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Aberrant innate immune responses to the gut microbiota are causally involved in the
pathogenesis of inflammatory bowel diseases (IBD). The exact triggers and main signaling
pathways activating innate immune cells and how they modulate adaptive immunity in IBD
is still not completely understood. Here, we report that the PI3K/PTEN signaling pathway
in dendritic cells enhances IL-6 production in a model of DSS-induced colitis. This results
in exacerbated Th1 cell responses and increased mortality in DC-specific PTEN knockout
(PTENDDC) animals. Depletion of the gut microbiota using antibiotics as well as blocking IL-
6R signaling rescued mortality in PTENDDC mice, whereas adoptive transfer of Flt3L-
derived PTEN-/- DCs into WT recipients exacerbated DSS-induced colitis and increased
mortality. Taken together, we show that the PI3K signaling pathway in dendritic cells
contributes to disease pathology by promoting IL-6 mediated Th1 responses.

Keywords: PI3K, PTEN, dendritic cells, DSS-induced colitis, Interleukin-6, Th1-response
INTRODUCTION

Dendritic cells (DC) constitute an important cellular part of the immune system, bridging innate
and adaptive immune responses. In the gut they mediate tolerance to food antigens, regulate
responses to the commensal microbiota and induce immunity against pathogens. Apart from
genetic factors regulating barrier function, autophagy and endoplasmic reticulum (ER) stress in the
epithelium, the microbiota themselves as well as aberrant and deregulated immune responses
directed against gut microbiota were shown to be causally involved in the development of
inflammatory bowel disease [IBD; summarized in (1, 2)]. IBD comprises two main subtypes,
Crohn’s disease (CD) and ulcerative colitis (UC). Whereas in the former the whole gastrointestinal
tract might be affected by a Th1 mediated response, the latter is usually confined to the colon and is
mainly Th2 driven (1–3).
Abbreviations: PI3K, Phosphatidylinositol (3,4,5) trisphosphate kinase; PTEN, phosphatase and tensin homolog deleted on
chromosome 10; CAC, colitis-associated colon cancer; AOM, azoxymethane; DSS, dextran sodium sulphate; DC, dendritic
cell; OVA, ovalbumin; APC, antigen-presenting cell; SPL, spleen; MLN, mesenteric lymph node; CEP, colon epithelium; CLP,
colon lamina propria.
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The role of DCs in the development and progression of IBD is
still not completely elucidated. In animal models of colitis,
diphtheria toxin-mediated depletion of DCs has produced
conflicting results, reporting protection (4) or exacerbation of
disease (5). Systemic and gut DCs depend on FMS-like tyrosine
kinase 3 ligand (Flt3L) for their development (2). Binding of this
hematopoietin to its receptor, Flt3 (CD135), leads to
downstream activation of the PI3K/AKT/mTOR pathway (6).
In addition, activation of PI3K/AKT/mTOR signaling has been
shown to downregulate inflammatory responses in mature
macrophages as well as DCs and induce regulatory programs
highlighting the importance of this pathway during DC
development and in regulating the function of innate immune
cells (7–12). The PI3K/AKT/mTOR pathway is counteracted by
the phosphatase PTEN (phosphatase and tensin homologue
deleted on chromosome 10) and DC-specific knock-out of
PTEN has been shown to result in increased PI3K activity in
DCs (6). Still, the exact role of PI3K signaling in the regulation of
DC function during colitis is ill defined.

We could recently show that activation of myeloid PI3K
signaling drives immunosuppressive CD8a+DCs that impair
antitumor T cell responses in a model of colitis-associated
colorectal cancer (13). To further elucidate the role of this
signaling pathway in DCs during colitis and colitis-driven
cancer, we generated DC-specific PTEN-deficient (PTENDDC)
mice. Quite unexpectedly, these mice showed a high incidence of
mortality in both models which occurred very early and
coincided with increased IL-6 serum levels and elevated Th1
cell responses in the initial inflammatory phase, contrasting the
reported anti-inflammatory actions of PI3K signaling. We could
show that the high mortality in these animals can be rescued with
antibiotics treatment or blocking IL-6R signaling, which reduced
Th1 responses. Our work highlights the importance of the PI3K
signaling pathway in modulating DC responses during intestinal
inflammation, suggesting the possibility of blocking this pathway
in patients with DC driven inflammatory diseases.
MATERIALS AND METHODS

Mice
Floxed PTEN mice (Ptentm2Mak, MGI:2182005) were a kind gift
from Tak W. Mak and were crossed with CD11c cre (Tg(Itgax-
cre)1-1Reiz , MGI:3763248) to generate PTENloxP /

loxPCD11cCre+/- (PTENDDC) or crossed with LysM cre (8) to
generate PTENloxP/loxPLysMCre+/- (PTENDmye) in house.
Ovalbumin-specific TCR transgenic OTII mice (B6.Cg-Tg
(TcraTcrb)425Cbn/J, MGI:2174541) were purchased from
Jackson Laboratory and bred in house. C57BL/6J mice were
bred at the Department for Biomedical Research of the Medical
University of Vienna. All mice were backcrossed to C57BL/6
background for at least 10 generations and housed under SPF
conditions. All animal experiments were performed in
accordance with the regulations of the Ethics Committee of the
Medical University of Vienna and approved by the Austrian
Federal Ministry for Education, Science and Research
Frontiers in Immunology | www.frontiersin.org 2
(BMWFW-66.009/0055-II/3B/2014 & 66.009/0317-WF/V/3b/
2015). Conditional PTEN-deficient mice were genotyped in a
direct PCR reaction (GoTaq Polymerase; Promega) using tissue
lysates as templates. The following primers were used for
genotyping: cre-for: 5’-TCGCGATTATCTTCTATATCTTCA-
3’; cre-rev: 5’-GCTCGACCAGTTTAGTTACCC-3’; fl-PTEN-
for: 5’-CTCCTCTACTCCATTCTTCCC-3’; fl-PTEN-rev: 5’-
ACTCCCACCAATGAACAAAC-3’.

