and showed expression levels similar to those of the
unchallenged controls.

As a regulatory cytokine, we also investigated the
expression of TGF-β, which was affected neither by the
cultivation method nor by bacterial incubation in IPEC-J2
cells (Figure 3(f)).

3.3. Expression of Inflammation-Related Genes in Porcine
MoDC. Similarly, mRNA expression was studied in por-
cine MoDC. Expression levels were compared between
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Figure 3: mRNA expression of (a) IL-1β, (b) IL-18, (c) NLRP3, (d) caspase-13, (e) IL-8, and (f) TGF-β in IPEC-J2 cells after stimulation with
either E. faecium (Ecf) or ETEC. In IPEC-J2/MoDC cocultures, Ecf or ETEC was added either to the apical side of IPEC-J2 cells or to the
MoDC compartment. In IPEC-J2 monocultures, the bacteria were added to the apical compartment. Samples were taken at 6 h after
addition of bacteria (means± SEM). N = 4 independent experiments per bar. Normalized fold expression was calculated by the ΔΔCt
method. Results of the ANOVA are indicated below each graph. Results of post hoc tests are presented in Supplementary Table 2.
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cocultured MoDC (challenged with bacteria directly or
indirectly by infection of IPEC-J2 cells) and MoDC origi-
nating from monocultures.

The analysis of inflammasome-linked genes (IL-1β,
IL-18, and NLRP3) revealed an upregulation by ETEC in
MoDC cultivated alone (P ≤ 0 05) (Figures 4(a)–4(c)). To a
significantly lesser extent, ETEC enhanced the mRNA
expression of IL-1β, IL-18, and NLRP3 in the challenged
MoDC of the cocultures (P ≤ 0 05). In addition, cocultured

MoDC remained relatively unaffected by the bacterial chal-
lenge of IPEC-J2 cells. Likewise, ETEC caused an enlarged
caspase-13 transcription when MoDC were challenged in
mono- and cocultures (P ≤ 0 05) (Figure 4(d)). In contrast
to genes associated with canonical inflammasome activation,
the induced caspase-13 mRNA increase in cocultured MoDC
was as great as in MoDC monocultures.

Expression patterns of IL-8 resembled those of IL-1β and
NLRP3 (Figure 4(e)). The highest response to ETEC was
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Figure 4: mRNA expression of (a) IL-1β, (b) IL-18, (c) NLRP3, (d) caspase-13, (e) IL-8, and (f) TGF-β in porcine MoDC after stimulation
with either E. faecium (Ecf) or ETEC. In IPEC-J2/MoDC cocultures, Ecf or ETEC was added either to the apical side of IPEC-J2 cells or to the
MoDC compartment. In MoDC monocultures, the bacteria were added to the basolateral compartment. Samples were taken at 6 h after
addition of bacteria (means± SEM). N = 4 independent experiments per bar. Normalized fold expression was calculated by the ΔΔCt
method. Results of the ANOVA are indicated below each graph. Results of post hoc tests are presented in Supplementary Table 3.
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detected in MoDC monocultures, whereas a weaker ETEC-
triggered amplification of IL-8 mRNA occurred in cocultured
MoDC (P ≤ 0 05).

Exposure to the probiotic E. faecium strain resulted in
only a slight increase of IL-18 mRNA expression in MoDC
that were cultivated alone (P ≤ 0 05) (Figure 4(b)). Similar
tendencies were recognized for IL-1β, NLRP3, and IL-8
mRNA expressions without reaching statistical significance
(Figures 4(a), 4(c), and 4(e)).

Similar to that of IPEC-J2 cells, the mRNA expression
of anti-inflammatory TGF-β in MoDC showed no clear
effects in the context of bacterial treatment or the cultiva-
tion technique (Figure 4(f)). On average, the smallest
expression level was detected in IPEC-J2/MoDC cocultures
in which IPEC-J2 cells had been bacterially challenged
(P ≤ 0 05); this was attributable to a numerical ETEC-
induced decrease.

