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Abstract

Intestinal integrity is maintained by balanced numbers of CD103+ Dendritic cells (DCs),

which generate peripherally induced regulatory T cells (iTregs). We have developed a

mouse model where DC-specific constitutive CD40 signals caused a strong reduction of

CD103+ DCs in the lamina propria (LP) and intestinal lymph nodes (LN). As a consequence,

also iTregs were strongly reduced and transgenic mice on the C57Bl/6-background (B6)

developed fatal colitis. Here we describe that transgenic mice on a pure Balb/c-background

(B/c) do not show any pathologies, while transgenic C57Bl/6 x Balb/c (F1) mice develop

weak colon inflammation, without fatal colitis. This graded pathology correlated with the

effects of CD40-signalling on DCs in each background, with striking loss of CD103+ DCs in

B6, but reduced in F1 and diminished in B/c background. We further show direct correlation

of CD103+ DC-numbers with numbers of iTregs, the frequencies of which behave corre-

spondingly. Striking effects on B6-DCs reflected robust loss of surface MHCII, known to be

crucial for iTreg induction. Furthermore, elevated levels of IL-23 together with IL-1, found

only in B6 mice, support generation of intestinal IFN-γ+IL-17+ Th17 cells and IFN-γ+ Th1

cells, responsible for onset of disease. Together, this demonstrates a novel aspect of colitis-

control, depending on genetic background. Moreover, strain-specific environmental sensing

might alter the CD103+ DC/iTreg-axis to tip intestinal homeostatic balance to pathology.

Introduction

FoxP3+ regulatory T cells (Tregs) control immune responses and maintain homeostatic immu-

nological balance in many tissues and organs [1]. Tregs can develop in the thymus as natural

regulatory T cells (nTregs) or in peripheral tissues by differentiation from mature CD4+ T cells

to induced Tregs (iTregs) [2]. This latter process requires transforming growth factor β
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(TGFβ) as well as the presence of microbiota [3]. iTregs occur mainly in intestinal tissues,

where Dendritic cells (DCs) present dietary and commensal antigens and play a central role in

mucosal homeostasis [4]. Microbiota induce expression of retinoic acid receptor-related

orphan γt (RORγt) in iTregs [5, 6]. The deletion of iTregs caused increased production of

inflammatory cytokines and raised the susceptibility of mice to develop inflammatory bowel

disease (IBD) [5, 6].

Especially CD103+ DCs take up gut luminal antigens and migrate from the lamina propria

(LP) to the regional lymph nodes (LN) for induction of iTregs [7–9]. CD103+CD11b+ DCs

have major tolerogenic properties but can also induce Th17 and Th1 cells upon proper stimu-

lation [10–13]. Also, CD103+CD11b- DCs express high levels of proteins necessary for induc-

tion of iTregs, such as aldehyde dehydrogenase (ALDH) and TGFβ [14]. LP-resident

CD103-CD11b+ DCs rather resemble macrophages but can induce Th17 and Th1 cells without

further stimulation [14].

We have recently published a novel mouse model, where the DC–iTreg axis was manipu-

lated and mice spontaneously developed colitis due constitutive CD40 signaling in CD11c+

DCs [15]. Intestinal CD103+ DCs expressed a constitutively active LMP1/CD40-transgene,

upregulated CCR7 and migrated from LP to LNs where they died by apoptosis causing attri-

tion of CD103+ DCs in LP and mesenteric (m)LNs [15]. This resulted in deficiency to induce

RORγt+ iTregs and increased IL-17+IFNγ+ Th17/Th1 cells and pathogenic IFNγ+ Th1 cells

[15].

Importantly, this model is of direct relevance to the human IBD situation, where the

CD40-CD40L axis is also key to disease. T cells and platelets of IBD patients express higher lev-

els of CD40L and their serum levels of soluble CD40L are elevated [16–18]. Indeed, a single

nucleotide polymorphism in the human CD40 promoter region was identified to play a mech-

anistic role in disease susceptibility of IBD [19]. Moreover, in patients with Crohn’s disease

CD40 is overexpressed on mucosal cells, endothelial cells and DCs [20, 21]. Accordingly,

administration of blocking CD40L antibodies could inhibit cellular infiltration and colitis in

mice [22, 23]. Furthermore, the treatment of Crohn’s disease patients with antagonistic CD40

antibody showed beneficial responses and high remission rates [24]. Taken together,

CD40-signalling is involved in colitis and IBD and we show in the present study that the role

for CD40-signaling in colitis depends on strain variations. While loss of CD103+ DCs and dis-

appearance of iTregs are strongest in mice of the C57BL/6(B6)-background, they are very

modest in the Balb/c(B/c)-background and intermediate in F1 (B6 x B/c) mice. CD40-induced

lack of iTregs correlates strongly with reduction of CD103+ DCs themselves as well as their

expression of MHCII, which is also graded in different backgrounds. Furthermore, the pro-

duction of IL-1 in B6, but not F1 and B/c mice of this model contributes to strain-specific dif-

ferential effector CD4+ T cell accumulation in the colon. Our data indicate that

CD40-signalling in colitis is not a single on/off switch, but that additional determinants con-

tribute to the control of the DC-iTreg axis in CD40-mediated colitis.

Materials and methods

Mice

To obtain F1DC-LMP1/CD40 animals, B6CD11c-Cre mice (Tg(Itgax-cre)1-1Reiz [25]) were

crossed with B/cLMP1/CD40flstop mice (B/c-Gt(ROSA)26Sortm1Uzs [26]). B/cLMP1/

CD40flstop mice were backcrossed to the B6-background for more than 10 generations to

obtain B6LMP1/CD40flstop mice. Those were crossed with B6CD11c-Cre to obtain

B6DC-LMP1/CD40 mice [15]. B/cCD11c-Cre mice [27] were bred to B/cLMP1/CD40flstop

mice to obtain B/cDC-LMP1/CD40 animals. Mice were analyzed in age-matched groups of

Role of genetic background in colitis

PLOS ONE | https://doi.org/10.1371/journal.pone.0210998 January 17, 2019 2 / 20



8–12 weeks of age. Littermate animals were used as controls in a non-randomized, non-

blinded fashion and mice were sacrificed by cervical dislocation. The SPF-status of the facility

was tested according to the Federation for Laboratory Animal Science Associations (FELASA)

recommendations. Animal experiment permissions were granted by animal ethics committees

Regierung von Oberbayern, Munich, Germany and Organismo preposto al benessere animale

di Universita di Ferrara, Italy. All mice were bred and maintained at the animal facility of the

Institute for Immunology, Ludwig-Maximillians-Universität München. Antibody treatment

was performed at the Department of Life Sciences and Biotechnology, University of Ferrara.