DSS-Induced Colitis and Colitis-
Associated Colon Cancer Induction
DSS-colitis was induced by supplementation of drinking water with
2-4% DSS (36-50kDa, MP Biomedicals), depending on
experimental setup and DSS batch. Colitis-associated colon cancer
(CAC) was induced as reported previously (13). In brief, 8-12 week
old mice were injected with 12.5mg/kg azoxymethane (AOM,
Sigma-Aldrich) i.p. followed by supplying 2.5% DSS in drinking
water 6 days post AOM injection. After 6 days of DSS
supplementation, mice were switched to drinking water for 15
days. This was repeated for a total of 3x DSS/water cycles. Mice were
sacrificed on days 85-90 after AOM injection. In experiments using
antibiotics treatment mice were s.c. or i.p. injected with 7mg/kg
enrofloxacin (Baytril®, Bayer) daily, starting on the first day of DSS-
supplement. In experiments using IL-6R blockade, mice were
treated with 500µg IL-6R mAb (clone 15A7, BioXCell) or isotype
control (clone LTF-2, BioXCell) twice a week. Mice were monitored
and weighed daily. Cytokines in plasma of mice were detected by
standard ELISA (R&D) according to manufacturer’s instructions.

Single Cell Preparation
Single cells from spleens andmesenteric lymph nodes were obtained
by passing the tissues through 70µm cell strainers into RPMI
medium (containing 10% FBS, penicillin, streptomycin and
fungizone). Single cell suspensions of splenocytes were further
subjected to erythrocyte lysis (150mM NH4Cl, 10mM KHCO3,
0.1mM Na2EDTA). Cells were either counted by flow cytometry
(Beckman Coulter Cytoflex S) or by an automated cell counter (Bio-
Rad TC10). Colons were cleared of content, rinsed with PBS and
incubated with 5mM EDTA for 2x 20min to obtain epithelial cells,
followed by enzymatic digestion with 10mg collagenase VIII
(Sigma) and 5mg DNAseI (Worthington) in PBS per colon to
isolate cells from colon lamina propria (CLP).

Generation of Bone Marrow-Derived
Dendritic Cells
Bone marrow from tibiae and femurs was flushed with PBS and
subjected to erythrocyte lysis. Cells were adjusted to 106 cells/ml in
fully supplemented RPMI-1640. Medium was supplemented with
100ng/ml Flt3L (eBioscience) to generate FL-DCs or 20ng/ml GM-
CSF (R&D) and 5ng/ml IL-4 (Peprotech) to generate G4-DCs.
Fresh medium (50% of initial volume) supplemented with Flt3L, or
GM-CSF/IL-4 was added after 3 days. Non-adherent cells in GM-
CSF/IL-4 culture or total Flt3L cultured cells were harvested on day
7 and 106 cells were adoptively transferred i.v. into C57BL/6J
recipients. FL-DCs were further stimulated for 24 h with poly(I:
C)-HMW (1µg/ml, Invivogen), poly(I:C)-LMW (1µg/ml,
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Invivogen), LPS (10ng/ml; Invivogen), imiquimod (IMQ, 1µg/ml,
Invivogen), CpG-ODN1585 (CpG-A, 1µM, Invivogen), CpG-
ODN1668 (CpG-B, 1µM, Invivogen) and supernatants were
analyzed for IL-6 protein using flow cytometry (Legendplex
beads, Biolegend) or ELISA (R&D).

Ex Vivo T Cell Responses
To study T cell responses ex vivo, splenocytes were generated
from colitic mice and 0.2x106 cells were stimulated with
activating CD3 and CD28 (1µg/ml each, eBioscience) for 3
days in fully supplemented RPMI-1640 medium. For co-
culture experiments with OTII T cells, splenic CD11c+ cells
from WT and PTENDDC were enriched using magnetic beads
(Miltenyi Biotec) and co-incubated with CD4+ enriched splenic
OTII T cells (DC:T cell ratio 1:4) in the presence of 100ng/ml
LPS and 50µg/ml ovalbumin in fully supplemented RPMI-1640
medium. IFNg levels in supernatants were analyzed by
ELISA (R&D).