3.4. Cytokine Secretion by IPEC-J2 Cells. The protein
secretion of IL-8, IL-1β, TGF-β, and TSLP into cell cul-
ture supernatants of IPEC-J2 cells and porcine MoDC
(see next section) was determined by ELISA. For the analysis
of the selected cytokines, samples were collected 6 h after
bacterial addition.

In challenged IPEC-J2 cells of mono- and cocultures, a
strong secretion of IL-8 attributable to ETEC infection could
be observed (P ≤ 0 05) (Figure 5(a)). These results corre-
sponded with those of the qPCR analysis. Interestingly, the
results after bacterial addition to the MoDC compartment
varied considerably from the mRNA to the protein level.

The high upregulation of IL-8 mRNA expression could not
be verified at the protein level.

IPEC-J2 cells secreted TSLP, which we proposed as being
a promising candidate mediating the interactive IEC/DC
crosstalk in addition to TGF-β, at levels of around 300pg/
ml, but the detected levels did not show significant variations
attributable to different cultivation variants and bacterial
stimulation (Figure 5(b)).

IL-1β and TGF-β concentrations in the tested IPEC-J2
supernatant samples were mostly below the minimum
detection level of the ELISA kits used (6.7 and 4.6 pg/ml,
respectively; data not shown).

3.5. Cytokine Secretion by Porcine MoDC. In supernatants of
mono- and cocultured MoDC, direct ETEC incubation
caused an IL-1β accumulation (P ≤ 0 05) with a tendency of
lower IL-1β concentrations in the presence of IPEC-J2 cells
(Figure 6(a)).

The IL-8 release of ETEC-infected MoDC was greater in
MoDC monocultures than in cocultures with IPEC-J2 cells
(P ≤ 0 05) (Figure 6(b)). This was in agreement with results
obtained at the mRNA level. Furthermore, incubation with
probiotic E. faecium also elicited a higher IL-8 protein level
in directly challenged MoDC monocultures (compared with
E. faecium responses under the remaining culture condi-
tions), but this was lower than the ETEC-induced increases
(P ≤ 0 05) (Figure 6(b)).

Porcine MoDC secreted low amounts of TGF-β into
the respective supernatants, which tended to be increased
in E. faecium-incubated cells (P = 0 052) (Figure 6(c)).
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Figure 5: Protein expression (in pg/ml) of (a) IL-8 and (b) TSLP detected by ELISA in supernatants of IPEC-J2 cells after stimulation with
either E. faecium (Ecf) or ETEC. In IPEC-J2/MoDC cocultures, Ecf or ETEC was added either to the apical side of IPEC-J2 cells or to the
MoDC compartment. In IPEC-J2 monocultures, the bacteria were added to the apical compartment. Samples were taken at 6 h after
addition of bacteria (means± SEM). N = 3 independent experiments per bar. Results of the ANOVA are indicated below each graph.
Results of post hoc tests are presented in Supplementary Table 4.
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Surprisingly, we also detected TSLP expression at the protein
level in MoDC samples (Figure 6(d)). The quantities of
MoDC-derived TSLP were comparable with those measured
in IPEC-J2 cells. The supernatant of MoDC cultivated in
the presence of IPEC-J2 cells contained more TSLP than
that of monocultures, regardless of the bacterial treatment
(P ≤ 0 05).