Single-cell preparation

Single-cell suspensions of lymph nodes were prepared by meshing organs through a 100 μM

cell strainer. Samples were washed with PBS and stored on ice for further analysis. Number

of living cells was determined using CASY Counter (OMNI Life Science). To analyze cells

from the lamina propria, the colon was removed, cleaned, opened longitudinally and cut into

5 mm pieces for incubation in (HBSS)-EDTA for 10 min at 37˚C. Pieces were digested 3 times

for 30 min with a mixture of Collagenase IV (157 Wuensch units/ml, Worthington), DNAse I

(0.2 mg/ml, Roche) and Liberase (0.65 Wuensch units/ml, Roche). The supernatant was col-

lected after each step of digestion and cells were washed once with PBS. Collected cells were

enriched for immune cells with a 40–80% Percoll gradient centrifugation for 20 min, 1800

rpm, 4˚C without break. Cells were collected, washed, counted and stored on ice for further

analysis.

Flow cytometry analysis

For flow cytometric analysis, 2 × 106 cells per staining were plated into a 96 well plate. Cells

were stained for 20 min at 4˚C in the dark in 50 μl of antibody mix made with antibodies in

PBS, 2% FCS, 0.01% NaN3 (FACS buffer). Dead cells were excluded using Aqua LIVE/DEAD

Fixable Aqua DeadCell Stain Kit (Invitrogen, TermoFischer, Cat: L34957) or Zombie Aqua

Fixable Viability Kit (BioLegend, Cat: 423102). For intracellular stainings, cells were fixed and

permeabilized after extracellular staining with a BD Cytofix/Cytoperm (Fixation and Permea-

bilization Solution, BD Biosciences, Cat: 51-2090KZ). After washing, cells were stained for

intracellular markers for additional 30 min. For intra-nuclear staining of FoxP3, Helios and

Tbet, cells were washed once and then resuspended in 200 μl 1x Fixation/Permeabilization

solution BD Cytofix/Cytoperm (Fixation and Permeabilization Solution, BD Biosciences, Cat:

51-2090KZ) for 20 min at 4˚C in the dark. Cells were washed twice with 1x Permeabilization

Buffer and stained with a specific antibody in 50 μl 1x Permeabilization Buffer for 30 min at

4˚C in the dark. Afterwards, cells were washed once and acquired on BD FACSCanto. Cell

sorts were performed on a FACSAriaIII and a FACSAria Fusion (BD, Heidelberg, Germany).

The following antibodies were used: CD3 (145-2C11; PE-Cy7, dil. 1:400), CD11b (M1/70;

APC-eFluor780, dil. 1:400), CD11c (N418; PE-Cy7, dil. 1:600; APC, dil. 1:100), CD25 (PC61.5;

PerCP-Cy5.5, dil. 1:400), CD80 (16-10A1; PE, dil. 1:400), FoxP3 (FJK-16s; eFlour660, dil.

1:50), Helios (22F6; FITC, dil. 1:400), MHCII (M5/114.15.2; FITC, dil. 1:800, PerCP-Cy5.5, dil.

1:800), IFN-γ (XMG1.2; FITC, dil. 1:500; APC, dil. 1:400), Tbet (eBio4B10; PE-Cy7, dil. 1:100),

IL-17-A (TC11-18H10.1; PE, dil. 1:200) (eBioscience); CD86 (GL-1; PE, dil. 1:1,000), CD103

(M290; BV421, dil. 1:150; PE, dil. 1:150) (BD Pharmingen); CD4 (GK1.5; APC-Cy7, dil 1:800)

(Invitrogen); CD3 (17A2; FITC, dil. 1:400), CD4 (RM4-5; PerCP, dil. 1:800), CD45 (30.F11;

APC-eFlour780, dil. 1:200; PerCP, dil. 1:500), CD64 (X54-517.1; APC, dil. 1:200) (BioLegend).

Data analysis was performed using FlowJo version 8 and 9 (TreeStar, Ashland, OR, USA).
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In vitro T cell restimulation

To measure cytokine production of T cells 2×106 cells were plated into 96-well plates and stim-

ulated for 4h at 23˚C with 40 ng/ml PMA and 1 μg/ml ionomycin in the presence of 2 μM Glo-

giStop (BD Biosciences, Cat: 554724). Then, cells were washed twice with a FACS buffer and

stained for extracellular markers, fixed and stained for intracellular markers.

Tissue homogenization

For preparation of whole gut protein homogenate samples, 50 mg snap-frozen intestinal tissue

samples were homogenized in 500 μl PBS containing a cocktail of protease inhibitors (cOm-

plete ULTRA Tablets, Roche, Sigma-Aldrich, Cat: 05892953001). For homogenization, a tissue

homogenizer (FastPrep-24, MP Biomedicals, Santa Ana, CA, USA) was used (FastPrep speed:

6.0, FastPrep time: 40 sec). Homogenized samples were centrifuged at 9000 rpm for 5 min in

order to pellet debris, supernatant was stored at -20˚C.

Cytokine bead array

Whole gut protein homogenate samples were measured with BD Cytokine Bead Array mouse

inflammation kit (Cat: No. 552364) according to instructions provided by manufacturer. Sam-

ples were diluted 1:1 with an Assay diluent and later acquired on a FACSCantoII. Results were

analyzed using FCAP Array Software (Soft Flow Inc.).

