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In the colon, a sophisticated balance between immune reaction and tolerance is abso-
lutely required. Dysfunction may lead to pathologic phenotypes ranging from chronic 
inflammatory processes to cancer development. Two prominent modulators of colon 
inflammation are represented by the closely related cytokines interleukin (IL)-12 and IL-23, 
which initiate adaptive Th1 and Th17 immune responses, respectively. In this study, we 
investigated the impact of the NADPH oxidase protein p47phox, which negatively regu-
lates IL-12 in dendritic cells, on colon cancer development in a colitis-associated colon 
cancer model. Initially, we found that IL-12−/− mice developed less severe colitis but are 
highly susceptible to colon cancer. By contrast, p47phox−/− mice showed lower tumor 
scores and fewer high grade tumors than wild-type (WT) littermates. Treatment with 
toll-like receptor 9 ligand CpG2216 significantly enhanced colitis in p47phox−/− mice, 
whereas tumor growth was simultaneously reduced. In tumor tissue of p47phox−/− 
mice, the IL-23/IL-17 axis was crucially hampered. IL-23p19 protein expression in tumor 
tissue correlated with tumor stage. Reconstitution of WT mice with IL-23p19−/− bone 
marrow protected these mice from colon cancer, whereas transplantation of WT hema-
topoiesis into IL-23p19−/− mice increased the susceptibility to tumor growth. Our study 
strengthens the divergent role of IL-12 and IL-23 in colon cancer development. With the 
characterization of p47phox as a novel modulator of both cytokines our investigation 
introduces a promising new target for antitumor strategies.
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inTrODUcTiOn

Maintenance of a subtle balance of immune responses in the colon is required to prevent excessive 
reactions to commensal microbes while at the same time providing effective recognition and removal 
mechanisms for invading pathogens. This comprehensive task is fulfilled by colon-resident innate 
immune cells, such as macrophages and dendritic cells (1–4). Unbalanced immune responses may 
result in autoimmune reactions (excessive responsiveness) or as sequelae of chronic inflammation to 
tumor initiation (excessive tolerance) on either end of the spectrum. Initiation of a specific adaptive 

Abbreviations: ACF, aberrant crypt foci; AOM, azoxymethane; DSS, dextrane sodium sulfate; IL, interleukin; i.p., intraperi-
toneal; ODN, oligodeoxynucleotide; PBS, phosphate-buffered saline; STAT, signal transducers and activators of transcription.
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Table 2 | scoring system for tumor growth.

number of tumors score size (average diameter) score

0 0 0 0
1–2 1 Just detectable 1
3–5 2 1/8 2
6–8 3 1/4 3
9–12 4 1/2 4
≥13 5 ≥1/2 5

Table 1 | scoring system for inflammation (colitis).

Parameter score

0 1 2 3

Thickening of the colon Transparent Moderate Marked Non-
transparent

Changes of the vascular 
pattern

Normal Moderate Marked Bleeding

Fibrin visible None Little Marked Extreme
Granularity of the 
mucosal surface

None Moderate Marked Extreme

Stool consistency Normal + solid Still 
shaped

Unshaped Spread
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immune response is governed by secretion of polarizing cytokines 
by activated antigen-presenting cells. The polarizing interleukin 
(IL)-12 family members IL-12 and IL-23 share the common 
subunit p40, which is linked to the subunit p35 to form IL-12 or 
to the subunit p19 to form IL-23 (5, 6). In recent years, an intense 
debate about both cytokines has arisen with respect to their appar-
ently opposing roles during tumor development. Whereas IL-12 
initiates tumor rejection via polarization of IFNγ-producing Th1 
cells, activation of natural killer, and cytotoxic T cells (7–9), IL-23 
promotes tumor progression. IL-23 induces IL-17 and IFNγ 
secretion of innate lymphocytes and T helper cells in the colon 
(10, 11). It has been demonstrated that IL-23 is highly upregu-
lated in human tumor tissue from different organs (12). In human 
colorectal cancer, the expression of IL-23, its receptor (IL-23R), 
and IL-17 correlates with a poor prognosis (13–15). Human data 
have been confirmed in tumor models of mice (12, 16, 17). In 
a very recent publication, Teng and colleagues showed that in 
an equilibrium phase, characterized by residual, not-eliminated 
tumor cells, the activation and regulation of IL-12 and IL-23 seem 
to be important for the progression of malignant tumors (18). In 
this situation, the balance between IL-12 and IL-23 in the tumor 
microenvironment is regulated by the transcription factor STAT3 
and possibly sphingosine-1-phosphate (19, 20).