4. Discussion

In the present study, the main objective was to determine
whether the inflammatory response to a bacterial challenge
in porcineMoDCand IPEC-J2 cells is changedby theirmutual
interference in an in vitro coculture model. As encountered
enteric bacteria can be of different types, we conducted

IL
-1
�훽

 (p
g/

m
l)

0

100

200

300

400
IL-1�훽

Control
Ecf

ETEC

MoDC
monoculture

Coculture
IPEC-J2

challenged

Coculture
MoDC

challenged

Culture
Bacteria
Culture × bacteria

P = 0.130
P = 0.075
P = 0.024

(a)
IL

-8
 (p

g/
m

l)

0

1000

2000

3000

4000
IL-8

Control
Ecf

ETEC

MoDC
monoculture

Coculture
IPEC-J2

challenged

Coculture
MoDC

challenged

Culture
Bacteria
Culture × bacteria

P = 0.003
P = 0.007
P < 0.001

(b)

TG
F-
�훽

 (p
g/

m
l)

0

10

20

30

40

50

60
TGF-�훽

Control
Ecf

ETEC

MoDC
monoculture

Coculture
IPEC-J2

challenged

Coculture
MoDC

challenged

Culture
Bacteria
Culture × bacteria

P = 0.076
P = 0.052
P = 0.208

(c)

TS
LP

 (p
g/

m
l)

0

200

400

600

800
TSLP

Control
Ecf

ETEC

MoDC
monoculture

Coculture
IPEC-J2

challenged

Coculture
MoDC

challenged

Culture
Bacteria
Culture × bacteria

P = 0.028
P = 0.450
P = 0.170

(d)

Figure 6: Protein expression (in pg/ml) of (a) IL-1β, (b) IL-8, (c) TGF-β, and (d) TSLP detected by ELISA in supernatants of porcine MoDC
after stimulation with either E. faecium (Ecf) or ETEC. In IPEC-J2/MoDC cocultures, Ecf or ETEC was added either to the apical side of IPEC-
J2 cells or to the MoDC compartment. In MoDCmonocultures, the bacteria were added to the basolateral compartment. Samples were taken
at 6 h after addition of bacteria (means± SEM). N = 3 − 4 independent experiments per bar. Results of the ANOVA are indicated below each
graph. Results of post hoc tests are presented in Supplementary Table 5.
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challenge experiments with an apathogenic E. faecium strain
and a pathogenic E. coli strain, the latter having disease rele-
vance for pigs, especially in the postweaning period.

4.1. TEER. The analysis of TEER values of IPEC-J2/MoDC
cocultures and their corresponding IPEC-J2 monocultures
revealed that the cocultivation of IPEC-J2 cells with MoDC
per se did not have an effect on the TEER of IPEC-J2 mono-
layers. Similar findings were achieved with human intestinal
models consisting of human IEC and MoDC [36, 37].

Previous studies have shown that ETEC is capable
of altering the barrier function of apically infected IPEC-J2
monolayers adversely in a dose- and time-dependent man-
ner [15, 38–40]. In the present study, ETEC effects on the
barrier integrity were predominantly detectable after 2 h of
incubation. Apically challenged IPEC-J2 monocultures
showed a significantly lowered TEER even after 4 h, suggest-
ing that IPEC-J2 monocultures were slightly more sensitive
to ETEC-induced impairments of the epithelial barrier
function than cocultures. Surprisingly, basolateral bacterial
infection had no influence on TEER at any time point. The
latter might be attributable to the lower number of patho-
genic bacteria added to cocultured MoDC on the basolateral
side of IPEC-J2 cells resulting in a lower bacteria : IPEC-J2
cell ratio. When adding the same bacterial concentration,
other research groups have shown that the basolateral infec-
tion of human IEC (cell line T84) monocultures with patho-
genic bacteria, such as adherent-invasive E. coli [41] or
Campylobacter jejuni [42], resulted in a considerable TEER
drop, which was greater after basolateral application com-
pared with apical application. Nonetheless, the lower number
of ETEC applied to the basolateral compartment of IPEC-J2
cells in the current study induced an evident proinflamma-
tory response (see next section).

