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Abstract

Introduction

In addition to conventional therapies, several new strategies have been proposed for modu-
lating autoimmune diseases, including the adoptive transfer of immunological cells. In this
context, dendritic cells (DCs) appear to be one of the most promising treatments for autoim-
mune disorders. The present study aimed to evaluate the effects of adoptive transfer of DCs
obtained from both naive and ovalbumin (OVA)-tolerant mice on the severity of TNBS
induced colitis and analyze the eventual protective mechanisms.

Methods and results

To induce oral tolerance, BALB/c mice were fed 4mg/mL OVA solution for seven consecutive
days. Spleen DCs were isolated from tolerant (tDC) and naive (nDC) mice, and then adop-
tively transferred to syngeneic mice. Three days later, colitis was induced in DC treated mice
by intrarectal instillation of 100ug2,4,6-trinitrobenzenesulfonic acid (TNBS) dissolved in 50%
ethanol. Control subjects received only intrarectal instillation of either TNBS solution or a
vehicle. Five days later, mice from all groups were euthanized and examined for physiological
and immunological parameters. Regarding the phenotype, we observed that the frequencies
of CD11" MHC II" and CD11* MHCII* CD86™ cells were significantly lower in DCs isolated
from tolerant mice than in those from naive mice. However, pretreatment with both types of
DCs was able to significantly reduce clinical signs of colitis such as diarrhea, rectal prolapse,
bleeding, and cachexia, although only treatment with tDCs was able to prevent weight loss
from instillation of TNBS. In vitro proliferation of spleen cells from mice treated with either
type of DCs was significantly lower than that observed in splenic cell cultures of naive mice.
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Although no significant difference was observed in the frequencies of Treg cells in the experi-
mental groups, the frequency of Th17*CD4 cellsand the secretion of IL-17 were more
reduced in the cultures of spleen cells from mice treated with either type of DCs. The levels of
IL-9 and IFN-y were lower in supernatants of cells from mice treated with nDCs.

Conclusion

The results allow us to conclude that the adoptive transfer of cells expressing CD11c is able
to reduce the clinical and immunological signs of drug-induced colitis. Adoptive transfer of
CD11c*DC isolated from both naive and tolerant mice altered the proliferative and T cell
responses. To the best of our knowledge, there is no previously published data showing the
protective effects of DCs from naive or tolerant mice in the treatment of colitis.

Introduction

Imbalance of the intestinal microbiota as well as genetic and environmental factors can trigger
chronic inflammation in the gastrointestinal tract, called inflammatory bowel diseases (IBD).
Ulcerative colitis (UC) and Crohn’s disease (CD) are the main IBD s in humans. The pathophysi-
ological mechanisms of IBD, however, are not yet fully understood. Thus, experimental models
that mimic this disease in humans are important tools for studying these types of diseases[1-4].

Experimental models of colitis are being tested in order to develop new therapeutic agents
including chemical induction, immune cell transfer, or genetic manipulation of laboratory ani-
mals [4-10]. Among the experimental models most used in the study of colitis, the intrarectal
administration of TNBS in mice stands out for inducing signs and symptoms very similar to
those observed in humans [11-13].

Mechanisms enrolled in the physiopathology of IBD include unbalancing cytokines such as
interleukin (IL)-9, IL-10, IL-35, transforming growth factor (TGF)-f as well as enzymes, cell
receptors, and transcription factors such as indolemine-2,3-dioxygenase(IDO), Cytotoxic
T-Lymphocyte Antigen (CTLA)-4, Leukocyte Activation Gene (LAG) -3, perforin/antagonists
and Glucocorticoid-Induced Tumor Necrosis Factor Receptor (GITR)) [14-18]. Several new
therapies are under evaluation to treat and reduce the signs and progression of IBDs. Among
the options for conventional treatments, adoptive transfer of tolerogenic cells such as DC and
Treg cells emerges as a promising alternative under evaluation [19, 20].

Dendritic cells (DCs) are the major antigen presenting cells (APC) that play a relevant role
in the activation of naive T lymphocytes [7, 21]. The DCs that inhabit the gastrointestinal tract,
however, have a proven involvement in the modulation of peripheral tolerance, through the
secretion of anti-inflammatory cytokines and stimulation of Treg cells [22-25]. Studies from
our group and others suggest that oral tolerance can generate DCs with tolerogenic profile in
peripheral lymphoid organs, thus leading to the increase of regulatory T cells [19, 26].

The aim of this study is to evaluate the effects of adoptive transfer of CD11c" dendritic cells
obtained from OVA-tolerant and naive BALB/ ¢ mice in experimental colitis induced by
TNBS in syngeneic mice.

Material and methods
Animals

BALB/c female mice (20-25 g) at four weeks of age were obtained from the Multidisciplinary
Center for Biological Research (CEMIB) of the University of Campinas (UNICAMP),
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Campinas, SP, Brazil. They were maintained in a specific pathogen-free environment at 25° C
+1 under photoperiod of 12/12 hours. The mice were fed an autoclaved Nuvilab CR-diet and
water ad libitum for 2-4 weeks before being used in experiments. The methods described in
this manuscript were carried out in accordance with the ‘Guide for the Care and Use of Labo-
ratory Animals’, as promoted by the Brazilian College of Animal Experimentation (COBEA),
and was approved by the Ethics Committee for Animal Experimentation at the University of
Campinas (CEUA/UNICAMP. Protocol #3077-1). All experimental procedures were per-
formed under proper anesthesia and all efforts were made to minimize animal suffering. The
experimental groups consisted of at least five animals. The general health of the mice was mon-
itored daily for signs of inflammation such as rectal swelling, rectal bleeding, soft stool, or
weight loss.

Oral tolerance

The induction of oral tolerance to OVA was performed as described previously [26, 27].
Briefly, 4mg/mL OVA (Rhoster Commerce and Industry Ltda, Vargem Grande Paulista, SP,
Brazil) was added to the water supply of BALB/c mice for 7 consecutive days. The control mice
received protein-free water.

Isolation of DCs

Dendritic cells (DCs) were isolated from the spleens of the OVA tolerant (tDC) or naive
(nDC) mice as previously described [20,28]. To perform DC isolation, spleen cells were incu-
bated with magnetic beads coated with anti-CD11c antibodies (Clone 130-052-001, Miltenyi
Biotec, Germany) and using column MS MACS (130-042-201, Miltenyi Biotec) with Mini
MACS Separation Unit (421-02, Miltenyi Biotec), according to the manufacturer’s
recommendations.

Phenotypic profile of DCs

After immunomagnetic separation, the mean yield in three independent experiments was
5.8% of the total cells present in the spleen suspensions. The population of isolated cells aver-
aged 97% of CD11c" cells, of which 63% were MHCII". The phenotypic profiles of DCs were
evaluated by flow cytometry, by labeling with anti-mouse CD11c - APC (Clone: HL3), anti-
mouse MHC-II-PE (130-091-368, Miltenyi Biotec), anti-mouseCD80-FITC (Clone: 16-10A1),
anti-mouseCD86-FITC (Clone: GL1), and anti-mouseCD40-FITC (Clone: 3/23) according to
the manufacturer’s instructions (BD Bioscience, USA). The readings were performed using the
FACSCalibur (Becton-Dickinson, Franklin Lakes, NJ, USA) flow cytometer located at the
Institute of Biology of UNICAMP, using FCS Express 5 Plus, Research Edition software.