A shift of the IL-12/IL-23 balance toward IL-12 might repre-
sent an effective antitumor therapy. In murine dendritic cells, we 
demonstrated that the toll-like receptor (TLR) 9-induced IL-12/
Th1 axis is regulated by p47phox, a protein of the NADPH oxidase 
(21). With the following study, we investigated whether expression 
of p47phox influences inflammation-dependent tumor growth in 
mice. For this purpose, we established a colitis-dependent colo-
rectal cancer model (22) combined with the application of the 
TLR9 ligand CpG. Monitoring the progress of colitis and tumor 
growth with a mini-endoscope developed for mouse colonoscopy 
(23), our data clearly support the pivotal roles of IL-12 and IL-23 
and the modulation by p47phox in colon cancer.

aniMals anD MeThODs

Mice
Wild-type (WT) C57BL/6 and IL-12p35−/− mice were 
obtained from Jackson Laboratory (24). Initial breeding pairs of 
p47phox−/− transgenic mice also from Jackson Laboratory were 
kindly provided by R. Brandes and subsequently backcrossed to 
the C57BL/6 background for 10 generations (25). IL-23p19−/− 
mice were kindly provided by N. Ghilardi (Genentech) (26). 
The animals were bred and fed under pathogen-free conditions 
in secluded scantainers. All animal experiments were approved 
by the Institutional Animal Care and Use Committee of Goethe 
University Medical Faculty and the Animal Protection Agency of 
the Federal State of Hessen.

experimental Model of colitis  
and colon cancer
The inflammation-induced colon cancer mouse model as intro-
duced by Tanaka et al. was adapted to the mouse strains used in 
this study (22). Specifically, mice received a single intraperitoneal 

injection (10  mg/kg body weight) of the cancerogenic reagent 
azoxymethane (AOM, SigmaAldrich). Chronic colitis was 
induced by three cycles of 1.5% dextrane sodium sulfate (DSS, 
MP Biomedicals) in the drinking water for 1 week and normal 
drinking water for the consecutive 2  weeks. Mice received 
i.p. injections of TLR9 ligand ODN CpG2216 (25  μg/mouse, 
Invivogen) or phosphate-buffered saline (PBS) once per week. 
Every day, mice were monitored for their general condition, 
weight, feces, and bleeding. A detailed scoring protocol is shown 
in Table 1.

endoscopic Procedure and  
sample collection
At the end of the second (week 5) and third (week 8) cycles of 
DSS, mice were anesthetized and examined endoscopically with 
respect to inflammation and tumor development in the colon 
using the coloview system (23). While the colonoscopy at week 
5 was performed to control for disease progression, during the 
second colonoscopy serial high resolution micrographs covering 
the entire colon were recorded, and severity of inflammation and 
tumor growth was numerically scored in a blinded fashion with a 
scoring system described previously and represented in Tables 1 
and 2 (23, 27). Finally, mice were sacrificed, the colon was dis-
sected and washed with PBS, and samples for RNA, protein, and 
histology were taken. Discrimination of tumor and inflamed 
tissue based on the recorded colonoscopy pictures. Samples for 
RNA isolation were stored in RNA later (Qiagen) at 4°C until 
their use. Tissue samples for protein isolation were immediately 
frozen in liquid nitrogen and stored at −80°C. Histology samples 
were frozen and stored at −80°C.

allogeneic bone Marrow Transplantation
Bone marrow cells were isolated from femurs and tibiae of donor 
WT and IL-23p19−/− mice by flushing the bones with PBS 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


Table 3 | Transplantation scheme.

recipient Donor

Wild-type (WT) interleukin (il)-23p19−/−

WT ✓ ✓
IL-23p19−/− ✓ ✓

Table 4 | Target genes and their corresponding gene expression assays.

gene of interest TaqMan® gene expression assay iD number

Interleukin (IL)-23p19 Mm00518984_m1
IL-12p35 Mm00434165_m1
IL-12/23p40 Mm01288993_m1
IL-17A Mm00439619_m1
18s Hs03003631_g1
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containing 0.5% BSA (Sigma Aldrich). Bone marrow cells were 
counted and the hematological profile was determined (Hemavet 
950FS; Drew Scientific). Groups of WT and IL-23p19−/− mice 
(aged 10 weeks) were irradiated (9.5 Gy) and within 1 h 1 × 106 
bone marrow cells in 200 µl PBS were injected intravenously into 
the tail vein. The transplantation scheme (donor and recipient) is 
shown in Table 3. Transplanted mice received antibiotic treatment 
(0.025% Baytril, Bayer HealthCare) in the drinking water and 
jelly food for 10 days after transplantation and were monitored 
at least daily. Mice with >15% weight loss received systemic fluid 
supplementation with 300  µl warmed Sterofundin G (B Braun 
Melsungen AG) given as i.p. bolus. Following confirmation of a 
full immune reconstitution, the DSS/AOM experiment was initi-
ated 16 weeks after transplantation.