ELISA for IL-1 alpha and IL-1 beta Pro-form

Whole gut protein homogenate samples were diluted 1:10 with an ELISA ELISPOT diluent

and measured with an IL-1 alpha ELISA Ready-SET-Go! kit (Affymetrix eBioscience, Cat:

15550857) or with an IL-1 beta Pro-form ELISA Ready-SET-Go! kit (Affymetrix eBioscience,

Cat: 15501197) according to manufacturer‘s instructions.

ELISA for fecal lipocalin-2

Fecal samples were reconstituted in PBS containing 0.1% Tween 20 (100 mg/ml) and vortexed

for 20 min for homogenisation. Upon centrifugation for 10 min at 12,000 rpm supernatants

were analyzed for lipocalin-2 content using Quantikine ELISA kit for mouse Lipocalin-2/

NGAL (R&D Systems, Cat: MLCN20).

Anti IL-1β treatment of B6DC-LMP1/CD40 animals

Treatment with 0.25 mg of anti-IL-1β antibody (clone B122, isotype Armenian hamster IgG,

Bio X Cell) or isotype control antibody was performed twice per week i.p. for 7 weeks. After-

wards animals were sacrificed and analyzed.

Transcriptional analysis

Total RNA from sorted cells was isolated using TRIZOL and cDNA was generated using

QuantiTect Reverse Transcription Kit (QIAGEN, Cat No: 205311). TaqMan PCR was per-

formed using the Universal Probe Library Set mouse (Roche) according to manufacturer’s

instructions. Gene expression was normalized to HPRT expression. The following Primers

were used: HPRT forward 50-TCCTCCTCAGACCGCTTTT-30, reverse 50-CCTGGTTCAT
CATCGCTAATC-30, probe # 95; IL-23p19 forward 50-ATAGCCCCATGGAGCAACTT-30,
reverse 50- GCTGCCACTGCTGACTAGAA-30, probe # 25; IL-1a forward 5’-TTGGTTAA
ATGAC CTGCAACA-3’, reverse 5’-GAGCGCTCACGAACAGTTG-3’, probe # 52; IL-1b
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forward 50-TGTAATGAAAGACGGCACACC-30, reverse 50-TCTTCTTTGGGTATTGCTTG
G-30, probe # 78. Relative expression was calculated using the ΔΔCt method.

Histopathology. Histopathological examination was performed on tissue samples of sex-

and age-matched mice. Tissue samples were fixed in 4% neutral buffered formaldehyde solution

at room temperature for 24 h and embedded in paraffin. Sections of 3.0 μm thickness were

stained with haematoxylin and eosin (HE). All sections were evaluated in a blinded fashion.

Statistics. For absolute cell numbers the percentage of living cells of a certain subset was

multiplied by the number of living cells as determined by CASY Counter. If not mentioned

otherwise, significance was determined using the student´s t-test and defined as follows:
�P<0.05, ��P<0.01, ���P<0.001 and ����P<0.0001. Bar graphs show mean± standard error of

mean (SEM). for the group sizes as indicated in the figure legends.

Results

Gradual loss of inflammation in DC-LMP1/CD40 mice in B6, F1 and B/c

genetic backgrounds

To generate the previously published DC-LMP1/CD40 mouse model, we initially bred the

original B/c-Gt(ROSA)26Sortm1Uzs strain to Tg(Itgax-cre)1-1Reiz mice on a B6-background to

obtain F1 mice (for short: F1DC-LMP1/CD40). This strain did not show any obvious colitis

phenotype (Fig 1A). After nine further backcrosses of the B/cGt(ROSA)26Sortm1Uzs to the

B6-background (for short: B6DC-LMP1/CD40), we observed fatal colitis in all mice as pub-

lished previously [15](Fig 1A and 1B). Histopathologic examination presented the described

phenotype in the LP of B6DC-LMP1/CD40 animals with marked thickening of colon mucosa,

extensive proprial infiltration by mixed inflammatory mononuclear cells, loss of crypts, focal

cryptitis, ulceration and reduction of goblet cells (Fig 1A). To further study the potential influ-

ences of the genetic backgrounds we generated the same strain on a pure B/c-background (B/

c-Gt(ROSA)26Sortm1Uzs x B/c-Tg(Itgax-cre)1-1Reiz) to obtain B/cDC-LMP1/CD40 mice.

Similar to F1DC-LMP1/CD40 mice also B/cDC-LMP1/CD40 animals showed no histopatho-

logic alterations (Fig 1A). Colitis was visible macroscopically due to colon shortening and

thickening only in mice of the B6-background, but neither in F1- nor B/c-backgrounds (Fig

1B). Measurement of fecal lipocalin-2, a sensitive non-invasive inflammatory marker [28],

indicated strong inflammation in B6DC-LMP1/CD40-mice as published previously [15], as

well as weak, but significant inflammation in the F1DC-LMP1/CD40 animals (Fig 1C). How-

ever, no elevation of lipocalin-2 was observed in mice on the B/c-background (Fig 1C). To fur-

ther investigate the inflammatory state of colon tissue from F1-mice, we next measured pro-

inflammatory cytokines from tissue homogenates (Fig 1D). MCP1, TNF-α, IFN-γ and IL-6

were significantly increased in the colon of mice from the B6-background, while anti-inflam-

matory IL-10 was significantly reduced (Fig 1D, upper panel). However, although lipocalin-2

was slightly increased in mice from the F1-background (Fig 1C), no change in any cytokines

tested could be observed (Fig 1D, lower panel). Therefore, only B6DC-LMP1/CD40-mice

showed all signs of inflammation and colitis as published previously [15], while neither F1 nor

B/c mice developed colitis, nor did they show signs of inflammatory cytokine production. In

general, pathology was strongest in transgenic mice in B6 background, partially present in

those of F1-background and absent in B/c mice.