Syngeneic adoptive transfer of DCs
Three doses of 3x105 tDCs isolated from OVA tolerant BALB/c mice or nDCs isolated from

naive BALB/c mice were injected intravenously into naive syngeneic mice on days -5, -3, and +1
of TNBS intrarectal instillation, as previously described [19, 27, 28].

Induction of experimental colitis

Colitis was induced by intrarectal administration of a single dose of 2,4,6-trinitrobenzenesul-
phonic acid (TNBS), as described elsewhere [29, 30], with modifications. Briefly, mice were
anesthetized and instilled with 100uL of 1.0mg/mL TNBS (2,4,6—trinitrobenzenesulfonic
acid; Sigma, USA) dissolved in 50% ethanol into the lumen of the colon. To ensure the agent
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entered the entire colon, mice were held in a vertical position for 30 s. Two control groups of
mice that did not receive dendritic cells were used: 1) animals inoculated intrarectally with
100pL 50% ethanol; 2) animals inoculated intrarectally with 100uL TNBS dissolved in 50% eth-
anol (Fig 1).

Evaluation of clinical symptoms of TNBS induced colitis

Animals in all groups were weighed daily until euthanasia on the fifth day after the induction
of colitis. Weight variation was calculated as percentage. Clinical symptoms such as diarrhea,
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Fig 1. Flow chart of the adoptive transfer of dendritic cells and TNB-induced colitis. (Panel A) Naive BALB/c mice
were randomly divided into two groups (n = 10 per group), one of which was fed 4 mg/mL OV A solution for seven
consecutive days (tolerant mice) and the other received protein-free water (normal mice). Mice from both groups were
euthanized on days 1, 3, and 5 after discontinuation of the oral treatment and their splenic DCs were isolated using
magnetic beads coated with anti-CD11c. (Panel B) Naive BALB/c mice were randomly divided into four groups (n =6
per group). Mice of two groups were injected intravenously with three doses of 3x105 DCs from tolerant or normal
mice on days 5 and 3 prior to and 1 day after the induction of colitis. Twenty-four hours after the last injection, 100uL
of 1 mg/mL TNBS solution was instilled intrarectally in DC-treated mice. The other two groups consisted of untreated
mice (naive mice) and mice treated with TNBS alone (colitic mice).

https://doi.org/10.1371/journal.pone.0196994.g001
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rectal prolapse, bleeding, and cachexia were registered and assigned as scores, ranging from 0
to 2, with 0: no change, 1: slight change, and 2: severe change [26].

Histological analysis of colitis

Mice were euthanized, and the distal portions of the large intestines were removed. Two colon
segments of 1 cm each were taken 4 cm from the anus, fixed in 4% buffered formalin, dehy-
drated with a grade ethanol solution, and embedded in paraffin (Paraplast Plus Sigma P3683).
Slices of 5um were obtained by microtome (Leica—model Jung Biocut 2035), mounted on
clean glass slides, deparaffinized, rehydrated, and dyed with hematoxylin and eosin (Merck).
Sections were evaluated for the presence of folds, hemorrhage, mucosal dilatation, and infiltra-
tion of leukocytes in two distal portions (from 1 to 2 cm and from 2 to 3 cm from the rectum)
of the intestines.

Scores were determined by the sum of the values attributed to the presence of mucosal folds
(from 0 to 5, 0—normal and evident folds; 1—slightly deformed folds; 2—deformed folds; 3—
folds with impaired shape; 4—drastic reduction of folds and large infiltration; 5—nonexistence
of folds and high tissue compromise), hemorrhage (0- none; 1-hemorrhage present; 2-large
hemorrhage), mucosal dilatation (0—none or reduced voids; 1 apparent voids; 2—high voids),
and lymphocytic infiltrate in the mucosa, submucosa and mesentery (0- none; 1- reduced infil-
trate; 2 considerable infiltration with disorganization of the submucosa; 3—intense infiltrate).
The results obtained in each group are presented as the mean +S.E.M. The thickening of the
wall of the colon was measured in micrometers in distal portions, with the Infinity Analyze
Nikon H600L program (100X)[29, 30].

Spleen cell proliferation

Mouse spleens from all experimental groups were collected aseptically, individually macerated,
suspended in a lysis buffer, and pelleted by centrifugation at 200 g for 10 min. Cell concentra-
tion was adjusted to 1x10° cells/mL in complete medium (RPMI1640 medium, Sigma, USA)
supplemented with 10% fetal bovine serum (Cultilab, Campinas, Brazil). After washing, spleen
cell suspensions were incubated with 25uM carboxyfluoresceinsuccinimidyl probe ester (CFSE)
in complete medium at room temperature for 5 min, according to the manufacturer’s recom-
mendations (Invitrogen, USA). Cells were then pelleted by centrifugation and suspended in
complete medium. To determine the maximum uptake of CFSE, aliquots of the cell suspensions
were fixed with 1% formaldehyde in PBS and analyzed by flow cytometer. CFSE-labeled cells
were seeded into 96-well plates (Corning), in sextuplicate, and incubated in the presence of
2.5ug/mL ConA for 72 hours at 37°C. Cell cultures in absence of stimuli were used as the
control.

The proliferation of T lymphocytes in cultures was assessed by the gate of CD4"CFSE" cells.
Acquisitions were performed with a FACSCalibur flow cytometer (FACSCalibur flow cytome-
ter, BD Becton Dickinson, San Jose, CA) [20]. The results were analyzed with the FCS Express
Plus Research Edition software (FCS Express Launcher). Results were expressed as prolifera-
tion index (fold change), as calculated in comparison to the control group [26]. Cells not
stained with CFSE were also cultured in the presence of ConA and supernatants from spleen
cell cultures of all experimental and respective control groups were collected for dosage of
cytokines.

Phenotypic profile of T-cells

The frequencies of TCD4"CD25" Foxp3™ (Treg cells), TCD4"IL17", TCD4 " IFNy"* and
TCDA4'IL-10" cells in the cultures were assessed by a flow cytometer. Briefly, cell suspensions
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were washed and initially stained with anti-CD3 APC (clone 145-2C11, BD #553066), anti-
CD4-PE (Clone GK1.5), and anti-CD25-FITC (Clone 7D4). Then, cells were permeabilized by
the addition of a fixation/permeabilization buffer (Cytofix/Cytoperm fixation/permeabiliza-
tion kit, Becton-Dickinson, BD). Suspensions were stained with anti-Foxp3-APC (clone FJK-
16S), anti-IL-17-APC (clone eBIO17B7) or Alexa Fluor 647 (Clone TC11-18410), anti-IFN-y-
APC (Clone XMG1.2), and IL-10-APC (Clone JESS-16E3), 647 (Clone Q21-378), according to
the manufacturer’s instructions. Acquisitions were performed with a FACScalibur flow cytom-
eter and analyses were done with the FCS Express 5 Plus, Research Edition software [26].