4.2. The Inflammatory Response in IPEC-J2 Cells. In the pres-
ent study, we provide evidence that inflammasome activation
following a pathogenic ETEC challenge occurred in both
cell types examined. In IPEC-J2 cells, this was particularly
validated by an upregulation of NLRP3mRNA expression. In
addition to the main cell wall component lipopolysaccha-
ride (LPS), other inflammasome-stimulating components
of pathogenic E. coli include toxins, such as enterohemoly-
sin and heat-labile enterotoxin [43, 44], or bacterial RNA
[45, 46]. The role of NLRP3 in intestinal inflammation and
homeostasis is controversial [47–49]. Lissner and Siegmund
[50] have underlined that the outcome depends on the
affected cell type. Within the epithelium, NLRP3 performs
regulatory functions, e.g., by promoting enterocyte prolifera-
tion, whereas disproportionate NLRP3 activation by lamina
propria immune cells provokes detrimental effects [50]. A
protective role of the NLRP3 inflammasome in IEC has been
postulated by Song-Zhao et al. [51] and Zaki et al. [52]. In a
recent study, Fan et al. [53] addressed inflammasome activa-
tion in IPEC-J2 cells upon stimulation with the mycotoxin
zearalenone and reported evidence supporting regulatory
functions of the NLRP3 inflammasome within the gut [53].

We further studied NLRC4 mRNA expression in IPEC-
J2 cells as the NRLC4 inflammasome is another well-

characterized inflammasome beyond NLRP3. We found no
NLRC4 mRNA in these cells. We and others had previously
reported similar findings for different porcine cells and tis-
sues, suggesting that a functional NLRC4 gene is missing
in pigs [30, 54, 55].

Whilst IEC are the main source for IL-18 being espe-
cially important for epithelial regeneration [52, 56, 57],
the ability of IEC to produce IL-1β is a matter of debate
[58]. Based on our results, IL-1β played a negligible role
in IPEC-J2 cells, whereas IL-18 mRNA expression tended
to follow similar expression patterns as determined for cas-
pase-13, indicating that there might be a correlation between
caspase-13 and IL-18.

Based on the assumption that caspase-13 is the porcine
counterpart to murine caspase-11, the striking upregulation
of caspase-13 mRNA expression in IPEC-J2 cells upon
ETEC exposure suggests that ETEC could primarily trigger
noncanonical inflammasome activation in IPEC-J2 cells. In
addition, the caspase-13 induction as a result of the path-
ogenic ETEC challenge was more evident in cocultured
IPEC-J2 cells than in IPEC-J2 monocultures. In human and
murine IEC, Knodler et al. [59] have observed noncanonical
inflammasome activation via caspase-4 and caspase-11,
respectively, in response to enteropathogens. Recent research
has assigned the murine ortholog caspase-11 guard func-
tions within the gastrointestinal tract in inflammatory states
[60–62]. For example, caspase-11-deficient mice revealed a
hypersensitivity to dextran sulfate sodium-induced colitis
associated with an impeded IL-18 production [60, 61], sug-
gesting an ameliorating effect of caspase-11 during intestinal
inflammation [63]. To date, it is unknown how inflamma-
some signaling by IEC is cross-linked with other defense
mechanisms that ultimately coordinate the recruitment of
neighboring immune cells [58].

Some authors have demonstrated that caspase-11 acti-
vation acts upstream of caspase-1-dependent canonical
inflammasome formation [64, 65], whereas others have
reported that caspase-11 forms a noncanonical inflamma-
some complex itself [25, 66]. Caspase-1, in contrast to cas-
pase-4, -5, and -11, is capable of processing interleukins
[67]. Analysis of caspase-1 mRNA expression in IPEC-J2
cells revealed an increase upon cocultivation, which had like-
wise been detected at the level of caspase-13 in IPEC-J2 cells,
indicating a possible link between caspase-13 and caspase-1.
Resembling results have been obtained in murine cocultures
consisting of preadipocytes and muscle cells or fibroblasts, in
which the mRNA expression of certain caspases (caspase-3,
-7, and -9) was in some cases enhanced as an effect of cocul-
turing [68, 69]. To our knowledge, similar investigations for
caspases associated with noncanonical inflammasome signal-
ing have not yet been carried out.