rna isolation and Quantitative  
real-time Pcr
RNA from colon tissue samples was isolated using the RNeasy 
Mini Kit (Qiagen, Hilden, Germany) and the concentration of 
RNA was determined photometrically. Synthesis of cDNA was 
performed with the High Capacity cDNA Reverse Transcription 
Kit (Applied Biosystems) using random hexamers and 0.5  µg 
of total RNA according to the manufacturer’s instructions. 
Expression of mRNA was analyzed using specific TaqMan® 
Gene Expression Assays containing 20× pre-formulated prim-
ers and 5′FAM-labeled probes (Table  4; Applied Biosystems). 
Quantitative real-time PCRs were performed in triplicates with 
5 µl AbsoluteFast QPCR LowROX Master Mix (ABgene), 3.5 µl 
H2O, 0.5 µl of 20× assay mix, and 1 µl cDNA with the following 
cycling program: 95°C for 5  min (1×) then successively 95°C 
for 3 s and 60°C for 30 s (40×) in the 7500 Fast Real-Time PCR 
System (Invitrogen). For each gene analyzed, a normalized ratio 
was calculated using 18s RNA as a reference gene and cDNA 
from non-treated mice as control to compensate for inter-run 
differences.

Flow cytometry
Isolation of mononuclear cells from colon tumor tissue was per-
formed as described previously (28). Single cell suspension was 

washed twice in PBS with 0.5% BSA and 2 mM EDTA and stained 
with antibodies for CD45-PE-Cy7, CD11b-V500, CD11c-PerCP, 
IL-12p35-PE, and IL-23p19-APC (BD Biosciences). Flow cyto-
metric analyses were conducted using an LSR II flow cytometer 
(BD Biosciences). Data were evaluated using FlowJo software 
(Version 7.6.5; FlowJo).

immunohistochemistry
Frozen tissue samples were fixed in 3.7% formaldehyde (FA) 
overnight at 4°C, transferred into 1% FA until they were embed-
ded in paraffin. Paraffin samples were cut into 5 µm sections and 
stained with hematoxylin and eosin. Tumor grades in histological 
sections were classified into aberrant crypt foci (ACF), adenoma 
(Ad), and mucosal carcinoma. Detection of IL-23 in the tumor 
tissue was performed with an anti-IL-23p19 antibody (rabbit 
polyclonal, Abcam). Proliferating cells were detected via Ki-67 
staining with a rat monoclonal antibody (Dako). Secondary anti-
rabbit and anti-rat (Vector Laboratories, Inc.) antibodies coupled 
to biotin were added and sections were developed via the strepta-
vidin–HRP VECTASTAIN® ABC Kit (Vector Laboratories, 
Inc.). Finally, color development was performed with 3-amino-
9-ethylcarbazole (AEC; Dako). All sections were counterstained 
with Harris hematoxylin solution (Sigma Aldrich).

statistics
Unless otherwise indicated, experiments were performed at 
least three times with three to six animals per group. Data are 
presented as the mean ± SEM. Statistical significance was tested 
with Mann–Whitney U-test or conditional Wilcoxon U-test with 
P-values corrected by Holm for multiple testing.

resUlTs

il-12p35−/− Mice exhibit reduced  
colitis but increased susceptibility  
to colon cancer
Although they share a common subunit, IL-12 and IL-23 have 
divergent immunological roles regarding chronic inflammation 
and cancerogenesis. The protective role of IL-12 in cancerogen-
esis has been demonstrated in chemically or physically (UV light) 
induced or spontaneous cancer models (12, 16, 17, 29). To examine 
the role of IL-12 in colitis-associated colon cancer, we compared 
IL-12p35−/− mice with WT mice for their susceptibility to cancer 
in the DSS/AOM model. Compared to WT mice, IL-12p35−/− 
exhibited a significantly higher tumor score (Figure  1A). By 
contrast, IL-12p35−/− mice developed significantly milder DSS 
colitis compared to WT mice (Figure 1B). These data strengthen 
the protective function of IL-12 in inflammation-dependent 
colon cancer.