Flow Cytometry
For flow cytometry analysis, single cell suspensions from spleens,
mesenteric lymph nodes and colon LP and epithelium were
stained using the following antibodies: CD45.2-APC-eFluor780
(clone 104, eBioscience, 47-0454-82), CD3-PE-CF594 (clone
145-2C11, BD Biosciences, 562286), CD4-PerCP-Cy5.5
(clone RM4-5, BD Biosciences, 550954), CD4-PerCP-eFluor710
(clone RM4-5, eBioscience, 46-0042-82), CD8a-PE (clone 53-6.7,
eBioscience, 12-0081-82), CD8a-Brilliant Violet 510 (clone 53-
6.7, BioLegend, Brilliant Violet™ products are trademark of
Sirigen Group Ltd., 100752), B220-Alexa700 (clone RA3-6B2,
eBioscience, 56-0452-82), CD11b-APC (clone M1/70, eBioscience,
17-0112-8), CD11c-eFluor450 (clone N418, eBioscience, 48-0114-
82), MHCII-FITC (clone M5/114.15.2, eBioscience, 11-5321-82),
CD103-Brilliant Violet 510 (clone 2E7, Biolegend, 121423), CD80-
PE-CF594 (clone 16-10A1, BD Biosciences, 562504), CD86-BV650
(clone GL-1, BioLegend, 105035), CD80-FITC (clone 16-10A1,
Tonbo Bioscience, 35-0801), B220-PE-Cy5 (clone RA3-6B2,
Tonbo Bioscience, 55-0452), CD40-APC (clone FGK45, Tonbo
Bioscience, 20-8050), MHCII-eF450 (clone M5/114.15.2,
eBioscience, 48-5321-82), CD86-BV605 (clone GL-1, BioLegend,
105037), CD45.2-BV650 (clone 104, BioLegend, 109836), CD11b-
PE-Cy7 (clone M1/70, eBioscience, 25-0112), SiglecH-FITC (clone
551, BioLegend, 129604), Bst2-PerCP-eF710 (clone 927,
eBioscience, 46-3172-82), B220-APC (clone RA3-6B2, Tonbo
Bioscience, -20-0452), Ly6G-AF700 (clone 1A8, BioLegend,
127622), CD11c-APC-eF780 (clone N418, eBioscience, 47-0114),
CD11b-PB (clone M1/70, Invitrogen, RM2828), MHCII-PE (clone
M5/114.15.2, Tonbo Bioscience, 50-5321), Ly6C-PE-Cy7 (clone
HK1.4, BioLegend, 128018), SYTOX AADvanced/7AAD
(Invitrogen, S10274), CD4-FITC (clone GK1.5, Tonbo Bioscience,
35-0041), NK1.1-APC (clone PK136, Tonbo Bioscience, 20-5941),
CD3-rF710 (clone 17A2, Tonbo Bioscience, 80-0032), CD19-
BV510 (clone 6D5, BioLegend, 115545), CD8a-PE (clone 53-6.7,
Tonbo Bioscience, 50-0081). Flow cytometry acquisition was
performed on a LSR Fortessa flow cytometer (BD Biosciences) or
a Cytoflex S flow cytometer (Beckman Coulter), Data were analyzed
with FlowJo software version 10 (Treestar). For intracellular
Frontiers in Immunology | www.frontiersin.org 3
cytokine production analysis, cells from spleens and mesenteric
lymph nodes were isolated and re-stimulated with anti-CD3/CD28
dynabeads (Life Technologies) or PMA/Ionomycin (Sigma
Aldrich) together with Golgi-Stop (BD Biosciences) for 4
hours. Cytokines stainings were performed by using
eBioscience’s IC Fixation & Permeabilization Buffer kit
following the manufacturer’s instructions with the following
antibodies: IFNg – PE (clone XMG1.2, eBioscience, 12-7311),
IFNg – PE (clone XMG1.2, BioLegend, 505808), IL-17 – PE-Cy7
(clone ebio17B7, eBioscience, 25-7177), IL-2 – eFlour 450 (clone
JES6-5H4, eBioscience, 48-7021), IL-10 –APC (clone JES5-16E3,
eBioscience, 17-7101). For Foxp3 intracellular staining, cells
from spleens and mesenteric lymph nodes were isolated and
stained for surface markers followed by fixation and
permeabilization using Foxp3/Transcription Factor Staining
Buffer Kit (Tonbo Biosciences, TNB-0607) and incubation with
Foxp3-APC antibody (clone 3G3, Tonbo Biosciences, 20-5773)
according to manufacturer´s protocol.

Histology
Mice were sacrificed, colons were removed, rinsed with PBS and
formalin-fixed overnight. Tissues were further dehydrated and
paraffin-embedded as “Swiss rolls”. 5µm sections were used for
H&E staining using standard protocols. Stained sections were
scanned on an Olympus VS-BX61 microscope.

Colonoscopy and Scoring
Before colonoscopy, mice were fasted for 24 h, receiving a
rehydration solution (13.5 g/l glucose, 2.9 g/l trisodium citrate
dihydrate, 2.6 g/l sodium chloride and 1.5 g/l potassium
chloride) supplemented with 34.5 g/l polyethylene glycol
(molecular weight 35000 g/mol). For colonoscopy, mice were
anesthetized. During insertion and withdrawal of the
colonoscope (Karl Storz, Tuttlingen, Germany), the grade of
inflammation was scored using following parameters:
hyperplasia in the distal or proximal colon (grade 0-3),
presence of a stricture (0–1), fibrin deposition (0–1),
vulnerability of the mucosa (0–1), bleeding (0–1), and visibility
of the vasculature (0–3). Videos of the colonoscopies
were recorded.