Furthermore, several authors have shown that the sig-
naling pathway for caspase-11 activation includes TLR4
(and the TLR adapter TRIF [TIR domain containing adaptor
inducing interferon-β]), which senses extracellular LPS [66,
70]. In IPEC-J2 cells, we could verify ETEC-associated upre-
gulations of TLR4 mRNA expression, which might indicate
that this signal cascade is likewise involved in porcine nonca-
nonical inflammasome activation.
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The transcriptional control differs between the caspases
of different species, e.g., it has been established for murine
caspase-11 but not for human caspase-4, which is consti-
tutively expressed [71]. Summarizing the observations of
the current study, it was suggested that the porcine ortholog
caspase-13 responds similarly to the murine counterpart. In
this respect, the verification in future studies as to whether
caspase-13 constitutes the porcine equivalent to the afore-
mentioned caspases of the noncanonical inflammasome
pathway would be intriguing. Collectively, we can con-
clude that the DC-driven regulation of neighboring IPEC-
J2 cells was mainly evidenced by caspase-13 modulation.
This caspase-13 modulation might be one possible expla-
nation for the altered TEER response observed after apical
ETEC infection of IPEC-J2 mono- vs. cocultures and for the
lack of a TEER response after basolateral ETEC infection of
IPEC-J2 cells.

4.3. The Inflammatory Response in Porcine MoDC. Investiga-
tions into the inflammatory response in porcine MoDC
revealed that MoDC from IPEC-J2/MoDC cocultures reacted
more moderately to the pathogenic ETEC challenge than did
monocultured MoDC; the expression of IL-1β, IL-18, and
NLRP3 was attenuated at the mRNA level and of IL-1β, as
a trend, also at the protein level. For the proinflammatory
cytokine IL-8, a similar pattern was noted at both the mRNA
and protein levels. In contrast to IEC, DC are known to
express NLRP3 abundantly and to generate high IL-1β levels
[72]. An exaggerated production of cytokines, such as IL-1β
and IL-8, can lead to the development of intestinal patholo-
gies linked with a disruption of the intestinal barrier, such
as inflammatory bowel disease [73, 74]. Hence, our find-
ings concerning inflammasome and IL-8 reactions support
the hypothesis that IEC act beneficially to adapt the proin-
flammatory responsiveness of MoDC to invading entero-
pathogens. We propose an inflammation-restricting effect
of adjacent IPEC-J2 cells on porcine MoDC in the present
study. Other research groups have provided evidence that
IEC are able to suppress proinflammatory responses of
cocultured immune cells [37, 75]. In a human model of the
intestinal epithelium, DC cultivated in direct contact with
IEC were less sensitive to LPS and exhibited a reduced proin-
flammatory response [37].

Of note, the caspase-13 mRNA expression in MoDC did
not appear to be influenced following cocultivation with
IPEC-J2 cells; and the ETEC-induced caspase-13 upregulation
was reduced compared with those detected in IPEC-J2 cells.
We presume that the transcriptional induction of caspase-13
plays a rather minor role in porcine MoDC, at least, within
our experimental design. This underlines the observation that
different cell types fulfil a unique contribution to the develop-
ment of immune responses, particularly in the gut [58].

The apathogenic E. faecium strain used in this study had
only a minor impact on certain proinflammatory markers
(IL-18, IL-1β, and IL-8) in MoDC monocultures. Compara-
ble proinflammatory responses to different E. faecium strains
have been documented by several working groups that
recorded a strain-specific and dose-dependent induction of,
for example, IL-1β, IL-8, IL-6, and tumor necrosis factor-α,

in human DC or murine macrophages [76–79]. TGF-β was
suggested to contribute to probiotic-triggered immunoregu-
latory mechanisms [80–82]. Accordingly, a tendency for an
E. faecium-induced increase of TGF-β secretion by MoDC
was also noted in our experiments.