DC-subset reduction by LMP1/CD40 transgene is background-dependent

Tolerogenic CD103+ DC subsets are strongly reduced in the intestine of B6DC-LMP1/CD40

animals [15]. To study if the genetic background would influence DC-subsets, we next

Role of genetic background in colitis
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Fig 1. Graded colitis development in DC-LMP1/CD40 mice. (A) B6DC-LMP1/CD40 mice show severe colitis with a

thickening of the colon mucosa, extensive proprial infiltration of mixed inflammatory mononuclear cells, loss of crypts

and reduction of goblet cells. F1 and B/cDC-LMP1/CD40 mice show no changes in comparison to controls (Ctr).

Paraffin sections, HE-staining. Bars = 100μm. (B) Colon pictures from Ctr and DC-LMP1/CD40 animals on different

genetic backgrounds. Bars = 1 cm. (C) Levels of fecal lipocalin-2 as measured by ELISA in 8-10-week-old DC-LMP1/

CD40 animals on different genetic backgrounds. Shown is pooled data from 3 experiments (n = 6–10). (D) Levels of

pro-inflammatory cytokines were measured in colon homogenates from 8-12-week-old B6 and F1DC-LMP1/CD40

mice. Cytokine concentrations were measured with a Cytometric Bead Array (CBA) kit and normalized to the total

protein content for each sample. Shown are data from 2 pooled experiments with similar outcome (n = 7). All bar

graphs represent mean ± SEM and statistical significance was analyzed using a student´s t-test, with �: P< 0.05, ��:

P< 0.01 and ���: P< 0.001.

https://doi.org/10.1371/journal.pone.0210998.g001
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analyzed DCs from animals of the F1- and B/c-background. The gating strategies for flow

cytometry analyses are indicated in S1A–S1C Fig. In colonic lamina propria (LP) the frequen-

cies of CD103+CD11b- and CD103+CD11b+ tolerogenic DCs were reduced in all three

DC-LMP1/CD40 strains (Fig 2A). While CD103+CD11b+ DCs were nearly completely elimi-

nated in DC-LMP1/CD40 mice of all three backgrounds, CD103+CD11b- DCs seemed to

be differentially affected (Fig 2A). Analysis of DC-subsets in mLNs showed similar effects as

in LP (S2 Fig). To better compare DC subsets between different genetic backgrounds, we cal-

culated the reduction of DCs relative to the respective background wildtype (wt) controls,

which were set as 100% for each DC subset (Fig 2B). This comparison revealed that the

CD103+CD11b- DC subset showed approximately 90% reduction of the normal frequency

in B6DC-LMP1/CD40 mice, around 60% reduction in F1DC-LMP1/CD40 animals and

approximately 40% reduction in B/cDC-LMP1/CD40 mice. Therefore, the overall reduction of

CD103+CD11b- DCs induced by the LMP1/CD40-transgene was stronger in B6 than F1 and

B/c backgrounds. In contrast, CD103+CD11b+ DC were similarly reduced in all transgenic

animals, while CD103-CD11b+ were increased (Fig 2B). Such graded reduction may be also

related to the size of the respective starting populations of CD103+CD11b- DCs, which was dif-

ferent. Here B6 mice had the lowest frequencies, F1 mice had slightly higher and B/c had sig-

nificantly more CD103+CD11b- DCs in LP of wt control littermates (Fig 2C). However, these

differences were not reflected in the mLNs and could not be found in the other DC-subpopula-

tions, where all mice had comparable DC-frequencies (Fig 2C). Therefore, strain specific fac-

tors and DC-frequencies might modulate the effects of LMP1/CD40-signalling causing

differential degrees of DC-attrition.

iTreg reduction by LMP1/CD40 transgene is background-dependent

It has been published previously that CD103+ DCs are crucial for iTreg induction [7, 9] and

we reported that B6DC-LMP1/CD40 mice had strongly reduced iTreg frequencies in their

intestinal tissues due to loss of CD103+ DCs [15]. We next analyzed Tregs in the different

genetic backgrounds to investigate if their frequencies are directly related to varying numbers

of CD103+ DCs. When peripheral iTregs (CD4+FoxP3+Helios−) and thymus-generated natural

nTreg cells (CD4+FoxP3+Helios+) were analyzed in the LP, only around 13% of all Tregs were

iTregs in B6DC-LMP1/CD40 mice in comparison to 80% in non-transgenic B6-controls (Fig

3A), confirming our previous study [15]. In contrast, while in F1 mice the LMP1/CD40-trans-

gene caused a reduction of iTregs from 75% to 38%, in B/cDC-LMP1/CD40 mice iTregs were

reduced only to 46% in comparison to 62% in B/c control mice (Fig 3A). Therefore, although

in all DC-LMP1/CD40 mice iTregs were significantly reduced, B/c-animals had more iTregs

left than F1- and B6-mice, which showed the strongest iTreg reduction (Fig 3A). In all mice

the relative iTreg reduction was compensated by increased frequencies of nTreg, as published

previously for the B6 background [15] (Fig 3A). The strain-specific differential iTreg reduction

became even more evident, when the relative frequencies were calculated in correlation to

background specific control littermates (Fig 3B). This analysis confirmed that iTreg frequen-

cies were most prominently reduced in DC-LMP1/CD40-mice of the B6-background (*20%

remaining iTregs; Fig 3B), intermediately reduced in F1 (*50% remaining iTregs; Fig 3B) and

only very mildly reduced in B/c mice (*80% remaining iTregs; Fig 3B), with a corresponding

increase of nTregs, which filled the emptied Treg compartment/niche (Fig 3B).

We next determined the potential correlation between iTreg frequencies and numbers of

DCs in B6, F1 and B/c mice. To this end the relative DC-frequencies of the three DC-subsets

(from Fig 2B) and iTregs from the same animals (Fig 3B) were plotted (Fig 3C). The linear fit

was applied to this data and the Pearson coefficient was calculated. This analysis revealed a
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strong positive correlation between the presence of CD103+ DC subsets and iTregs, while the

correlation between CD103-CD11b+ DC and iTregs was negative (Fig 3C). The positive corre-

lation between CD103+ DCs and iTregs was stronger for CD103+CD11b− than for

CD103+CD11b+ DCs, corroborating previous findings that CD103+CD11b- DC are the most

potent DC subset to induce iTregs [8].