Measurement of Gut Permeability
Gut permeability was assessed as previously described (14). In
brief, mice were starved overnight. On the following day, mice
were weighed and orally gavaged with 440mg/kg FITC-dextran
(FD4, Sigma Aldrich) in PBS. Blood was drawn 4 hours later, and
serum concentration of FITC-dextran was quantified by using a
FITC-dextran standard curve diluted in PBS.

RT-qPCR
RNA was isolated from colon lamina propria single cell
suspension using Trifast (PeqLab) and reverse-transcribed into
cDNA using High Capacity cDNA Reverse Transcription Kit
(Fermentas) according to manufacturer’s protocols. Expression
of mRNA was measured using FastSybrGreen Mix (Applied
Biosystems) in a StepOne RT-PCR 7500 system (Applied
Biosystems). Ct-values of target genes were normalized to
April 2022 | Volume 13 | Article 695576
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mHPRT and expressed as fold mean WT control using
efficiencies calculated using LinReqPCR (15) for each
amplification. The following primers were used:

h p r t : f o r : CGCAGTCCCAGCGTCGTG ; r e v :
CCATCTCCTTCATGACATCTCGAG;

i l 10 : f o r : AGCTGAAGACCCTCAGGATG; r ev :
TGGCCTTGTAGACACCTTGG;

i f ng : f o r : TGAGCTCATTGAATGCTTGG; r e v :
ACAGCAAGGCGAAAAAGGAT,

i l 17a ; for : TGAGCTTCCCAGATCACAGA; rev :
TCCAGAAGGCCCTCAGACTA,

foxp3: for : GCGAAAGTGGCAGAGAGGTA; rev :
TCCAAGTCTCGTCTGAAGGC,

il6: for: CAAGTCGGAGGCTTAATTACACATG; rev:
ATTGCCATTGCACAACTCTTTTCT.

Statistical Analysis
Data were analyzed for Gaussian distribution using GraphPad
8.0 (GraphPad Software Inc.). Data with Gaussian distribution
were assessed for statistical significance using Student’s T-test,
data sets with unequal variances were analyzed using Student’s
T-test with Welch’s correction, and data without Gaussian
distribution were analyzed using Mann-Whitney u-test. Data
with more than two groups were analyzed with 1-way ANOVA,
data with more than 2 groups and conditions were analyzed
using 2-way ANOVA.
RESULTS

PTENDDC Mice Show Increased Mortality
in DSS-Induced Colitis and Colitis
Associated Colon Cancer (CAC)
We recently found that the PI3K/PTEN signaling pathway is
driving CD8a+DCs expressing PD-L1 and PD-L2 and impairing
efficient CD8 T-cell responses in two different cancer models in a
myeloid-PTEN (PTENDmye) specific mouse model (13).

In order to elucidate the role of PI3K activity specifically in DCs
in colitis-associated colon cancer (CAC), we made use of a DC-
specific cre-deleter strain generating PTENDDC mice. Unlike WTs
and PTENDmye mice (13), PTENDDC mice succumbed significantly
earlier during the course of CAC.Mortality occurred already at the
first administration of DSS and was independent of gender (Figure
S1A). Since at this early time point tumors are not yet formed, we
hypothesized that the observed phenotype was caused by an
inflammatory response. In acute and chronic models of DSS-
induced colitis about half of PTENDDC mice succumbed, whereas
cre-/- littermates (hereafter named wildtypes, WT) were mostly
unaffected (Figures 1A, B). Due to the observed mortality in the
acute model when 4% DSS were used (Figure 1B), we lowered the
percentage to 2.5% DSS in all further experiments involving one
cycle of DSS supplementation.

All mice lost around 20% weight by day 7 (Figure 1C) and
showed the same extent of colon shrinking (Figure 1D) and
similar histological changes (loss of crypts, hypertrophy of the
lamina propria and cell influx; Figure S1C). In PTENDDC mice, we
Frontiers in Immunology | www.frontiersin.org 4
found elevated IL-6 serum levels (Figure 1E), but no changes in
IL-33 or CXCL-1 (also known as KC), which previously have been
shown to be increased during colitis (16–20) (Figure S1B).

To exclude the possibility that other myeloid PTEN-deficient
cells apart from DCs such as macrophages or neutrophils would
contribute to the observed phenotype, we made use of PTENfl/fl

LysMCre+/- mice (PTENDmye), where the deletion more broadly
targets myeloid cells, and induced colitis with a DSS
concentration of 4%. In contrast to their increased mortality in
the AOM/DSS-induced CAC model (13), PTENDmye mice did
not show increased mortality, during acute (Figure 1F) or
chronic colitis (after 3x cycles of DSS, data not shown).

PTENDmye mice showed a similar weight loss (Figure 1G)
and colon shortening as WT littermate controls (Figure 1H).
Furthermore, we could not detect any changes in plasma IL-6
or CXCL1 levels (Figure S1D). These data suggest the
involvement of a cell type that is fate-mapped by the
CD11c-cre but not, or just insignificantly, by the LysMCre
as the cause of the observed phenotype in the DSS-induced
colitis model.