Determination of Th1, Th2, Th17 and Th9 cytokines

IL-2,1L-4,IL-6, IL-10, IL-17A, IFN-y, and TNF-o were quantified in cultured supernatants of
spleen cells by a flow cytometer, using a Multiplex CBA kit (BD Cytometric Bead Array Th1/
Th2/Th17, San Diego, USA) according to the manufacturer’s instructions. Cells were acquired
with a FACSCalibur cytometer and analyzed with FCAP Array TM Software Version 3.0 (BD).
IL-9 determination was assayed with CBA flex set (BD Cytometric Flex Set Th9, San Diego,
USA).

Statistical analysis

A statistical analysis was performed using GraphPad Prism 5 (GraphPad Software, San Diego,
CA, USA). The statistical significance of differences between the control and experimental
groups were determined by one-way ANOVA, followed by Bonferroni’s test for multiple com-
parisons. The results were expressed as mean + Standard Error of the Mean (S.E.M). Values
were considered significant at p< 0.05. All data presented are representative of at least three
independent experiments.

Results and discussion

The self-destructive immune response observed in IBD correlates positively with the loss of
microbiota tolerance, the activation of immune cells, and the presence of intense local inflam-
matory infiltrate. Although the mechanisms triggering the disease are not well understood, the
presentation of enteric microorganism antigens by dendritic cells located in the lamina propria
of the intestinal mucosa and in Peyer’s plaques seems to represent a preponderant role in the
etiology of these diseases [24, 31-33].

In previous studies carried out by our group, we hypothesized that the establishment of oral
tolerance by ingestion of dietary proteins could restore, at least in part, the tolerogenic envi-
ronment of the intestinal mucosa, with important reflexes to the systemic immune response.
In this regard, we have previously shown that induction of oral tolerance to ovalbumin was
able to prevent antigen-induced arthritis as well as TNBS-induced colitis in BALB/c mice [19,
26]. We have also shown that adoptive transfer of DCs from syngeneic OVA-tolerant animals
could prevent arthritis induced by administration of OVA emulsified in complete Freund’s
adjuvant in BALB/c mice [19].

The intrarectal administration of 2,4,6-trinitrobenzenesulfonic acid (TNBS) is a protocol
well established in studies of Crohn’s disease, since it closely mimics this human disorder [26,
34-37]. In the present study, we evaluated the effects of adoptive transfer of CD11¢"DCs col-
lected from naive and OV A-tolerant mice on the course of TNBS-induced colitis in syngeneic
animals, as well as on the ex vivo response of their splenic immune cells.

As depicted in Fig 2 (Panel A), prior treatment with oral OVA was able to reduce the per-
centage of DCs expressing CD86 surface marker compared to DCs from untreated mice, con-
firming data that we obtained previously [19]. Body weight variation and clinical signs,
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including cachexia, rectal prolapse, diarrhea, and bleeding, were analyzed on a daily basis for
five days after TNBS instillation. As illustrated in Fig 2B, the weight loss associated with
TNBS-induced colitis was prevented after adoptive transfer of CD11¢"DCs from tolerant mice
(tDC), but not after adoptive transfer of CD11c"DCs from naive mice. Likewise, there was a
significant reduction of the clinical signs associated with TNBS-induced colitis in mice treated
with either tDC or nDC in comparison to the control group (Fig 2C).

As is widely known, colitis causes dramatic changes in the organization of the intestinal
mucosa and submucosa. Fig 3B shows the deleterious effects caused by TNBS administration
affecting mucosal folding and promoting an intense detachment of epithelial cells in the crypts
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Fig 2. Adoptive transfer of CD11c" dendritic cells isolated from OVA-tolerant mice reduces severity of experimental colitis. (Panel A) Characterization of DCs
isolated from spleens of naive and OVA treated mice (nDC and tDC, respectively): The frequency of the CD40*, CD80", and CD86"CD11c" MHCII" cells in DC
preparations and the fluorescence intensity (MFI) geometric means of these markers were assessed by flow cytometry. (Panel B) Temporal changes in body weight: body
weight was taken on a daily basis from 1 to 5 days after TNBS instillation and is represented as mean percentage in relation to the mean initial value (100%). (Panel C)
Clinical signs: Clinical signs of colitis were evaluated for the presence of diarrhea, rectal prolapse, bleeding, and cachexia, assigning a score ranging from 0 to 2, with 0:
no change, 1: slight change, and 2: severe change. Data are expressed as mean and S.E.M. (n = 5) and are representative of three independent experiments. ANOVA
followed by Bonferroni post-test were used to determine statistical significance (p <0.05).

https://doi.org/10.1371/journal.pone.0196994.9002
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of the intestinal lumen. Prior administration of CD11" DCs from OV A-tolerant mice was,
however, able to prevent tissue damage induced by TNBS (Fig 3D and 3F). Although adminis-
tration of CD11" DCs from naive mice did not completely prevent swelling, this treatment
also significantly reduced tissue damage (Fig 3C and 3F). The protection against the effects of
TNBS conferred by the treatment with DCs is similar to that which we observed in arthritis
induced by injection of OVA emulsified in Freund’s complete adjuvant. In that study, there
was also a marked improvement in the clinical signs of the disease and reduction of the histo-
pathological damages associated with osteoarthritis in DC-treated mice. Together with our
previous results, the present study reinforces our hypothesis that the adoptive transfer of DC
can result in considerable systemic benefits in inflammatory responses.

Since the adoptive transfer of CD11c DC” significantly reduces the clinical signs and the
local inflammatory manifestations of TNBS-induced colitis, we then sought to assess the effects
of this treatment on the systemic immune responses of the treated mice. Initially, we investi-
gated the proliferative responses of spleen cells cultured in the presence of Con-A. The spleen
cells were labeled with CFSE and lectin-induced proliferation was assessed by flow cytometry.
As shown in Fig 4, the proliferative responses of spleen cells obtained from DC-treated mice
were similar to those observed in the cultures of naive spleen cells. However, their proliferative
responses were significantly lower than those observed in the cultures of spleen cells collected
from colitic control mice. Results similar to these had also been observed after the adoptive
transfer of tDC in the experimental arthritis model [19].

After culturing with Con-A, the spleen cells were further labeled with specific antibodies to
evaluate the expansion of T helper (Th1, Th2, and Th17) and Treg cells. Fig 4 shows that the
frequency of Th17 cells was significantly reduced in the splenic cell cultures of mice treated
with DC in comparison to the splenic cell cultures of colitic mice. No significant difference
was found in the Treg cell frequency in the groups studied. However, the frequency of TCD4"
IL-10" cells was higher in the cultures of spleen cells from the group treated with tDC than in
the other groups. Although the release of IL-10 by T lymphocytes is important, other compo-
nents of the immune response influencing its production, such as NKT and T y3 cells, cannot
be excluded.