CD40-signalling has different background-dependent effects on DCs

It has previously been shown than TLR9-signals among other TLRs can synergize with

CD40-signals [29]. As DCs from B6-mice express higher levels of TLR9 as compared to DCs

from B/c-mice [30], we wondered if the signaling of the CD40-transgene in B6 mice was differ-

entially amplified as compared to B/c-mice. To this end we compared DC-maturation markers

MHCII, CD80 and CD86 in LP and mLNs of the transgenic strains on different genetic back-

grounds (Fig 4). We previously observed that MHCII levels of all DC subsets from the LP of

B6DC-LMP1/CD40 mice were reduced compared to DCs from non-transgenic littermates

[15]. This was of relevance, as it was shown previously, that induction of iTregs depends on

MHCII-expression by DCs [31]. Significantly lower MHCII levels were found on all CD103+

LP DCs of all three strains (Fig 4A). In mLNs these effects were more equal in DCs from all

three strains, which showed reduced, but comparable MHCII expression (Fig 4B). However,

comparison of expression levels in relation to wt DCs from the same genetic background

showed a much stronger effect in B6 DCs as compared to those from F1 and B/c mice in LP

(Fig 4C), while effects where less pronounced in mLN (Fig 4D). CD80 and CD86 were upregu-

lated on several LP DC subsets of B6-, F1- and B/cDC-LMP1/CD40 mice (Fig 4A), yet those

differences were only significant for CD103- DCs, when compared relative to the correspond-

ing wt DCs (Fig 4C). No correlation with the graded effects between B6 and B/c was found for

CD80 and CD86 in LP (Fig 4C) or mLN (Fig 4D). Hence, the strongest differences which we

found were distinct levels of MHCII in LP DCs.

Differential induction of Th17, Th17/Th1 and Th1 T cells

Th17 cells are not a homogeneous population but can differentiate from non-pathogenic cells

with important roles in host defense to pro-inflammatory cells implicated in colitis and IBD

[32]. Such Th17 cell plasticity can lead to so-called “Th1-like” or “ex-Th17” cells producing

IFN-γ with main roles in intestinal pathology [33–35]. Colitis in B6DC-LMP1/CD40 mice was

accompanied by increased frequencies of LP-infiltrating IL-17+IFN-γ+ CD4+ T cells and IFN-

γ+ Th1 cells (Fig 5A), corroborating data published previously [15]. In contrast, while

F1DC-LMP1/CD40 mice also had elevated frequencies of IL-17+ Th17 cells in the LP, they

showed only slightly elevated frequencies of IL-17+IFN-γ+ T cells and normal IFN-γ+ Th1 fre-

quencies (Fig 5A). Analysis of B/cDC-LMP1/CD40 animals revealed neither differences in

Th17, Th17/Th1 nor Th1 cells relative to B/c control mice (Fig 5A). Also, when the relative fre-

quencies of the distinct Th17 and Th1 effector cell subsets were calculated in relation to the

Fig 2. Graded loss of CD103+ DCs from the LP of DC-LMP1/CD40 animals. DC subsets in the LP were analyzed in DC-LMP1/CD40 animals on

different genetic backgrounds. (A) LP cells were gated on single cells, live, CD45+, MHCII+CD11c+, CD64- cells (see S1A Fig for gating) from control (Ctr)

or DC-LMP1/CD40 mice on B6-, F1- or B/c-background. Representative FACS-plots are shown. Numbers in FACS-plots indicate the frequencies of DC

subsets within the respective gates. Bar graph shows frequencies of DCs as percent of all CD45+ cells. Shown is pooled data from 5 (B6, n = 14–18), 6 (F1;

n = 19–20) or 2 experiments (B/c, n = 6–7) with similar outcome. (B) The frequencies for each DC subset in DC-LMP1/CD40 animals (from Fig 2A) on

different genetic backgrounds are shown as data relative to the corresponding background control, which was set to 100% (red line). (C) DC subsets in the

LP (upper panel) and mLNs (lower panel) were analyzed in wt animals on different genetic backgrounds. Analyses were performed as in (A). Results are

displayed as relative DC-frequencies with respect to all DCs (left hand panel) or total DC-numbers (right hand panel). Shown are pooled statistics from 2

experiments with similar outcome (n = 5–6). All bar graphs represent mean ± SEM, significance was analyzed using a student t-test, with �: P< 0.05, ��:

P< 0.01 and ���: P< 0.001.

https://doi.org/10.1371/journal.pone.0210998.g002
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respective non-transgenic controls, B6DC-LMP1/CD40 animals had the highest IFN-γ+ Th1

frequencies among all three DC-LMP1/CD40 strains, while F1 transgenic animals had the

highest relative frequency of IL-17+ Th17 T cells (Fig 5B). The effector T cell compartment in

B/cDC-LMP1/CD40 animals was not different from their respective control littermates (Fig

5B). The differentiation of Th17 cells to so-called “Th1-like” or “ex-Th17” cells [36] is triggered

by exposure to IL-23 [37–39] and correlates with increased expression of T-bet transcription

factor [32], which controls Th1 cell differentiation [40] and transactivation of the Ifng gene

Fig 3. Graded impairment of iTreg induction is background dependent. Single cell suspensions of LP were analyzed for Treg cells. (A) Shown are

representative FACS-plots of FoxP3+ Tregs found in the LP pre-gated on single, live, CD45+CD3+CD4+CD25+FoxP3+Helios+ nTregs or Helios- iTregs (S1B

Fig). Numbers on FACS-plots and bar graphs indicate the frequency of Treg cell subsets, for each genetic background analyzed. Shown are pooled statistics

from 7 (B6, n = 23–26), 6 (F1, n = 21) and 2 (B/c, n = 7) experiments with similar outcome. (B) The iTreg and nTreg frequencies from (A) are shown as relative

data with the corresponding background control set as 100% (indicated as red line). (C) Relative DC subset (Fig 2B) and iTreg (Fig 3B) frequencies from each

mouse were plotted against each other. Each symbol on the scatter plot represents one mouse. A line for linear fit was added on each scatter plot to visualize the

relationship between DCs and iTregs. The strength of co-occurrence between DC subpopulations and iTregs is represented by Pearson Correlation coefficient