To narrow down the responsible cell type and to rule out any
contribution of potentially targeted T or B cells (6, 21) in the
CD11c-cre deleter strain, we generated DCs from bone marrow
using either Flt3L (FL-DCs), which is necessary for systemic and
intestinal conventional DC (cDC) development (2) or GM-CSF/
IL-4 (G4-DCs) and adoptively transferred these into C57BL/6J
recipients 3 days prior to colitis induction with DSS. During the
course of disease, G4-DC recipients – regardless of donor
genotype - lost weight to the same extent as controls that did
not receive DCs. In contrast, WT mice that received PTEN-/-

FL-DCs lost significantly more weight than untreated controls
starting at day 12 (day 9 post DSS supplementation) and did not
fully recover (Figure 1I). In addition, these recipients had an
increased mortality rate similar to that observed in PTENDDC

mice during the course of colitis (Figures 1A, J), suggesting that
Flt3L-dependent PTEN-deficient dendritic cells are sufficient to
transfer the observed phenotype.

Furthermore, we did not detect any difference in weight loss
between mice that did receive DCs (FL-DCWT or DPTEN or G4-
DCsWT or DPTEN) or mice that did not receive DCs until day 10
(day 7 post start of DSS, Figure S1E). There was also no
significant difference in serum IL-6 or colon length between
the treated groups (Figures S1F, G). We were not able to
measure IL-33 in the serum of these animals.

Taken together, PTENDDC mice show increased mortality and
plasma IL-6 levels during colitis without any impact on weight
loss or histological changes compared to WTs. The observed
phenotype was furthermore independent of any contribution
from PTEN-deficient macrophages or neutrophils. Importantly,
Flt3L-dependent DCs but not GM-CSF/IL-4 DCs are sufficient to
transfer the survival phenotype.

DC-PI3K Drives Th1 Responses and IFNg
Production in Acute DSS-Induced Colitis
To rule out that the intestinal barrier function was compromised
in PTENDDC mice before the induction of colitis, we assessed the
April 2022 | Volume 13 | Article 695576
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FIGURE 1 | PI3Kinase activation in DCs results in increased mortality in DSS-induced colitis. (A
DSS; n=10-11 per group), *p<0.05, log-rank test. (B) Kaplan-Meier-Estimator of survival during
colitis (n=4-5 per group). (D) colon length on day 7 after start of DSS supplement (colitic) and he
representative pictures of colon from healthy or colitic animals (E) serum levels of IL-6 measured
(F) Kaplan-Meier-Estimator of survival during acute DSS-induced colitis in PTENDmye mice (n=5-6
PTENDmye mice (n=5 per group). (H) colon length on day 7 after start of DSS supplement (colitic
post-test. (I) weight change during acute DSS-induced colitis after DC transfer (n=6 per group),
of mice as shown in (I).
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barrier function by measuring the transfer of FITC-dextran into
the blood after oral gavage (14). We did not observe any
differences in FITC-dextran that was transferred from the
intestinal lumen into the blood in PTENDDC mice compared to
their cre-/- WT littermates (Figure S2A). In addition, we
performed colonoscopy four days after withdrawal of DSS and
found similar granularity, increased plasticity, fibrin deposition
and loss of visible vascularity in both genotypes (Figure S2B).

Next, we analyzed the abundance of CD4+ and CD8+ T cells
in the colon and found increased percentages of CD4+, but not
CD8+ T cells in the lamina propria among all live cells (CLP,
Figure 2A) as well as colon epithelium (CEP, Figure 2B) of
PTENDDC mice. Systemically, DC-PI3K did not affect CD4+ T
cells numbers in the spleens (SPL) or mesenteric lymph nodes
(MLN) of PTENDDC mice (Figures S2C, D). We did observe a
reduction of CD8+ T cells numbers in the secondary lymphoid
organs during DSS-induced colitis but not in healthy animals
(Figures S2C, D and data not shown). Regardless of disease
status, conventional (CD8a+)CD11c+DCs, which is the main DC
subset increased by enhanced PI3K signaling (6), were increased
in spleens, mesenteric lymph nodes, colon lamina propria and
epithelium (Figures 2C–F).

Additionally, we analyzed the antigen presenting and co-
stimulatory capacity of these DCs in the secondary lymphoid
organs and found increased surface expression of CD80 and
MHCII on CD11c+(CD11b+) lymph node DCs (Figure 2G, H)
and increased CD80 expression on CD11c+ DCs in the spleens of
colitic PTENDDC mice (Figures S2E, F). This coincided with
significantly increased mRNA levels of il10, but not ifng, il17 or
foxp3 in the CLP of PTENDDC mice (Figure S2G), suggesting an
increased CD4+ T cell response upon PI3K activation in DCs, but
also a compensatory activation of regulatory T cells (Tregs).

We next assessed T cell responses in colitic mice and found
increased production of IFNg after CD3/CD28 ex vivo
restimulation of splenocytes from PTENDDC mice (Figure
S2H). In addition, we observed an increase in IFNg release
when we co-cultured CD11c+ cells from PTENDDC mice with
CD4+ OTII T cells in the presence of ovalbumin (OVA) and LPS
(Figure S2I), showing that activation of PI3K signaling in DCs
drives IFNg production by CD4+ T cells.

Furthermore, we found higher percentage of IFNg+ and
IL10+/Foxp3+ CD4+ T cells in MLN (Figures 2I, J) and spleen
(Figure S2J) of colitic PTENDDC mice, without any differences in
percentage of IL2+ or IL-17+ CD4+ T cells. These data suggest
that PI3K signaling in DCs drives co-stimulatory signals, thereby
enhancing Th1 and compensatory Treg responses and resulting
in increased mortality during gut inflammation.