In addition, the production of cytokines measured in the supernatants of the splenic cell
cultures was closely related to the variations observed in the different populations of TCD4™"
cells examined here (Fig 5). Furthermore, it was possible to verify a significant reduction in IL-
17 levels in supernatants of the splenic cell cultures of the tDC-treated mice compared to the
control group. Although there was a slight increase in the levels of IL-4 and IL-10 in the cell
cultures of the tDC-treated group, the results were not statistically significant. Significant vari-
ations were not observed in TNF-o levels among the different groups studied. A reduction was
observed in IFN-y levels in nDC-treated mice. These results resemble those obtained by our
group in the collagen-OVA-induced arthritis model in BALB/c, thus indicating that the modu-
lation of inflammatory disease by CD11¢*DCs obtained from OV A-fed animals could be due
to reduced production of IL-17 and frequency of Th17 cells, as well as an increase in IL-
10"CD4" cell frequency [19]. Just as we have postulated, other authors have also suggested that
the augmented frequency of IL-10"CD4" population plays an important role in the suppres-
sion of the exacerbated activation of inflammatory cytokines that result in inflammation and
development of colitis [38, 39].

IL-9, a cytokine newly associated with IBD, may act as an inflammatory or regulatory cyto-
kine because of its effects on both Th17 cells and Treg cells [40, 41]. It has been shown that IL-
9 synergizes with TGF-beta in the differentiation of Th17 cells [19, 42-45]. On the other hand,
Th17 cells can secrete IL-9 with regulatory effects. In vitro results confirm that IL-9 acts on
Treg cells (CD4"FoxP3" T cells), increasing its suppressor function through signaling

PLOS ONE | https://doi.org/10.1371/journal.pone.0196994 May 8, 2018 8/15


https://doi.org/10.1371/journal.pone.0196994

o @
@ : PLOS | ONE Adoptive transfer of DCs CD11c+reduces the immune response in colitic mice

Ethanol TNBS

LU

e
{DC + TNBS

e

30+
R
& _
>
T 20-
=
g-, * *
o 104
L2
I ——

0 T T
e’b\ ,\é ,Z&V\ ’;&
<$>o &

PLOS ONE | https://doi.org/10.1371/journal.pone.0196994 May 8, 2018 9/15


https://doi.org/10.1371/journal.pone.0196994

o e
@ : PLOS | ONE Adoptive transfer of DCs CD11c+reduces the immune response in colitic mice

Fig 3. Transfer of DCs obtained from OVA-treated mice reduces histopathological damages in the large intestine caused by TNBS-induced colitis.
BALB/c mice were exposed to the treatments described in Fig 1 and euthanized 5 days after induction of colitis. Distal portions of the large gut were collected
and fixed in paraffin for histological processing. Panels: Ethanol, TNBS, nDC+TNBS, and tDC+TNBS represent sections obtained from mice treated with
ethanol, TNBS, nDC, and TNBS or tDC and TNBS, respectively. Histological sections of 5ium were stained with hematoxylin and eosin and examined using
light microscopy (200X).M: Tunica Mucosa, MF: mucosal folds, LI: lymphocytic infiltrate, TM: Tunica Muscularis, SM: Tunica Submucosa, *: Mucosal crypts,
and #: Detached mucosal tissue debris.

https://doi.org/10.1371/journal.pone.0196994.9003

pathways linked to the transcription factor STAT3 and STATS5 [46]. For this reason, IL-9 has
been identified as a cytokine capable of initially inducing and then regulating tissue inflamma-
tion. These findings led us to investigate the presence of IL-9 in spleen cell culture superna-
tants from mice of the different experimental groups studied here. Our results show a clear
trend of reducing IL-9 levels in spleen cell cultures collected from treated DCs (tDC and nDC)
compared to the control group (Fig 5). Recent data has demonstrated a positive correlation
between disease severity and IL-9 production in patients with Crohn’s disease, but not in
patients with ulcerative colitis [41, 46, 47].
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Fig 4. Adoptive transfer of CD11c"DCsalters the proliferative response, cytokine producing and transcription
factor expressing-cells in cultures of spleen cells from mice with TNBS-induced colitis. Transfer of DCs and
induction of colitis were performed as described in Fig 1. Mice were euthanized five days after TNBS instillation.
Spleens were aseptically removed; cells were labeled with CFSE and cultured at a concentration of 2x10° cells / ml in
the presence of Concanavalin A (ConA; 2,5ug/ml) for 72 hours at 37°C and 5% CO2. Spleen cell proliferation (Panel
A): cells were fixed in 1% formaldehyde and the readings performed by flow cytometer (FACSCalibur, BD).
Proliferation was calculated using the software FCS Express and represents the inverse of the ratio of the fluorescence
exhibited by the cells after 72 hours of culture and those immediately tested after labeling with CFSE. The cell
frequency of T regulatory CD25"Foxp3" cells (Panel B), IFN-y (Panel C), IL-10 (Panel D), and IL-17 (Panel E) were
monitored within the CD4" T cell gate. The values correspond to the mean + S.E.M. of the two independent
experiments (n = 5). ANOVA followed by Bonferroni a posteriori test were used to determine statistical significance.

https://doi.org/10.1371/journal.pone.0196994.g004
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Fig 5. Adoptive transfer of DC alters cytokine levels in supernatants of ConA-stimulated spleen cells from mice
with TNBS-induced colitis. Cultures of spleen cells were carried out as described in Fig 4. Cytokine levels were
evaluated in the culture supernatants by using CBA Multiplex kit (Cytometric Bead Array Th1/Th2/Th17, BD
Bioscience) and CBA kit (Cytometric Bead Array Th19, BD), and readings were performed by flow cytometer
(FACSCalibur, BD). Cytokine concentrations were determined using the array FCAP TM Version 3.0 Software (BD).
Results were expressed as means + S.E.M. obtained from two independent experiments (n = 5). ANOVA followed by
Bonferroni a posteriori test were used to determine statistical significance.

https://doi.org/10.1371/journal.pone.0196994.9005

Although TNBS-induced colitis is considered a model for Crohn’s disease, mimicking its
clinical and inflammatory aspects, we observed in this study that the production of cytokines
in the experimental disease, in particular IL-9, differs somewhat from that seen in the human
disease. An earlier report showed that the adoptive transfer of tolerogenic DCs could modulate
colitis induced by the inoculation of CD4" CD25" T cells (Treg CD4" T cells) into SCID mice.
The tolerogenic DCs employed in that study were differentiated from bone marrow cells cul-
tured in the presence of IL-10 and pulsed with enteric bacteria extract, and their administra-
tion resulted in a significant reduction of the clinical and inflammatory signals associated with
IBD in immunodeficient mice [7].

The results obtained in the present study corroborate previous data from our group on the
ability of DC generated by induction of oral tolerance into a dietary protein [19]. The potential
of CD11¢"DCs obtained from tolerant animals in suppressing immune reactivity has also been
demonstrated in other murine models such as allograft, autoimmune experimental encephalo-
myelitis (EAE), myasthenia gravis, and type 1 diabetes [48-50], which gives a greater degree of
reliability to our data. Corroborating our data, Ohnmacht and collaborators demonstrated
that mouse constitutively depleted of DC develop spontaneous autoimmune disease [51]. In
addition, intravenous administration of CD11¢"CD11b" DC subset suppresses the symptoms
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of experimental autoimmune encephalomyelitis, a mouse model of multiple sclerosis (MS)
[52, 53].