increased inflammation but Decreased 
Tumor growth in p47phox−/− Mice
In a previous study, we showed an increased, TLR9-induced IL-12 
response in p47phox−/− mice (21). These mice are character-
ized by a defective NADPH oxidase (nox2) system due to lack 
of p47phox which results in decreased reactive oxygen species 
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FigUre 1 | Tumor and inflammation score of interleukin (il)-12p35−/− and wild-type (WT) mice. IL-12p35−/− and WT mice were investigated in the DSS/
AOM model. (a) Tumor score and (b) inflammation score of IL-12p35−/− and WT mice were determined by colonoscopic examination. Representative endoscopic 
pictures are shown (Tu, tumor; Th, thickening of the colon; Gr, granularity of the mucosal surface; Fi, fibrin; Vasc, vascularization). Results are mean ± SEM of at 
least six mice per group. Statistical significance is indicated (*P < 0.05; **P < 0.01).
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and increased inflammation. In order to prove whether the 
augmented IL-12/Th1 axis may influence tumor development, we 
investigated p47phox−/− and WT mice in the DSS/AOM tumor 
model. During endoscopic examination of mice, we detected a 
decreased tumor score in p47phox−/− mice (6.0 ± 1.58, n = 8; 
Figure 2A) compared to WT mice (9.43 ± 2.26, n = 7; Figure 2A). 
By contrast, the inflammation score was increased in p47phox−/− 
mice (3.5 ± 1.04, n = 8; Figure 2B) in comparison to WT mice 
(1.43  ±  0.37, n  =  7; Figure  2B). Investigating the influence of 
TLR9-dependent activation of immune cells during the tumor 
development, mice were treated with CpG ODN 2216 (CpG). 
Application of CpG suppressed the tumor development in WT 
and p47phox−/− mice compared to the PBS group (Figure 2C vs. 
Figure 2A). Nevertheless, tumor scores were significantly lower 
in CpG-treated p47phox−/− mice (3.71 ± 1.25, n = 7; Figure 2C) 
compared to WT (6.75 ± 2.24, n = 8; Figure 2C). However, in CpG-
treated p47phox−/− mice, we detected a significant enhanced 
inflammation score compared to WT mice (p47phox−/−: 
5.38 ± 1.41, n = 7; WT: 0.88 ± 0.44, n = 8; Figure 2D). Weight loss, 
a characteristic albeit unspecific symptom of colitis, was monitored 
in detail during the third DSS cycle (chronic inflammation). A 
few days after the final DSS application, we quantified the weight 
loss. Between non-treated (PBS) WT and p47phox−/− animals 
no weight difference was detected (Figure 2E). By contrast, we 
observed a higher weight loss in CpG-treated p47phox−/− mice 
compared to WT mice (Figure 2F).

Tumor-Promoting il-23/il-17 axis is 
impaired in p47phox−/− Mice
Based on endoscopic analyses, we wanted to know which 
inflammatory and tumor-promoting cytokines are involved. We 
analyzed the mRNA of tumor and inflamed colon tissue from 
WT and p47phox−/− mice treated with or w/o CpG. In both 
WT and p47phox−/− mice, we detected a significantly increased 
IL-23p19 mRNA expression in tumor tissue compared to 
inflamed tissue (Figure 3A). Moreover, tumor samples from WT 

mice showed significantly higher expression of IL-23p19 mRNA 
when compared with their p47phox−/− littermates (Figure 3A). 
IL-23 drives the cytokine IL-17, which is also associated with 
tumorigenesis. We detected an increased IL-17 mRNA expression 
in tumor tissue compared to inflamed tissue (Figure 3B). As seen 
for IL-23p19, we also found significantly higher IL-17 mRNA 
expression in WT tumor tissue compared to p47phox−/− mice. 
Treatment with CpG did not significantly influence IL-23p19 or 
IL-17 mRNA expression (Figures 3A,B).

Based on our previously published data, that CpG-induced 
IL-12 is significantly increased in p47phox−/− dendritic cells, 
we investigated the expression of IL-12 during colitis-associated 
colon cancer. In contrast to IL-23p19, we did not detect sig-
nificant differences for IL-12p35 mRNA expression between 
WT and p47phox−/− mice (Figure 3C). Interestingly, compared 
to inflamed tissue, IL-12p35 mRNA is significantly increased 
in tumor tissue of WT mice that were not treated with CpG 
(Figure 3C).