4.4. Potential Mediators of Crosstalk between IPEC-J2 Cells
and Porcine MoDC. As porcine MoDC revealed an attenu-
ated inflammatory ETEC response when cocultured with
IPEC-J2 cells, we aimed to look more closely at underlying
IPEC-J2/MoDC interactions. In our experimental design,
MoDC had no direct contact with neighboring IPEC-J2 cells.
Hence, the modulation of the immune cells was assumed to
occur through cell-derived humoral signals capable of cross-
ing the filter membrane. In our analyses, we included TSLP
and TGF-β, which we considered as potential mediators in
this bidirectional crosstalk.

Consistent with the idea that soluble factors are likely to be
responsible for the regulation of DC responses, Rimoldi et al.
[8] demonstrated that human DC conditioned by superna-
tants of IEC displayed a downregulated IL-1β secretion after
Salmonella infection. In their study, IEC-derived TSLP was
identified as the controlling agent [8]. Although TSLP is com-
monly regarded as an epithelial-derived cytokine, it has previ-
ously been detected in murine [83] and human DC [84, 85],
where it was released in an autocrine manner in response to
pathogenic and allergenic agents. In the present study, we
observed TSLP expression by both IPEC-J2 and porcine DC.
Unexpectedly, MoDC-derived TSLP appeared to contribute
to an autocrine regulation under coculture conditions.

An autocrine regulation mechanism of MoDC has like-
wise been proposed on the basis of TGF-β secretion [37].
Butler et al. [37] observed a higher TGF-β release by human
DC cocultured in direct contact with IEC; this was accompa-
nied by weaker inflammatory reactions to pathogenic stimuli,
as stated earlier. However, this effect was absent in a separated
coculture setup that was more similar to our IPEC-J2/MoDC
cocultures [37]. According to our results, no clear impact of
cocultivation on TGF-β expression in porcine MoDC was
present, either at the mRNA or at the protein level.

Since it is unclear whether IPEC-J2 cells are capable of
producing TGF-β [86], we measured TGF-β at the mRNA
level. We verified TGF-β mRNA expression in IPEC-J2 cells
but which was, however, not regulated in the different treat-
ment groups. Consistent with our data, Butler et al. [37]
detected only very small amounts of TGF-β liberated by
IEC, so that TGF-β could not be identified as a modulating
IEC-derived mediator in the present experimental design.

Future studies are needed to obtain knowledge as to the
extent to which results may be different when a cocultivation
technique is used that allows direct contact between the
cocultured cell types. Here, we provide evidence supporting
a possible involvement of TSLP derived by porcine MoDC
in the communication between IPEC-J2 cells and MoDC.

5. Conclusions

In the present study, we established a porcine intestinal
model consisting of IPEC-J2 cells and MoDC. We
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investigated inflammatory reactions to selected bacterial
agents and found a more tolerogenic phenotype of
MoDC cocultured with IEC. This conclusion was sup-
ported by a downregulation of inflammasome-related
and other proinflammatory cytokines in comparison with
MoDC cultivated alone. We further provide the first evidence
that porcine caspase-13 is regulated in IPEC-J2 cells and por-
cine MoDC in response to bacterial infection. In IPEC-J2
cells, the possibly related noncanonical inflammasome path-
way appeared to be induced not only by ETEC infection but
also by the presence of MoDC. Finally, we demonstrated
the ability of IPEC-J2 cells and MoDC to secrete TSLP,
whereby an autocrine adaptation of cocultured MoDC was
indicated. Our results suggest that the control of inflamma-
tory responses by IEC is of critical importance to prevent
unrestricted cytokine production by resident immune cells.
More research is needed to unravel further the soluble fac-
tors that are implicated in IEC/DC interactions and to verify
the functional aspects of porcine caspase-13 in noncanonical
inflammasome signaling. We suggest the presented in vitro
coculture model is a promising tool for studying such
interactions in future.
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