(r), whose values range between -1 and +1. Data for LP were acquired and pooled from 3 (B6, n = 10–12), 4 (F1, n = 13–14) and 2 (B/c, n = 6–7) experiments

with similar outcome. All bar graphs represent mean ± SEM and significance were analyzed using a student´s t-test, with �: P< 0.05, ��: P< 0.01 and ���:

P< 0.001.

https://doi.org/10.1371/journal.pone.0210998.g003
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[41]. We therefore analyzed T-bet expression in IL-17+IFN-γ− (Th17), IL-17+IFN-γ+ (Th17/

Th1) and IL-17−IFN-γ+ (Th1) T cell subsets of B6DC-LMP1/CD40 animals (Fig 5C). Here,

Th17 cells expressed lowest T-bet levels, Th17+IFN-γ+ intermediate levels and Th17−IFN-γ+

cells the highest levels of T-bet (Fig 5C), reflecting their transition from Th17>Th17/

Th1>Th1 cells. However, when we compared T-bet expression between IL-17+IFN-γ- Th17

cells from B6, F1 and B/cDC-LMP1/CD40 mice, only those from the B6-background did

express significantly elevated levels of T-bet (Fig 5D). This data suggests that only LP Th17

cells from B6DC-LMP1/CD40 mice have the potential for further differentiation towards the

IL-17-IFN-γ+ Th1 phenotype.

IL-1 expression in B6DCLMP1/CD40 mice is a main driver of colitis

T-bet is a key modulator of IL-23-driven intestinal colitogenic T effector functions [42]. As a

source for expression of Il23a (encoding for IL-23p19) in B6DC-LMP1/CD40 mice we could

previously identify LP CD64+MHCII+CD11c+ macrophages, but not CD11c+ DCs [15]. How-

ever, Il23a was also produced by LP macrophages of F1 mice (Fig 6A), which do not develop

colitis (Fig 1A and 1C). Cells from mice on the B/c-background did not produce elevated levels

of Il23a mRNA (Fig 6A). We therefore concluded that levels of IL-23 in F1DC-LMP1/CD40

mice were insufficient to induce colitis in F1 mice (Fig 1). IL-23R signals in CD4 T cells cause

upregulation of IL-1R that confers pro-survival signals to T cells and contributes to their accu-

mulation in the colon [43]. We therefore wondered if IL-1α or IL-1β, which both signal

through IL-1R, were differentially expressed. Indeed, Il1a (encoding for IL-1α) and Il1b
(encoding for IL-1β) were elevated in intestinal CD64+ macrophages from B6DC-LMP1/

CD40 mice, but unaltered in mice from the F1- (Fig 6A) and B/c-background (Fig 6A, IL1b n.

d.). Furthermore, both cytokines were elevated on the protein level in colon tissue homoge-

nates from B6DC-LMP1/CD40-mice, but not in F1-background (Fig 6B). To find out if IL-1

was responsible for colitis development in B6DC-LMP1/CD40-mice, we next blocked IL-1β by

injection of a specific blocking antibody as described previously [43]. After the treatment

period, levels of lipocalin-2 in feces of anti-IL-1β treated mice were significantly reduced as

compared to those receiving the isotype control antibody (Fig 6C). Anti-IL-1β treated mice

had also gained significant weight (Fig 6D) without colon thickening and shortening as macro-

scopic signs of colitis (Fig 6E). When we analyzed T cells of the LP we found strong reduction

of all three types of effector T cells, Th17, Th17/Th1 and Th1 cells in mice with IL-1β blockade

(Fig 6F). This suggests that blocking of the T cell survival signal IL-1β protects B6DC-LMP1/

CD40 mice from colitis and identifies IL-1β as colitis-driver, which is present in B6-, but not

F1- nor B/c-background.

Discussion

Here we demonstrate that the susceptibility to develop colitis by CD40-signalling in DCs is

background-dependent. The incidence and severity of disease increased from protected B/c-

mice to F1, which showed mild signs of inflammation, and culminated as fatal colitis in

DC-LMP1/CD40-mice of the B6 background. This hierarchy correlated with (i) graded

Fig 4. Differential maturation effects on DC-subsets in distinct backgrounds. DC subsets of the LP (A) or mLNs (B) were analyzed for the

expression of different activation markers. Shown are representative histograms of wt controls (filled grey) and DC-LMP1/CD40 (black line).

Numbers represent MFI ± SEM. A) Shown are pooled statistics from 5 (B6, n = 8–18), 6 (F1, n = 12–20) or 1 (B/c, n = 4–5) experiments. B) Shown

are pooled statistics from 4 (B6, n = 6–14), 5 (F1, n = 10–18) or 2 (B/c, n = 9) experiments. C) The LP DC subsets frequencies from Fig 4A are

shown as relative data with the corresponding background control set as 100% (indicated as red line). D) The mLN DC subsets frequencies from Fig

4B are shown as relative data with the corresponding background control set as 100% (indicated as red line). The significance was analyzed using a

student’s t-test, with �: P< 0.05, ��: P< 0.01, ���: P< 0.001 and ����: P< 0.0001.

https://doi.org/10.1371/journal.pone.0210998.g004
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expression of MHCII by DC, (ii) a ranked loss of CD103+ DCs and (iii) differential reduction

of iTreg frequencies. Furthermore, we detected differential levels of IL-1 in the different back-

grounds, the blockade of which was sufficient to rescue onset of disease.