The common IL-12 and IL-23 subunit p40 exhibited no 
difference in the mRNA expression level between tumor and 
inflamed tissue (Figure  3D). Nevertheless, in inflamed tissue 
p47phox−/− mice expressed significantly less IL-12p40 mRNA 
compared to WT mice (Figure  3D). In summary, our data 
revealed a significantly impaired IL-23/IL-17 axis in tumor tissue 
of p47phox−/− mice.

lower Tumor grades in p47phox−/− Mice 
and the correlation with il-23 Protein 
expression
Our endoscopic evaluation showed that p47phox−/− mice 
generally exhibit lower tumor scores. Compiling and sorting 
all tumors prepared from colons of WT and p47phox−/− mice 
related to their size, we observed that p47phox−/− mice develop 
equal numbers of grade 1 and 2 tumors, but fewer grade 3 and 
4 tumors than WT mice (Figure 4A). In colon sections, stained 
with H&E, we detected different tumor grades. In contrast to 
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FigUre 2 | Tumor and inflammation score of p47phox−/− and wild-type (WT) mice treated with or w/o toll-like receptor 9 ligand cpg. (a) Tumor score 
and (b) inflammation score of p47phox−/− and WT mice, determined by colonoscopic examination. (c) Tumor score and (D) inflammation score of p47phox−/− 
and WT mice, weekly treated with 25 µg CpG2216. (e,F) Weight development of mice treated w/o (e) and with CpG (F) during and after the third DSS cycle as 
percentage of starting weight. The DSS cycle is marked in gray. (a–F) Results are mean ± SEM of three independent experiments with at least seven mice per 
group. Statistical significance is indicated (*P < 0.05; **P < 0.01; ***P < 0.001).
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WT mice, p47phox−/− mice develop some more ACF, but 
significantly fewer Ad and specifically after CpG treatment no 
MC (Figure  4B). Recently, it has been shown that IL-23p19 
mRNA expression is strongly upregulated in human and mouse 
colorectal cancer (13, 14, 16). To prove whether IL-23 expression 
correlates with the tumor grade, we stained colon sections from 
WT mice for IL-23p19 protein. We could hardly detect IL-23p19 
in ACF (Figure  4C). By contrast, IL-23 expression increased 
with the tumor grade (Figure 4C). In detail, Ad and MC tissue 
exhibited dramatically increased IL-23p19 protein (Figure 4C). 
In parallel, we stained the sections for Ki-67 to detect the pro-
liferating cells within the different tumor stages (Figure 4C). To 
determine the cell source of IL-23 in tumor tissue, we isolated 
mononuclear cells from tumor and tumor-free tissue and ana-
lyzed them for the cytokines IL-23 and IL-12 (Figure 4D). We 
detected in CD11b+CD11c+ myeloid cells, isolated from colon 
tumors high level of IL-23 (Figure 4D, left). In contrast to WT 
cells, p47phox−/− myeloid cells produce less IL-23 in tumor tis-
sue. In tumor-free tissue, only a few myeloid cells secrete IL-23 
independent of the genetic background. In contrast to IL-23, 
IL-12 was slightly increased in p47phox−/− myeloid cells, but 
no significant difference could be observed (Figure 4D, middle). 

Furthermore, we measured equal numbers of myeloid cells in 
tumor tissue between WT and p47phox−/−, whereas in tumor-
free tissue from p47phox−/− PBS-treated mice, the percentage 
of myeloid cells was significantly increased (Figure 4D, right).

allogeneic Transplantation of il-23p19−/− 
bone Marrow cells Protected WT  
Mice against colon cancer in a  
Tlr9-Dependent Manner
In the tumor microenvironment, tumor-infiltrating CD11b+ 
or F4/80+ myeloid cells appear to be the main source of IL-23 
(16). In our model, the source of IL-23 in tumor tissue are 
CD11b+CD11c+ myeloid cells (Figure  4D). Using a lethal 
irradiation/bone marrow transplantation approach, with 
isogeneic WT or IL-23p19−/− hosts and WT or IL-23p19−/− 
donor hematopoietic cells, we sought to address whether bone 
marrow-derived myeloid cells infiltrate colon tissue and influence 
TLR9-dependently chronic inflammation and tumor progression 
in the colon.