To test whether increased activation and expression of
costimulatory ligands upon stimulation of DCs was PI3K
dependent, we stimulated FL-DCs with various TLR ligands in
vitro but observed no changes in neither surface expression of
CD40, CD80, CD86 and MHCII nor IL-6 production by PTEN-/-

DCs (data not shown). Taken together, these results suggest an
increased ability of PTEN-/- DCs to express costimulatory signals
during colitis, thereby driving Th1 responses and CD4+ T cell
infiltration into the gut.
Frontiers in Immunology | www.frontiersin.org 6
Antibiotic Treatment or IL-6R Blockade
Abrogates Mortality in PTENDDC Mice
During Colitis
Aberrant innate immune responses to the microbial flora and
the quality and quantity of the intestinal microbiota severely
influence the development and course of intestinal
inflammation (22–25), which has been shown to be promoted
by MyD88-dependent IL-6 production in innate immune cells.
Further, IL-6 is increased in the majority of IBD patients and
correlates with disease severity (3, 26). Since we found
increased expression of costimulatory molecules and IL-6
levels in colitic PTENDDC mice, we asked whether ablation of
the microbiota or of IL-6R signaling rescues the high mortality
observed in PTENDDC mice during colitis. Treatment of
PTENDDC mice with antibiotics (Abx) reduced the observed
mortality during DSS-colitis, whereas WT mice remained
unaffected (Figure 3A).

IL-6 signaling by DCs has been shown to play a major role in
inducing microbiota-directed T cell responses (26) and has been
shown to be required for Th1 responses during intestinal
inflammation (27–30). Therefore, we treated PTENDDC and
WT mice with an IL-6R blocking antibody twice a week
during 2 cycles of DSS/water supplementation, to block all 3
ways of IL-6/IL-6R signaling [classical signaling, trans-signaling
and trans-presentation, reviewed in (31)]. Mortality during the
course of colitis with IL-6R blockade was substantially decreased
in bothWT and PTENDDCmice. Notably, PTENDDCmice treated
with blocking IL-6R antibody showed similar mortality to DSS-
induces colitis as WT mice without the blocking antibody
(Figure 3B). In addition, transcription of il6 and ifng was
slightly reduced in PTENDDC mice treated with IL-6R blocking
antibodies compared to isotype treated controls (Figure 3C) and
there was a tendency of IL-6R blockade in reducing CD103+DCs
in spleens and in MLN (Figure 3D), but not in colon lamina
propria and epithelium (Figure 3E). The percentage of
CD11b+DCs was not affected in any of the analyzed organs
(Figure 3G). These results suggest that sensing of the microbiota
and enhanced IL-6 production cause the observed mortality in
PTENDDC mice during DSS-induced colitis, independent of gut
barrier function (Figure S2B).

In addition, we analyzed T cell responses after IL-6R blockade
at an early time point when all animals were still alive and found
a tendency of IL-6R blockade to decrease IFNg producing T cells
in spleens and MLN of PTENDDC compared to WTmice at day 6
(Figures 3F, H). Foxp3 expressing Tregs were slightly increased in
MLN of PTENDDC mice and were decreased upon IL-6R
blockade (Figure 3I).
DISCUSSION

DCs constitute an important cellular part of the immune system
and are necessary to maintain immune homeostasis, especially at
sites of exposure to commensals like the lung, the skin or the gut.
During infection and inflammation DCs may also contribute to
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FIGURE 2 | DC-PI3K drives CD4+ T cell responses in the inflamed colon. (A) CD8+ and CD4+ T cells in colon lamina propria (CLP) and (B) colon epithelium (CEP)
on day 7 of DSS-induced colitis. (C) DCs in CLP, (D) CEP, (E) mesenteric lymph nodes (MLN), (F) spleen of colitic PTENDDC mice. (A–F) n=5 per group), *p<0.05,
**p<0.01, ns - not significant, Mann-Whitney test. (G) surface expression and representative histograms of CD80 and (H) MHC-II (I-A/I-Eb) on MLN CD11b+/-CD11c+

DCs expressed as MFI, (G–H) n=4-6 per group), **p<0.01, ns - not significant, Mann-Whitney test. (I) Quantification of intracellular cytokines in PMA/ionomycin
restimulated CD4+ T cells from MLN of colitic mice, (n=5 per group) **p<0.01, ns - not significant, Mann-Whitney test. (J) Quantification of intracellular Foxp3 staining
in CD4+ T cells from MLN of colitic mice, (n=3-4 per group) ns - not significant, Mann-Whitney test.
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prolongation of detrimental responses resulting in chronic
inflammation. Therefore, understanding the regulation of DC
function in homeostasis and pathology is necessary in order to be
able to manipulate DC responses. The PI3K signaling pathway has
been shown to regulate the development aswell as the immunologic
capacity of many types of myeloid cells, including DCs.