Strain-specific susceptibilities were also found in other colitis models with highly model-

specific results [44]. For example, and in contrast to the data presented in this study, Rag-/—B/

Fig 5. B6DC-LMP1/CD40 animals develop more IFN-γ+ CD4 T cells as compared to F1 or B/cDC-LMP1/CD40 animals. LP T cells were restimulated with PMA/

Ionomycin for 4 h and stained intracellularly for the production of IL-17 and IFN-γ. (A) Shown are representative FACS-plots with indicated frequencies for LP (gated

on single, live, CD45+, CD3+CD4+; see S1C Fig). Bar graphs represent the pooled statistics from 4 experiments for B6DC-LMP1/CD40 animals (n = 11–12), 6

experiments for F1DC-LMP1/CD40 animals (n = 17–18) and from 2 experiments for B/cDC-LMP1/CD40 animals (n = 7). (B) The frequencies for each Th cell subset in

LP of DC-LMP1/CD40 animals on different genetic backgrounds are shown as data to relative to the corresponding background control, which was set to 100%. (C) IL-

17+IFN-γ-, IL-17+IFN-γ+and IL-17-IFN-γ+ LP T cells from B6DC-LMP1/CD40 animals were analyzed for T-bet expression. The bar graph represents pooled statistics

for MFI of T-bet expression from 2 pooled experiments (n = 6). (D) Shown are representative histograms of controls (grey) and DC-LMP1/CD40 (black line) for T-bet

expression in IL-17+IFN-γ- LP T cells from B6, F1 and B/cDC-LMP1/CD40 animals (grey histogram, B6, F1 or B/c controls; black line histogram, B6 (left), F1 (middle)

or B/c (right) DC-LMP1/CD40 mice). The numbers on the histograms represent mean ± SEM, data from 2 experiments was pooled (n = 5–6).

https://doi.org/10.1371/journal.pone.0210998.g005
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c- and -B6-mice showed no differences in colitis susceptibility upon anti-CD40 mAb-injection

[45]. However, the Rag-/- colitis model is T cell-independent, which is in contrast to the

DC-LMP1/CD40 colitis model of the present study, where B6DC-LMP1/CD40 mice do not

develop colitis when bred to the Rag-/- background [15]. Similarly, exposure of mice to dextran

sulfate sodium induces colitis in the absence of adaptive immunity [46]. Here, B6 mice devel-

oped stronger and more chronic effects as compared to B/c mice, the reasons for which are

Fig 6. IL-1β blockade prevents colitis development in B6DC-LMP1/CD40 animals. Analysis of cytokine gene expression in LP macrophages

(MPs). (A) RNA from FACS-purified CD64+ MPs from LP (single, live, CD45+MHCII+CD11c+CD64+ cells, for gating see S1A Fig) of B6, F1 and B/

cDC-LMP1/CD40 animals were analyzed by qPCR and normalized to HPRT expression. Shown is pooled data (n = 6–10). (B) IL-1β protein was

determined by ELISA in whole colon homogenates of B6 and F1DC-LMP1/CD40 or background matched Ctr animals. Shown are representative

results from one of 2 independent experiments with a similar outcome (n = 4). (C, D) B6 DC-LMP1/CD40 mice were treated with blocking anti-IL-

1β antibody for 7 weeks. Then, fecal Lipocalin-2 (C) and weight of animals (D) were controlled. Shown are pooled data from 2 experiments

(n = 8–10). (E) Macroscopic pictures of colons from isotype control and anti-IL-1β treated B6DC-LMP1/CD40 animals after 7 weeks of therapy.

Bar = 1 cm. (F) Function of LP T cells from B6DC-LMP1/CD40 animals, which were treated with anti-IL-1β mAb or isotype control, was analyzed

by intracellular staining for IL-17 and IFN-γ. Shown are representative FACS-plots with indicated frequencies for LP (gating as shown in S1C Fig).

Numbers in quadrants and bar graphs represent pooled data from 2 experiments (n = 5–7) with similar outcome. All bar graphs represent

mean ± SEM and significance were analyzed using a student´s t-test, with �: P< 0.05, ��: P< 0.01 and ���: P< 0.001.

https://doi.org/10.1371/journal.pone.0210998.g006
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unclear [47]. In contrast, IL-10-mutations in the B/c-background cause more progressive dis-

ease than in the B6-background, while IL-2-mutations show stronger effects in B6 vs B/c mice

[44]. The possible reasons for such variability are manifold and many differences were detected

in B6 and B/c-mice [44].

DCs from B6 mice show higher expression of TLR9, the receptor for bacterial CpG, but

reduced levels for TLR2, -4, -5, and -6 [30]. As TLR9 besides other TLRs has been shown to

synergize with CD40-signalling in B cells [29], it is theoretically possible that a strain-specific

differential TLR-expression in DCs contributes to the different grades of colitis observed in

this study. It is well established that DCs project their dendrites across the epithelial layer to

contact commensals and that DCs can be engaged by commensals upon their M-cell-mediated

translocation [48]. Furthermore, commensals can be found inside DCs, which serve as a shut-

tle for their transport to mLNs [49]. Hence, there are numerous occasions when TLR-engage-

ment might enhance CD40-signals in DCs in order to make the difference between B6 and B/

c-DCs due to elevated TLR9-expression. As especially DCs of the LP barrier tissue are in close

contact with commensals and TLR-ligands, these differences might contribute to colitis as

observed in the DC-LMP1/CD40-model. Especially the strong MHCII downregulation in B6

vs. the other backgrounds might be an important difference. Previously, it has been shown a

correlation between the numbers of DCs and Tregs. For example, Flt3 ligand was initially

shown to expand Treg cells [50] and loss of Tregs causes an increased DC-division [51]. The

feedback loop between DC- and Treg-numbers was also shown to depend on MHCII [52] and

the removal of MHCII from DCs in vivo caused a drop in iTreg-numbers and colitis [31].

While in this latter model, colitis was not due to CD4 T cell priming as DCs lacked MHCII, in

DC-LMP1/CD40-mice, MHCII is reduced but not absent. Therefore, low MHCII levels might

be insufficient for iTreg induction in B6 mice but priming of CD4+ T cells may still be possible,

as adaptive immunity is necessary for disease induction [15]. Therefore, the combination of

low numbers of CD103+ DCs, which in addition express low levels of MHCII, might generate

an environment that is insufficient for iTreg induction, causing onset of colitis.