Although we had not evaluated the antigen-specific generation of T reg cells, Fukuya and
colleagues demonstrated that CD11*DCs promote the transforming growth factor (TGF)-
B1-mediated conversion of CD4"T cells into CD4"Foxp3™ induced T reg cells. They showed
that, under steady-state conditions, the antigen-specific generation of Treg requires the function
of CD11"DCs, whereas such a conversion was severely suppressed under inflammatory condi-
tions [54]. However, it is already known that Tregs are phenotypically unstable and dysfunc-
tional under inflammatory conditions [55]. Another study reports that IL-10 control of CD11c¢*
cells is essential to immune homeostasis in the intestine by limiting reactivation of local mem-
ory T cells and protecting against colitis, an alteration not found here [56]. Both treatment
(nDC and tDC) reduced IL-17 and TCD4'IL17" cell population. It is already known that Th17
cells play a crucial role in chronic intestinal inflammation. ROR gamma controls the IL-17 pro-
duction that presents a highly pathogenic role in gut inflammation in the IBD model [57].

Conclusion

Our results indicate that the adoptive transfer of CD11c"cells obtained from naive or tolerant
mice is able to partially reduce the immune response in TNBS-induced colitis. The immuno-
modulation observed can be attributed to the reduction in the number ofTh17 cells and secre-
tion of IL-17 observed in both treatments.

Further studies are necessary to track and evaluate the in vivo effects of adoptive transfer of
CD11c¢"DCs enrolled in this immune modulation. Thus, these cells may be a therapeutic alter-
native to modulate the immune responses in inflammatory disorders, specifically in human
colitis.

Author Contributions

Conceptualization: Wirla M. S. C. Tamashiro, Patricia U. Simioni.

Data curation: Lisiery N. Paiatto, Patricia U. Simioni.

Formal analysis: Lisiery N. Paiatto, Aureo T. Yamada, Patricia U. Simioni.

Funding acquisition: Wirla M. S. C. Tamashiro, Patricia U. Simioni.

Investigation: Lisiery N. Paiatto, Fernanda G. D. Silva, Wirla M. S. C. Tamashiro, Patricia U.
Simioni.

Methodology: Lisiery N. Paiatto, Fernanda G. D. Silva, Aureo T. Yamada, Wirla M. S. C.
Tamashiro, Patricia U. Simioni.

Project administration: Patricia U. Simioni.

Resources: Patricia U. Simioni.

Supervision: Wirla M. S. C. Tamashiro, Patricia U. Simioni.

Validation: Patricia U. Simioni.

Writing - original draft: Lisiery N. Paiatto, Patricia U. Simioni.

Writing - review & editing: Aureo T. Yamada, Wirla M. S. C. Tamashiro, Patricia U. Simioni.

References

1. Duchmann R, Schmitt E, Knolle P, Meyer zum Biischenfelde KH, Neurath M. Tolerance towards resi-
dent intestinal flora in mice is abrogated in experimental colitis and restored by treatment with

PLOS ONE | https://doi.org/10.1371/journal.pone.0196994 May 8, 2018 12/15


https://doi.org/10.1371/journal.pone.0196994

@° PLOS | ONE

Adoptive transfer of DCs CD11c+reduces the immune response in colitic mice

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

interleukin-10 or antibodies to interleukin-12. European Journal of Immunology. 1996; 26(4):934-8.
https://doi.org/10.1002/eji.1830260432 PMID: 8625991

Engel MA; Neurath MF. New pathophysiological insights and modern treatment of IBD. J Gastroenterol.
2010. p. 571-83. https://doi.org/10.1007/s00535-010-0219-3 PMID: 20213337

Wirtz S, Chemically induced mouse models of acute and chronic intestinal inflammation.Nat Protoc.
2017 Jul; 12(7):1295-1309. https://doi.org/10.1038/nprot.2017.044 PMID: 28569761

Wu X-F, Xu R, Ouyang ZJ, Qian C, Shen Y, Wu XD, et al. Beauvericin ameliorates experimental colitis
by inhibiting activated T cells via downregulation of the PI3BK/Akt signaling pathway. PloS one. 2013; 8
(12):e830183. https://doi.org/10.1371/journal.pone.0083013 PMID: 24340073

Perrier C, Rutgeerts P. Cytokine blockade in inflammatory bowel diseases. Immunotherapy. 2011; 3
(11):1341-52. https://doi.org/10.2217/imt.11.122 PMID: 22053885

Lindsay J, Van Montfrans C, Brennan F, Van Deventer S, Drillenburg P, Hodgson H, et al. IL-10 gene
therapy prevents TNBS-induced colitis. Gene Therapy. 2002; 9(24):1715-21. https://doi.org/10.1038/
s).gt.3301841 PMID: 12457286

Pedersen AE, Gad M, Kristensen NN, Haase C, Nielsen CH, Claesson MH. Tolerogenic dendritic cells
pulsed with enterobacterial extract suppress development of colitis in the severe combined immunodefi-
ciency transfer model. Immunology. 2007; 121(4):526—-32. https://doi.org/10.1111/j.1365-2567.2007.
02600.x PMID: 17428312

Arijs |, De Hertogh G, Machiels K, Van Steen K, Lemaire K, Schraenen A, et al. Mucosal gene expres-
sion of cell adhesion molecules, chemokines, and chemokine receptors in patients with inflammatory
bowel disease before and after infliximab treatment. The American Journal of Gastroenterology. 2011;
106(4):748-61. https://doi.org/10.1038/ajg.2011.27 PMID: 21326222

Eri R, Kodumudi KN, Summerlin DJ, Srinivasan M. Suppression of colon inflammation by CD80 block-
ade: evaluation in two murine models of inflammatory bowel disease. Inflammatory Bowel Diseases.
2008; 14(4):458-70. https://doi.org/10.1002/ibd.20344 PMID: 18186109

Owczarek D, Cibor D, Szczepanek M, Mach T. Biological therapy of inflammatory bowel disease. Pols-
kie Archiwum Medycyny Wewn \c e trznej. 2009; 119(1-2):84—8. PMID: 19341184

Whittem CG, Williams A, D. Williams C.S. Murine Colitis modeling using Dextran Sulfate Sodium
(DSS). Journal of Visualized Experiments: JoVE. 2010(35):6-8. https://doi.org/10.3791/1652 PMID:
20087313

Strober W, Kelsall B, Fuss |, Marth T, Ludviksson B, Ehrhardt R, et al. Reciprocal IFN-gamma and
TGF-beta responses regulate the occurrence of mucosal inflammation. Immunology Today. 1997; 18
(2):61-4.https://doi.org/10.1016/S0167-5699(97)01000-1 PMID: 9057354

Randhawa PK Singh K, Singh N, Jaggi AS. A review on chemical-induced inflammatory bowel disease
models in rodents. Korean J Physiol Pharmacol. 2014. p. 279-88. https://doi.org/10.4196/kjpp.2014.18.
4.279 PMID: 25177159