As expected from previous publications, IL-23p19−/− bone 
marrow-transplanted IL-23p19−/− mice showed decreased 
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FigUre 3 | expression of interleukin (il)-12, il-23, and il-17 mrna in tumor and inflamed tissue of p47phox−/− and wild-type (WT) mice.  
(a) Expression of IL-23p19, (b) IL-17, (c) IL-12p35, and (D) IL-12/23p40 mRNA in tumor and inflamed tissue from p47phox−/− and WT mice treated with or w/o 
CpG was determined by quantitative real-time PCR. Results are mean ± SEM and representative of three independent experiments with n = 12–22 samples. 
General differences between p47phox−/− and WT mice were tested for statistical significance (*P < 0.05; **P < 0.01). Differences between tumor and inflamed 
tissue from p47phox−/− and WT mice, respectively, were tested for statistical significance (#P < 0.05; ##P < 0.01; and ###P < 0.001).
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tumor growth in comparison to WT animals reconstituted 
with WT cells (Figure  5A, white vs. black bars). Treatment 
with TLR9 ligand CpG2216 did not influence the tumor score 
in WT/WT or IL-23p19−/−/IL-23p19−/− mice (Figure  5C). 
Interestingly, WT mice, transplanted with bone marrow cells 
from IL-23p19−/− mice have lower tumor scores compared to 
WT controls (Figure  5A, black-white hatched vs. black bars) 
and were protected from tumor growth after CpG treatment 
(Figure 5C, black-white hatched bar), i.e., showed the same phe-
notype as IL-23p19−/−/IL-23p19−/− mice. Correspondingly, 
transplantation of WT bone marrow cells into IL-23p19−/− 
mice resulted in increased tumor growth which became 
significant when mice were treated with CpG (Figures  5A,C, 
black dotted bars), indicating that hematopoietic cell-intrinsic 
effects mediate the promotion of tumor growth in our model. 
While we observed no differences in the inflammation score 
between WT and IL-23p19−/− mice (Figure 5B), CpG-treated 
IL-23p19−/− showed increased inflammation compared to WT 
mice (Figure 5D). Transplantation of WT bone marrow cells into 
IL-23p19−/− mice resulted in significantly enhanced inflamma-
tion compared to WT/WT (Figures 5B,D, black-white hatched 
bars). By contrast, WT mice transplanted with IL-23p19−/− 
bone marrow showed significantly less inflammation compared 
to IL-23p19−/− mice with WT hematopoiesis (Figure 5D).

In summary, ablation of IL-23p19 specifically in the hemat-
opoietic compartment is sufficient to replicate the anti-neoplastic 
phenotype of the IL-23p19−/− mice, while surprisingly ablation 
only in stroma had the opposite effect. Furthermore, modulation 
of TLR9 in WT mice reconstituted with IL-23p19−/− bone mar-
row cells strongly enhanced the protection against colon tumors 
and chronic inflammation.

DiscUssiOn

The cytokines IL-12 and IL-23 share the subunit p40, which 
heterodimerizes with the subunit p35 to form bioactive IL-12 
or with p19, to generate bioactive IL-23 (30). While both pro-
inflammatory cytokines are associated with autoimmune diseases 
(31, 32), the balance between IL-12 and IL-23 seems to be critical 
for the outgrowth of malignant cancer (18).

In this study, we wanted to ascertain whether the modulation 
of IL-12 and IL-23 affects carcinogenesis in the colon. In initial 
experiments, we investigated IL-12p35−/− mice for their sus-
ceptibility to colon cancer. In a colitis-associated cancer model 
(DSS/AOM model), we confirmed the data from others that IL-12 
deficiency resulted in increased tumor growth. In a previous pub-
lication, we described a negative feedback mechanism of IL-12 by 
the NADPH oxidase protein p47phox (21). These findings raised 
the question, whether the modulation of IL-12 by the p47phox 
influences the tumor development in this colitis-associated 
cancer model. Indeed, we found a decreased tumor score in 
p47phox−/− mice compared to WT mice (Figure 2A). By contrast, 
inflammation in the colon was increased in p47phox−/− mice 
(Figure 2B). Recently, more severe colitis has been demonstrated 
in the p47phox mutant strain BQ.Ncf1m1J/m1J, which we have 
investigated for the IL-12 feedback mechanism (21, 33). In our 
model, repeated cycles of DSS results in chronic colitis which 
promotes tumor development (22). Interestingly, we observed 
that inflammation in the colon is uncoupled from tumor growth 
in p47phox−/− mice. Because the balance of the two closely 
related cytokines IL-12 and IL-23 is important for the switch from 
chronic inflammation to tumorigenesis (18, 19), we wanted to 
know whether this could be an explanation for the divergence 