During Leishmania infections, CD40-mediated host-protective functions were attributed to

the generation of a Th1-bias, which could be established in B6 but not in B/c mice [53]. In gen-

eral, B6 is a prototypic Th1 mouse strain with higher production of IL-12 and IFN-γ than B/c

mice, which are more prone to Th2 responses [54, 55]. However, we could find elevated Il12a
mRNA production in CD64+ macrophages from all three genetic backgrounds (not shown),

even in F1 and B/c, which did not get sick, a finding which argues against a central role for IL-

12 in our model. In addition, chronic exposure to IL-12 was reported to rather induce suppres-

sive IL-10-production in CD4+ T cells [56, 57], which further decreases the possible involve-

ment of IL-12 in colitis.

Other known strain-specific differences between B6 and B/c include different levels of poly-

reactive IgA abundance which impacts the generation of antigen-specific IgA and microbiota

diversity. B/c mice showed higher IgA abundance, which was directly responsible for a higher

microbiota diversity [58]. As colitis in DC-LMP1/CD40-mice is dependent on microbiota,

also these differences might be relevant for disease onset. Although all strains were cohoused

in the same room of the animal facility, we did not determine microbiota diversity in the pres-

ent study.

Strain-specific plasticity in T cell differentiation could be another causative key factor in the

present study. Th17 cells are rather protective as they also produce anti-inflammatory IL-10

[59]. Further exposure to IL-23 results in a pathogenic expression signature, which in addition

to T-bet, the master regulator of Th1 cells, includes GM-CSF, IL-23R and IL-7R [37, 38]. IL-17

expression of Th17 cells is transient in some inflammatory settings, because after IL-23 conver-

sion cells can stop expressing IL-17, acquire the ability to express IFN-γ to become “ex-Th17”
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or “Th1-like” cells [36]. Also, exposure to a combination of IL-1, IL-6 and IL-23 can induce

pathogenic Th17 cells [38, 60]. IL-23R-signalling is necessary for induction of intestinal T cell

pathogenicity [61] and IL-1R is upregulated in Th17 cells [62]. Downregulation of IL-1R and

-23R interferes with pathogenicity of Th17 cells [63], underlining the role of both cytokines in

pathogenic differentiation of Th17 cells [32].

IL-10 signaling does suppress IL-1β secretion [64] and IL-1β drives T cell effector responses

[43]. This might be of relevance for the colitis model presented here, as the levels of IL-10 were

significantly reduced in the colon of B6 DC-LMP1/CD40 mice, but not those of other back-

grounds. Macrophages require IL-10 signaling for maintenance of gut homeostasis [65, 66]. In

absence of IL-10 signals, intestinal macrophages produce elevated levels of IL-1β [67]. We

found differential expression of IL-1 in B6 vs. F1 mice and antibody blockade of IL-1 rescued

mice on the B6-background from onset of colitis by reducing CD4 T cell numbers and avoid-

ing generation of Th17/Th1 and Th1 cells. Therefore, differential IL-1 production might be

central to colitis progression in this model. In B6 we found elevated levels of Il1b and Il23a
mRNA, which would support such a preferential ex-Th17 differentiation. In contrast, in F1

mice only Il23a, but neither Il1a nor Il1b mRNA was changed and cells with an “ex-Th17”-

phenotype were not elevated. As IL-23R signals are central to upregulation of IL-1R by Th17

cells and IL-1R confers pro-survival signals for accumulation of T cells in the colon [43], the

IL-23/IL-1 axis plays most likely an important role for the differences seen in the DC-LMP1/

CD40-model for colitis. However, we have shown previously that Il23a and Il1b mRNA is not

induced directly by the LMP1/CD40-transgene, but rather a secondary effect of inflammation,

as in B6DC-LMP1/CD40-mice on the Rag-ko background, these cytokines are not present and

mice do not develop colitis [15]. Therefore, most likely bystander effects from the innate

immune system, which might contribute to the overall sensing of commensals, or microbe

handling can eventually determine the outcome of CD40-signalling in the DC-LMP1/

CD40-model in B6-, F1- or B/c-backgrounds. However, further studies will be necessary to

identify determinants responsible the observed differences.

Supporting information

S1 Fig. Gating strategies used for FACS analyses. (A) Gating strategy for the identification of

macrophages (MPs; single cells, live, CD45+, MHCII+CD11c+, CD64+ cells) and DCs (single

cells, live, CD45+, MHCII+CD11c+, CD64- cells) in LP (upper panel) and DC in mLN (lower

panel) of experimental mice. (B) Gating strategy for the identification of Treg subsets in LP of

experimental mice (single cells, live, CD45+CD3+CD4+CD25+FoxP3+Helios+ nTregs or

Helios- iTregs). (C) Gating for the identification of CD4+ T helper cell subsets in LP of experi-

mental mice (single cells, live, CD45+, CD3+CD4+, IL-17+IFN-γ- / IL-17+IFN-γ+ / IL-17-IFN-

γ+ cells).

(TIFF)

S2 Fig. Graded loss of CD103+ DCs from the mLN of DC-LMP1/CD40 animals. DC subsets

in the mLNs were analysed in DC-LMP1/CD40 animals on different genetic backgrounds.

mLN cells were pre-gated on single cells, live, CD45+, MHCII+CD11c+, CD64- cells from con-

trol (Ctr) or DC-LMP1/CD40 mice on B6-, F1- or B/c-background. Representative FACS-

plots are shown. Numbers and bar graphs indicate the frequencies of DC subsets within the

gates. Shown is pooled data from 4 (B6, n = 12–14), 5 (F1; n = 18) or 2 experiments (B/c,

n = 6–7) with similar outcome. All bar graphs represent mean ± SEM where significance was

analyzed using a student´s t-test, with �: P< 0.05, ��: P< 0.01 and ���: P< 0.001.

(TIFF)
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