Miyara M, Sakaguchi S. Natural regulatory T cells: mechanisms of suppression. Trends in Molecular
Medicine. 2007; 13(3):108—16. https://doi.org/10.1016/j.molmed.2007.01.003 PMID: 17257897

Kobayashi T, Okamoto S, Hisamatsu T, Kamada N, Chinen H, Saito R, et al. IL23 differentially regulates
the Th1/Th17 balance in ulcerative colitis and Crohn’s disease. Gut. 2008; 57(12):1682-9. https://doi.
org/10.1136/gut.2007.135053 PMID: 18653729

Takamatsu M, Hirata A, Ohtaki H, Hoshi M, Hatano Y, Tomita H, et al. IDO1 plays an immunosuppres-
sive role in 2,4,6-trinitrobenzene sulfate-induced colitis in mice. Journal of Immunology (Baltimore, Md:
1950). 2013; 191(6):3057—-64. https://doi.org/10.4049/jimmunol. 1203306

Shen W, Durum CS. Synergy of IL-23 and Th17 cytokines: New light on inflammatory bowel disease.
Neurochemical Research. 2010; 35(6):940-6. https://doi.org/10.1007/s11064-009-0091-9 PMID:
19915978

Banks C, Bateman A, Payne R, Johnson P, Sheron N. Chemokine expression in IBD. Mucosal chemo-
kine expression is unselectively increased in both ulcerative colitis and Crohn’s disease. The Journal of
Pathology. 2003; 199(1):28-35. https://doi.org/10.1002/path.1245 PMID: 12474223

Thomé R, Fernandes LG, Mineiro MF, Simioni PU, Joazeiro PP, Tamashiro WM. Oral tolerance and
OVA-induced tolerogenic dendritic cells reduce the severity of collagen/ovalbumin-induced arthritis in
mice. Cell Immunol. 2012; 280(1):113-23. https://doi.org/10.1016/j.cellimm.2012.11.017 PMID:
23298866

Pabst O, Mowat AM. Oral tolerance to food protein. Mucosal immunology. 2012; 5(3):232-9. https://doi.
org/10.1038/mi.2012.4 PMID: 22318493

Matteoli G, Mazzini E, lliev ID, Mileti E, Fallarino F, Puccetti P, et al. Gut CD103+ dendritic cells express
indoleamine 2,3-dioxygenase which influences T regulatory/T effector cell balance and oral tolerance
induction. Gut. 2010; 59(5):595-604. https://doi.org/10.1136/gut.2009.185108 PMID: 20427394

PLOS ONE | https://doi.org/10.1371/journal.pone.0196994 May 8, 2018 13/15


https://doi.org/10.1002/eji.1830260432
http://www.ncbi.nlm.nih.gov/pubmed/8625991
https://doi.org/10.1007/s00535-010-0219-3
http://www.ncbi.nlm.nih.gov/pubmed/20213337
https://doi.org/10.1038/nprot.2017.044
http://www.ncbi.nlm.nih.gov/pubmed/28569761
https://doi.org/10.1371/journal.pone.0083013
http://www.ncbi.nlm.nih.gov/pubmed/24340073
https://doi.org/10.2217/imt.11.122
http://www.ncbi.nlm.nih.gov/pubmed/22053885
https://doi.org/10.1038/sj.gt.3301841
https://doi.org/10.1038/sj.gt.3301841
http://www.ncbi.nlm.nih.gov/pubmed/12457286
https://doi.org/10.1111/j.1365-2567.2007.02600.x
https://doi.org/10.1111/j.1365-2567.2007.02600.x
http://www.ncbi.nlm.nih.gov/pubmed/17428312
https://doi.org/10.1038/ajg.2011.27
http://www.ncbi.nlm.nih.gov/pubmed/21326222
https://doi.org/10.1002/ibd.20344
http://www.ncbi.nlm.nih.gov/pubmed/18186109
http://www.ncbi.nlm.nih.gov/pubmed/19341184
https://doi.org/10.3791/1652
http://www.ncbi.nlm.nih.gov/pubmed/20087313
https://doi.org/10.1016/S0167-5699(97)01000-1
http://www.ncbi.nlm.nih.gov/pubmed/9057354
https://doi.org/10.4196/kjpp.2014.18.4.279
https://doi.org/10.4196/kjpp.2014.18.4.279
http://www.ncbi.nlm.nih.gov/pubmed/25177159
https://doi.org/10.1016/j.molmed.2007.01.003
http://www.ncbi.nlm.nih.gov/pubmed/17257897
https://doi.org/10.1136/gut.2007.135053
https://doi.org/10.1136/gut.2007.135053
http://www.ncbi.nlm.nih.gov/pubmed/18653729
https://doi.org/10.4049/jimmunol.1203306
https://doi.org/10.1007/s11064-009-0091-9
http://www.ncbi.nlm.nih.gov/pubmed/19915978
https://doi.org/10.1002/path.1245
http://www.ncbi.nlm.nih.gov/pubmed/12474223
https://doi.org/10.1016/j.cellimm.2012.11.017
http://www.ncbi.nlm.nih.gov/pubmed/23298866
https://doi.org/10.1038/mi.2012.4
https://doi.org/10.1038/mi.2012.4
http://www.ncbi.nlm.nih.gov/pubmed/22318493
https://doi.org/10.1136/gut.2009.185108
http://www.ncbi.nlm.nih.gov/pubmed/20427394
https://doi.org/10.1371/journal.pone.0196994

@° PLOS | ONE

Adoptive transfer of DCs CD11c+reduces the immune response in colitic mice

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Gordon JR, Ma Y, Churchman L, Gordon SA, Dawicki W. Regulatory dendritic cells for immunotherapy
in immunologic diseases. Frontiers in Immunology. 2014; 5:7. https://doi.org/10.3389/fimmu.2014.
00007 PMID: 24550907

Kalantari T., Kamali-Sarvestani E, Ciric B, Karimi MH, Kalantari M, Faridar A, et al. Generation of immu-
nogenic and tolerogenic clinical-grade dendritic cells. Immunologic Research. 2011; 51(2-3):153-60.
https://doi.org/10.1007/s12026-011-8255-5 PMID: 22105838

Niess JH, Reinecker HC. Dendritic cells: the commanders-in-chief of mucosal immune defenses. Cur-
rent Opinion in Gastroenterology. 2006; 22(4):354—60. https://doi.org/10.1097/01.mog.0000231807.
03149.54 PMID: 16760749

Yamazaki S, Steinman RM. Dendritic cells as controllers of antigen-specific Foxp3+ regulatory T cells.
Journal of Dermatological Science. 2009; 54(2):69-75. https://doi.org/10.1016/j.jdermsci.2009.02.001
PMID: 19286352

Paiatto LN, Silva FG, Bier J, Brochetto-Braga MR, Yamada AT, Tamashiro WM, Simioni PU. Oral Toler-
ance Induced by OVA Intake Ameliorates TNBS-Induced Colitis in Mice. PloS one. 2017; 12(1):
e€0170205. https://doi.org/10.1371/journal.pone.0170205 PMID: 28099498