The present study aimed at investigating the regulation of DC
function by the PI3K/PTEN pathway during acute and chronic
intestinal inflammation. Therefore, we deleted PTEN in DCs,
which results in unopposed PI3K signaling in these cells and
asked whether this would affect induction and progression of
disease. In contrast to the anti-inflammatory, beneficial
immunophenotype observed in PTEN-deficient macrophages
(7, 10–12) in infection and inflammation models, we found a
high incidence of mortality during DSS-induced colitis and CAC.
This is in contrast to our previous work, where we could show
Frontiers in Immunology | www.frontiersin.org 8
that myeloid PTEN deficiency drives immunosuppressive DCs in
CAC (13). Our data also show that myeloid PTEN-deficiency
does not protect from DSS-induced colitis or affect survival. Most
likely, DCs that are only marginally targeted by the LysMCre, are
responsible for the observed phenotype in PTENDDC mice.

Mortality during colitis and CAC started around day 6 in
PTENDDC mice suggesting an adaptive rather than an immediate
innate immune response, as for example caused by neutrophils
or monocytes. Morphological changes in the gut as well as gut
barrier function were similar between the genotypes excluding
the possibility of detrimental preexisting defects in the large
intestine of PTENDDC mice.

The cell type responsible for the observed mortality is likely to
be Flt3L-dependet dendritic cells, since adoptive transfer of
PTEN-/- FL-DCs, but not GM-CSF/IL-4 derived DCs, was
sufficient to induce mortality and weight loss after colitis
A B

D
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G

H I

C

FIGURE 3 | Mortality in PTENDDC mice is rescued by blocking of IL-6R signaling. (A) Kaplan-Meier-Estimator of survival during acute DSS-induced colitis during
antibiotics treatment (n=13-27). (B) Kaplan-Meier-Estimator of survival during chronic DSS-induced colitis treated with aIL-6R (clone 15A7) or isotype (n=9-11 per
group). (C) Expression of indicated genes in CLP of treated PTENDDC mice during colitis as shown in (B) (n=2-4), (D) CD103+DCs in spleen (SPL) and mesenteric LN
(MLN) and (E) in CLP and CEP of colitic mice treated with aIL-6R (clone 15A7, BioXCell) or isotype control (day 6). (F) Splenic IFNg+CD4+ and IFNg+CD8+ T cells.
(G) CD11b+DCs in spleen (SPL), mesenteric LN (MLN), CLP and CEP of colitic mice treated with aIL-6R shown in (B). (H) MLN IFNg+CD4+ and IFNg+CD8+ T cells.
(I) Foxp3+CD4+ T cells in spleens and MLN. (C–I n=3-4 per group) **p<0.01, ns - not significant, 2-way ANOVA with Tukey’s multiple comparison.
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induction in WT recipients. In contrast to a previously published
report (4), we did not observe a worsening of disease after
transfer of WT GM-CSF/IL-4 DCs.

Colitic PTENDDC mice showed increased plasma levels of IL-
6, which we did not observe in myeloid PTEN-deficient mice.
Furthermore, CD8a+ and CD103+DCs were increased in
number in secondary lymphoid organs as well as in the colon
lamina propria and epithelium in healthy and colitic mice. This is
in accordance with previous findings showing that downstream
of Flt3/CD135, the receptor for Flt3L, PI3K/AKT/mTOR
signaling drives CD8a+ and CD103+DC development (6).

Furthermore, we found increased numbers of CD4+ T cells in
the colons of PTENDDC mice and elevated levels of IL-10
transcripts in the lamina propria of these mice. In the
secondary lymphoid organs we observed less CD8+ T cells in
colitic but not healthy PTENDDC mice. In addition, CD4+ T cells
from colitic PTENDDC mice produced more IL-10 and IFNg, but
not IL-2 or IL-17a after ex vivo PMA/Ionomycin re-stimulation.
This coincided with elevated expression of CD80 and MHCII on
splenic CD11c+(CD11b-) and MLN CD11c+(CD11b+) cells
suggesting an increased capacity of PTEN-/- DCs to present
antigen and co-stimulate CD4+ T cells thus inducing an
increased IL-10 and IFNg response in these cells.

Flt3L-driven bone marrow-derived dendritic cells (FL-DCs)
generated from PTENDDC mice however did not express higher
levels of CD40, MHCII, CD80 and CD86 after in vitro stimulation
with different TLR ligands. Further experiments are required to
elucidate the mechanism as to how these activation markers are
elevated on splenic and MLN DCs of PTENDDC mice. Previous
findings have shown a protective effect of adoptively transferred,
TLR9-stimulated DCs into DSS-treated mice (32). In our transfer
experiments we used untreated cells and could not observe
additional protection upon (untreated) WT FL-DC transfer
compared to controls that did not receive DCs.

DSS colitis has been shown to depend on the presence of the
microbiota, since mice treated with antibiotics (abx) or germ-free
mice do not develop colitis after DSS supplementation (20).
Furthermore, microbiota dependent TLR-mediated activation
and IL-6 production by DCs leading to T cell activation are
necessary for colitis induction (26). In order to assess whether
PI3K signaling after microbiota-mediated DC activation during
DSS colitis results in enhanced mortality, we treated mice with
antibiotics during DSS-induced colitis and could increase the
survival of PTENDDC mice to the level of WT mice. In addition,
treatment with an IL-6R blocking antibody was able to rescue the
observed mortality in PTENDDC mice.