http://www.frontiersin.org/Immunology/
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FigUre 4 | histological analyses of tumor tissue. (a) Numbers of tumors per tumor size calculated from seven mice per group. (b) Colon tissue sections of 
p47phox−/− and wild-type mice treated with or w/o CpG were stained with hematoxylin and eosin. Grades are indicated as aberrant crypt foci, adenoma, and 
mucosa carcinoma (MC). One representative section of three to five is shown. Statistical analysis of tumors in histological sections was performed. Results are 
mean ± SEM of three to five histological samples per group (c) Colon tissue sections were stained for interleukin (IL)-23, Ki-67, and counterstained for hematoxylin. 
For each stage, one representative section of three to five is shown. (D) Flow cytometry analysis of IL-23 and IL-12 in myeloid cells from tumor and tumor-free tissue 
was performed. Results are mean ± SEM of five to seven mice per group. Statistical significance is indicated (*P < 0.05; **P < 0.01).
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between inflammation and tumor growth in p47phox−/− mice. 
In this context, we investigated the mRNA expression of IL-12 
and IL-23 subunits. Whereas we detected high amounts of the 
IL-23 subunit p19 in tumor tissue of WT mice; in p47phox−/−, 
we observed significantly lower p19 expression (Figure  3A). 
In recent years, IL-23 has emerged as an important player in 
the development of cancer. In various human tumors, IL-23 
mRNA is increased and correlates with a bad prognosis (12, 14). 
Furthermore, the IL-23-driven cytokine IL-17, secreted by T cells 
of the innate and adaptive immune system, is strongly associ-
ated with tumor growth (34–36). In our model, we also found 

increased IL-17 mRNA expression in tumors of WT mice, but not 
in p47phox−/− mice (Figure 3B). A p47phox-dependent effect 
on IL-23/IL-17 axis in colon cancer has not been described so far. 
Evidence was provided that in human colorectal cancer, NADPH 
oxidase components p47phox and p67phox and the myeloid 
marker CD14 correlate with IL-23p19 expression levels (12). 
Defect in p47phox protein expression results in increased IL-6 and 
IL-17 expression in the chronic DSS colitis model (33). Further, 
activation of neutrophils and their infiltration into tumor tissue 
is known to be dependent on IL-23, which induces the secretion 
of IL-17 and G-CSF from activated T cells. Maintaining constant 
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FigUre 5 | Tumor and inflammation score of interleukin (il)-23p19−/− (p19KO) and wild-type (WT) recipient mice. (a,b) Tumor (a) and inflammation 
(b) score of p19KO and WT mice, lethally irradiated and transplanted with bone marrow cells from p19KO and WT mice or vice versa. (c,D) Tumor (c) and 
inflammation (D) score of CpG-treated, transplanted mice. Results are mean ± SEM and n = 3–6. Statistical significance is indicated (*P < 0.05; **P < 0.01).
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numbers of circulating neutrophils in the body, dendritic cells, 
and macrophages phagocytose apoptotic neutrophils, which in 
turn inhibit the IL-23 expression of those cells (37). It should be 
mentioned that IL-23 seems to have antitumorigenic potential. 
Indeed, it has been demonstrated that systemic treatment or 
local administration of IL-23 induces antitumor immunity, but 
in contrast to endogenous IL-23 level only excessive exogenous 
doses led to an antitumorigenic response (38, 39). Furthermore, 
in ovarian cancer, it was shown that high intra-tumoral IL-23p19 
mRNA levels correlate with a better outcome of the disease (40). 
Interestingly, the authors figured out that high IL-23p19 mRNA 
expression only improves the survival in early stages of cancer, 
whereas in late stages high IL-12p35 mRNA is associated with a 
better outcome.

In our previous study, we demonstrated TLR9-dependent 
IL-12/Th1 regulation by p47phox (21). To investigate the effect of 
TLR9 activation, we treated the mice with TLR9 ligand CpG2216 
in the DSS/AOM model. Although CpG treatment reduced tumor 
scores in both, p47phox−/− and WT mice, the lack of p47phox 
resulted in a significantly enhanced protection against colon can-
cer development (Figure 2C). By contrast, CpG treatment caused 
increased inflammation in p47phox−/− mice (Figure 2D), which 
confirms previous data from inflammation models (41–43). 
Moreover, we measured a higher, although not significant 
IL-12p35 mRNA expression in tumor and inflamed tissue from 
p47phox−/− mice compared to WT mice (Figure  3C). These 
data support the hypothesis that p47phox-dependent regulation 
of TLR9-induced IL-12 might be involved in the modulation of 
the immune response during tumorigenesis. It was shown that 

IL-23 is the driving cytokine in intestinal inflammation, whereas 
IL-12 seems to have a more systemic impact (44). In a recent 
study, using IL-23p19 deficient mice on a dominant negative 
TGFβ receptor background, it was demonstrated that colon 
inflammation is IL-23 dependent, but the driving activity for 
liver inflammation is limited to the IL-12/Th1 axis (45). Although 
many studies investigated the impact of IL-12 and IL-23 during 
intestinal inflammation, the exact interaction mechanism of 
these cytokines remains undefined.