Simioni PU, Fernandes LG, Gabriel DL, Tamashiro WM. Induction of systemic tolerance in normal but
not in transgenic mice through continuous feeding of ovalbumin. Scandinavian Journal of Immunology.
2004; 60(3):257-66. https://doi.org/10.1111/j.0300-9475.2004.01454.x PMID: 15320882

Simioni PU, Fernandes LG, Tamashiro WM. Downregulation of L-arginine metabolism in dendritic cells
induces tolerance to exogenous antigen. Int J Immunopathol Pharmacol. 2016. https://doi.org/10.1177/
0394632016678873 PMID: 27903843

Neurath MF, Fuss |, Kelsall BL, Stiiber E, Strober W. Antibodies to interleukin 12 abrogate established
experimental colitis in mice. The Journal of Experimental Medicine. 1995; 182(5):1281-90. PMCID:
PMC2192205 PMID: 7595199

Neurath MF, Fuss |, Kelsall BL, Stiiber E, Strober W. Experimental granulomatous colitis in mice is
abrogated by induction of TGF-beta-mediated oral tolerance. The Journal of Experimental Medicine.
1996; 183(6):2605—16. PMCID:PMC2192592 PMID: 8676081

Andrade MC, Vaz NM, Faria AM. Ethanol-induced colitis prevents oral tolerance induction in mice. Bra-
zilian Journal of Medical and Biological Research. 2003; 36(9):1227-32. PMID: 12937790

Rutella S, Franco L. Intestinal dendritic cells in the pathogenesis of inflammatory bowel disease. World
Journal of Gastroenterology. 2011; 17(33):3761. https://doi.org/10.3748/wjg.v17.i33.3761 PMID:
21987618

Feng T, Wang L, Schoeb TR, Elson CO, Cong Y. Microbiota innate stimulation is a prerequisite for T
cell spontaneous proliferation and induction of experimental colitis. The Journal of Experimental Medi-
cine. 2010; 207(6):1321-32. https://doi.org/10.1084/jem.20092253 PMID: 20498021

de Mattos BR, Garcia MP, Nogueira JB, Paiatto LN, Albuquerque CG, Souza CL, Fernandes LG,et al.
Inflammatory Bowel Disease: An Overview of Immune Mechanisms and Biological Treatments. Media-
tors Inflamm. 2015; 2015:493012. https://doi.org/10.1155/2015/493012 PMID: 26339135

Matricon J, Barnich N, Ardid D. Immunopathogenesis of inflammatory bowel disease. Self Nonself.
2010; 1(4):299-309. https://doi.org/10.4161/self.1.4.13560 PMID: 21487504

Tontini GE, Vecchi M, Pastorelli L, Neurath MF, Neumann H. Differential diagnosis in inflammatory
bowel disease colitis: State of the art and future perspectives. World Journal of Gastroenterology. 2015;
21(1):21. https://doi.org/10.3748/wjg.v21.i1.21 PMID: 25574078

Liu Z-J, Yadav PK, Su JL, Wang JS, Fei K. Potential role of Th17 cells in the pathogenesis of inflamma-
tory bowel disease. World Journal of Gastroenterology: WJG. 2009; 15(46):5784—8. PMCID:
PMC2791270 https://doi.org/10.3748/wjg.15.5784 PMID: 19998498

Glocker EO, Kotlarz D, Klein C, Shah N, Grimbacher B. IL-10 and IL-10 receptor defects in humans.
Annals of the New York Academy of Sciences. 2011; 1246(1):102—7. https://doi.org/10.1111/j.1749-
6632.2011.06339.x PMID: 22236434

Guo B, Zihai L. Endoplasmic reticulum stress in hepatic steatosis and inflammatory bowel diseases.
Front Genet. 2014. p. 1-11. https://doi.org/10.3389/fgene.2014.00001

Goswami R, Kaplan MH. A Brief History of IL-9. The Journal of Immunology. 2011; 186(6):3283-8.
https://doi.org/10.4049/jimmunol.1003049 PMID: 21368237

Defendenti C, Sarzi-Puttini P, Saibeni S, Bollani S, Bruno S, Almasio PL et al. Significance of serum 11-9
levels in inflammatory bowel disease. International Journal of Immunopathology and Pharmacology.
2015; 28(4):569-75. https://doi.org/10.1177/0394632015600535 PMID: 26377844

Miller A, Lier O, Weiner HL. Antigen-driven bystander suppression after oral administration of antigens.
The Journal of Experimental Medicine. 1991; 174(4):791-8. PMCID:PMC2118953 PMID: 1717632

PLOS ONE | https://doi.org/10.1371/journal.pone.0196994 May 8, 2018 14/15


https://doi.org/10.3389/fimmu.2014.00007
https://doi.org/10.3389/fimmu.2014.00007
http://www.ncbi.nlm.nih.gov/pubmed/24550907
https://doi.org/10.1007/s12026-011-8255-5
http://www.ncbi.nlm.nih.gov/pubmed/22105838
https://doi.org/10.1097/01.mog.0000231807.03149.54
https://doi.org/10.1097/01.mog.0000231807.03149.54
http://www.ncbi.nlm.nih.gov/pubmed/16760749
https://doi.org/10.1016/j.jdermsci.2009.02.001
http://www.ncbi.nlm.nih.gov/pubmed/19286352
https://doi.org/10.1371/journal.pone.0170205
http://www.ncbi.nlm.nih.gov/pubmed/28099498
https://doi.org/10.1111/j.0300-9475.2004.01454.x
http://www.ncbi.nlm.nih.gov/pubmed/15320882
https://doi.org/10.1177/0394632016678873
https://doi.org/10.1177/0394632016678873
http://www.ncbi.nlm.nih.gov/pubmed/27903843
http://www.ncbi.nlm.nih.gov/pubmed/7595199
http://www.ncbi.nlm.nih.gov/pubmed/8676081
http://www.ncbi.nlm.nih.gov/pubmed/12937790
https://doi.org/10.3748/wjg.v17.i33.3761
http://www.ncbi.nlm.nih.gov/pubmed/21987618
https://doi.org/10.1084/jem.20092253
http://www.ncbi.nlm.nih.gov/pubmed/20498021
https://doi.org/10.1155/2015/493012
http://www.ncbi.nlm.nih.gov/pubmed/26339135
https://doi.org/10.4161/self.1.4.13560
http://www.ncbi.nlm.nih.gov/pubmed/21487504
https://doi.org/10.3748/wjg.v21.i1.21
http://www.ncbi.nlm.nih.gov/pubmed/25574078
https://doi.org/10.3748/wjg.15.5784
http://www.ncbi.nlm.nih.gov/pubmed/19998498
https://doi.org/10.1111/j.1749-6632.2011.06339.x
https://doi.org/10.1111/j.1749-6632.2011.06339.x
http://www.ncbi.nlm.nih.gov/pubmed/22236434
https://doi.org/10.3389/fgene.2014.00001
https://doi.org/10.4049/jimmunol.1003049
http://www.ncbi.nlm.nih.gov/pubmed/21368237
https://doi.org/10.1177/0394632015600535
http://www.ncbi.nlm.nih.gov/pubmed/26377844
http://www.ncbi.nlm.nih.gov/pubmed/1717632
https://doi.org/10.1371/journal.pone.0196994