IL-6 is a pleiotropic cytokine with pro-inflammatory as well
as regenerating features (3, 33). IL-6 is induced during gut injury
(5, 33) and is necessary for intestinal repair after wounding
which might also give rise to intestinal tumor formation (34, 35).
In addition, IL-6R signaling in T cells is a prerequisite for
induction of T cell mediated colitis since its blockade has been
shown to abrogate proliferation of CD4+ or CD8+ T cells, IFNg
production and induction of colitis in models of T cell transfer
colitis (27–29, 36, 37). Mechanistically, IL-6 renders T cells
insensitive to Treg mediated inhibition (28). Blockade of IL-6R
Frontiers in Immunology | www.frontiersin.org 9
signaling in PTENDDC mice tended to reduce IFNg production by
CD4+ and CD8+ T cells in both mesenteric lymph nodes and the
spleen, without affecting splenic Treg numbers in PTENDDC mice.
IFNg levels in T cells from control PTENDDC mice were up to 2-
fold elevated and IFNg KO mice are protected from colitis
induction (38), highlighting the pivotal role of Th1 mediated
responses in the pathogenesis of colitis, which is to some extent
driven by PI3K signaling in dendritic cells. Nevertheless, we
cannot rule out any effects of IL-6 on additional cell types such as
intestinal epithelial cells or innate lymphoid cells (33, 39), since
IL-6 is a cytokine which exerts pleiotropic effects including the
regulation of intestinal barrier function (40, 41). We did not
observe a change in barrier function with respect to FITC-labeled
dextran, but this might be limited to the size and nature of
dextrans compared to bacteria or other pathogens.

In addition, in a recent study Czarnewski and colleagues (42)
using the DSS colitis model identified key genes by RNA
sequencing of colonic tissue allowing them to stratify patients
suffering from ulcerative colitis into two distinct groups which
differed in their response to commonly used biological therapies.
IL-6 was found among the genes highly expressed in patients not
responding to either TNFa or integrin a4b7 blockade. These
data support the notion of potential beneficial effects of blocking
additional inflammatory mediators, like IL-6, in these patients.

Taken together, we identified the PI3K/PTEN signaling
pathway in dendritic cells as a driver of IL-6 mediated Th1
responses which is triggered upon microbiota dependent
inflammation in a model of DSS-induced colitis.
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Supplementary Figure 1 | (A) Kaplan-Meier-Estimator of survival during AOM/
DSS-induced colorectal cancer in male (n=19 per group) and female PTENDDC

mice, (n=8-11 per group) *p<0.05, **p<0.01, log-rank test. (B) serum levels of KC/
CXCL1 and IL-33 in PTENDDC mice measured on day 7 after start of DSS
supplementation (n=10-17), ns - not significant, Mann-Whitney test. (C) H&E
stainings of FFPE sections of colon swiss rolls from colitic mice on day 7 and day 48,
black bars indicate 500µm. (D) serum levels of IL-6 (n=5-6) and KC/CXCL1 (n=6-9)
in PTENDmye measured on day 7 after start of DSS supplementation, ns - not
significant, Mann-Whitney test. (E) weight change, (F) serum levels of IL-6, and
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(G) colon length during acute DSS-induced colitis after DC transfer until day 10
(n=6 per grp.

Supplementary Figure 2 | (A) quantification of gut barrier function measured by
the transfer for orally gavaged FITC-dextran into the serum of healthy mice
(n=20-21), ns - not significant, Mann-Whitney test. (B) representative images taken
during colonoscopy on day 10 after start of DSS supplement and quantification of
inflammation score in healthy and colitic mice, AU-arbitrary units. (C) CD8+ and
CD4+ T cells in spleens and (D) MLN of colitic PTENDDC mice on day 7 of DSS-
colitis, (n=5 per group) **p<0.01, ns - not significant, Mann-Whitney test. (E) surface
expression and representative histograms of CD80 and (F) MHC-II (I-A/I-Eb) on
splenic CD11b+/-CD11c+ DCs expressed as MFI, (n=4-6 per group) **p<0.01,
ns - not significant, Mann-Whitney test. (G) normalized gene expression in whole
colon lamina propria (CLP) cells for indicated genes, (n=5 per group) **p<0.01,
ns - not significant, Mann-Whitney test. (H) IFNg levels measured in supernatants of
anti-CD3/CD28 restimulated splenocytes from colitic PTENDDC mice, (n=3-6 per
group) ***p<0.001, ns- not significant, 2-way ANOVA with Bonferroni’s multiple
comparison, (I) IFNg levels measured in supernatants of splenic CD11c+ DCs
co-cultured with CD4+OT-II T cells in the presence of LPS and ovalbumin, (n=4-5
per group) *p<0.05, Mann-Whitney test. (J) Quantification of intracellular cytokines
in PMA/ionomycin restimulated CD4+ T cells in spleens of colitic PTENDDC mice, as
well Foxp3+CD4+ T cells (n=4-5 per group) ** p<0.01, ns - not significant, Mann-
Whitney test. (K) gating to identify cells in Figures 2A–F, Figures S2C, D. (L)
gating to identify cells in Figures 2G, H , Figures S2E, F. (M) gating to identify cells
in Figure 2I, Figure S2H, numbers in blots indicate percentage of gated cells from
the parental gate.

Supplementary Figure 3 | (A) gating to identify cells in Figures 3B, C, (B) gating
to identify cells in Figures 3D, E.
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