@° PLOS | ONE

Adoptive transfer of DCs CD11c+reduces the immune response in colitic mice

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Millington OR, Mowat AM, Garside P. Induction of bystander suppression by feeding antigen occurs
despite normal clonal expansion of the bystander T cell population. Journal of Immunology (Baltimore,
Md: 1950). 2004; 173(10):6059—-64. PMID: 15528341

Wildner G, Thurau SR. Orally induced bystander suppression in experimental autoimmune uveoretinitis
occurs only in the periphery and not in the eye. European Journal of Immunology. 1995; 25(5):1292—7.
https://doi.org/10.1002/eji.1830250524 PMID: 7774632

Zonneveld-Huijssoon E, Roord ST, de Jager W, Klein M, Albani S, Anderton SM, et al. Bystander sup-
pression of experimental arthritis by nasal administration of a heat shock protein peptide. Annals of the
Rheumatic Diseases. 2011; 70(12):2199-206. https://doi.org/10.1136/ard.2010.136994 PMID:
21914624

Elyaman W, Bradshaw EM, Uyttenhove C, Dardalhon V, Awasthi A, Imitola J, et al. IL-9 induces differ-
entiation of TH17 cells and enhances function of FoxP3+ natural regulatory T cells. Proceedings of the
National Academy of Sciences of the United States of America. 2009; 106(31):12885-90. https://doi.
org/10.1073/pnas.0812530106 PMID: 19433802

Gerlach K, Hwang Y, Nikolaev A, Atreya R, Dornhoff H, Steiner S,et al. TH9 cells that express the tran-
scription factor PU.1 drive T cell-mediated colitis via IL-9 receptor signaling in intestinal epithelial cells.
Nature Immunology. 2014; 15(7):676-86. https://doi.org/10.1038/ni.2920 PMID: 24908389

Lutz MB, Shuler G. Immature, semi-mature and fully mature dendritic cells: Which signals induce toler-
ance or immunity? Trends in Immunology. 2002; 23(9):445-9. PMID: 12200066

Mdiller G, Muller A, Titing T, Steinbrink K, Saloga J, Szalma C, et al. Interleukin-10-treated dendritic
cells modulate immune responses of naive and sensitized T cells In vivo. Journal of Investigative Der-
matology. 2002; 119(4):836—41. https://doi.org/10.1046/j.1523-1747.2002.00496.x PMID: 12406328

Lutz MB, Schnare M, Menges M, Rdssner S, Rollinghoff M, Schuler G,et al. Differential functions of IL-4
receptor types | and Il for dendritic cell maturation and IL-12 production and their dependency on GM-
CSF. Journal of Immunology (Baltimore, Md: 1950). 2002; 169(7):3574—80. PMID: 12244147

Ohnmacht C, Pullner A, King SB, Drexler |, Meier S, Brocker T, et al. Constitutive ablation of dendritic
cells breaks self-tolerance of CD4 T cells and results in spontaneous fatal autoimmunity. Journal of
Experimental Medicine. 2009; 206(3):549-59. https://doi.org/10.1084/jem.20082394 PMID: 19237601

LiH, Zhang GX, Chen Y, Xu H, Fitzgerald DC, Zhao Z et al. CD11c+CD11b+ dendritic cells play an
important role in intravenous tolerance and the suppression of experimental autoimmune encephalomy-
elitis. J Immunol. 2008; 181(4):2483-93. PMCID:PMC2676731 PMID: 18684939

Wang L, Li Z, Ciric B, Safavi F, Zhang GX, Rostami A. Selective depletion of CD11c(+) CD11b(+) den-
dritic cells partially abrogates tolerogenic effects of intravenous MOG in murine EAE. European Journal
of Immunology. 2016; 46(10):2454—66. https://doi.org/10.1002/eji.201546274 PMID: 27338697

Fukaya T, Takagi H, Taya H, Sato K. DCs in immune tolerance in steady-state conditions. Methods Mol
Biol. 2011; 677:113-26. https://doi.org/10.1007/978-1-60761-869-0_8 PMID: 20941606

Zhou X, Bailey-Bucktrout SL, Jeker LT, Penaranda C, Martinez-Llordella M, Ashby M et al. Instability of
the transcription factor Foxp3 leads to the generation of pathogenic memory T cells in vivo. Nat Immu-
nol. 2009; 10(9):1000-7. https://doi.org/10.1038/ni.1774 PMID: 19633673

Girard-Madoux MJ, Ober-Blébaum JL, Costes LM, Kel JM, Lindenbergh-Kortleve DJ, Brouwers-Has-
pels et al. IL-10 control of CD11c+ myeloid cells is essential to maintain immune homeostasis in the
small and large intestine. Oncotarget. 2016; 7(22):32015—-30. https://doi.org/10.18632/oncotarget.8337
PMID: 27027442

Leppkes M, Becker C, lvanov Il, Hirth S, Wirtz S, Neufert C, et al. RORgamma-expressing Th17 cells
induce murine chronic intestinal inflammation via redundant effects of IL-17A and IL-17F. Gastroenter-
ology. 2009; 136(1):257-67. https://doi.org/10.10583/j.gastro.2008.10.018 PMID: 18992745

PLOS ONE | https://doi.org/10.1371/journal.pone.0196994 May 8, 2018 15/15


http://www.ncbi.nlm.nih.gov/pubmed/15528341
https://doi.org/10.1002/eji.1830250524
http://www.ncbi.nlm.nih.gov/pubmed/7774632
https://doi.org/10.1136/ard.2010.136994
http://www.ncbi.nlm.nih.gov/pubmed/21914624
https://doi.org/10.1073/pnas.0812530106
https://doi.org/10.1073/pnas.0812530106
http://www.ncbi.nlm.nih.gov/pubmed/19433802
https://doi.org/10.1038/ni.2920
http://www.ncbi.nlm.nih.gov/pubmed/24908389
http://www.ncbi.nlm.nih.gov/pubmed/12200066
https://doi.org/10.1046/j.1523-1747.2002.00496.x
http://www.ncbi.nlm.nih.gov/pubmed/12406328
http://www.ncbi.nlm.nih.gov/pubmed/12244147
https://doi.org/10.1084/jem.20082394
http://www.ncbi.nlm.nih.gov/pubmed/19237601
http://www.ncbi.nlm.nih.gov/pubmed/18684939
https://doi.org/10.1002/eji.201546274
http://www.ncbi.nlm.nih.gov/pubmed/27338697
https://doi.org/10.1007/978-1-60761-869-0_8
http://www.ncbi.nlm.nih.gov/pubmed/20941606
https://doi.org/10.1038/ni.1774
http://www.ncbi.nlm.nih.gov/pubmed/19633673
https://doi.org/10.18632/oncotarget.8337
http://www.ncbi.nlm.nih.gov/pubmed/27027442
https://doi.org/10.1053/j.gastro.2008.10.018
http://www.ncbi.nlm.nih.gov/pubmed/18992745
https://doi.org/10.1371/journal.pone.0196994