In our study, we detected that p47phox deficient mice gener-
ally have lower tumor scores. Interestingly, compared to WT mice 
they developed similar numbers of low grade tumors (size 1), but 
fewer high grade tumors (size 3–4; Figure 4A). On histological 
level, p47phox−/− mice develop some more ACF, but significantly 
fewer Ads (Figure 4B). Furthermore, with increasing malignancy 
(from ACF to MC), we found progressively elevated levels of 
IL-23p19 protein in colon sections (Figure 4C). Together with 
the significantly reduced IL-23p19 mRNA in tumor samples of 
p47phox−/− mice, we hypothesize that a p47phox-dependent 
mechanism, e.g., IL-12/Th1 regulation, shifts the immune bal-
ance toward colorectal cancer.

Tumor-infiltrating myeloid cells were previously postulated 
to be the prime source of IL-23 (16). We confirmed these data 
by analysis of IL-23 in myeloid cells from tumor and tumor-free 
tissue (Figure 4D). To directly assess this, as well as to address 
a possible adjunct role of stroma-derived IL-23, the colitis-
associated colon cancer model was also tested in WT mice 
stably reconstituted with IL-23p19−/− hematopoiesis and in 
IL-23p19−/− mice reconstituted with WT hematopoietic cells. 
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IL-23p19−/− to IL-23p19−/− and WT to WT transplantation 
experiments served as controls, i.e., to address whether lethal 
irradiation and bone marrow transplantation would affect the 
course of colitis and tumorigenesis. This was not the case, as 
either recipient groups responded with the same phenotype 
as non-transplanted IL-23p19−/− or WT mice, respectively. 
Mice exclusively deficient for IL-23p19 in their hematopoietic 
system reproduced the phenotype of IL-23p19−/− complete 
knock-out mice, including the observation that after CpG, the 
hematopoietic ablation of IL-23p19 strongly attenuated tumor 
induction, supporting the paradigm mentioned above that the 
hematopoietic origin of IL-23 is the decisive enhancer of tumor 
growth (Figure  5). By contrast, IL-23-p19−/− mice bearing 
WT hematopoietic cells were characterized by a markedly 
increased colitis, without any effect on the colon tumor score 
(Figure 5). This observation suggests differential, cell-context-
dependent roles of IL-23 on inflammation and tumorigenicity. 
Several studies imply a separate intestinal function of IL-23/
Th17 and IL-12/Th1 in vivo, but a recent study demonstrated 
that Th17 cells convert into Th1 cells promoted by mucosa-
derived IL-12 and IL-23 (46). In contrast to this cooperation 
between IL-12 and IL-23 during colon inflammation, the 
divergence of both cytokines is critical for the initiation of 
colon cancer (18).

In conclusion, our study revealed a novel p47phox-dependent 
regulation of the IL-23/Th17 axis during colon cancerogenesis. 
Together with the finding that p47phox regulates TLR9-induced 
IL-12 expression in myeloid dendritic cells; targeted manipula-
tion of p47phox protein would be a promising strategy to shift the 
IL-12/IL-23 balance into an antitumorigenic direction.

aUThOr cOnTribUTiOns

CR, KD, HB, JP, SB, and HR designed the experiments, inter-
preted the data, and wrote the manuscript. CR, MJ, BW, KD, and 
HB performed the in vitro and in vivo studies. CR, MJ, DB, KD, 
MM, and HR performed data analysis and statistical evaluation. 
GB, JP, HB, SB, and HR revised the work critically and did the 
final approval of the manuscript before submission.

acKnOWleDgMenTs

The authors would like to thank Ben Wielockx for helpful dis-
cussion regarding tumor and inflammation and the help with 
immunohistochemistry. The authors would also like to thank 
Katrin Navratiel and Edith Hintermann for their technical 
assistance and Matthias Kuhn for his assistance with statistical 
analyses. Finally, the authors would like to thank Ralf P. Brandes 
for providing the first set of p47phox−/− mice.

FUnDing

This work was supported by the Deutsche Forschungsgemeinschaft 
(RI 2082/1-1 to CR; Graduate College 1172 to HR; SFB655 and 
BR 2057/9-1 to SB), the DFG-Center for Regenerative Therapies 
Dresden (Seed Grant to SB) and the TU Dresden (MedDrive to 
SB). HB acknowledges support from LOEWE OSF (TP5a) and 
LOEWE Cell and Gene Therapy Frankfurt (Hessian Ministry 
of Higher Education, Research and the Arts III L 4 518/17.004). 
We acknowledge support by the DFG and the Open Access 
Publication Funds of the TU Dresden.

reFerences

1. Chirdo FG, Millington OR, Beacock-Sharp H, Mowat AM. Immunomodulatory 
dendritic cells in intestinal lamina propria. Eur J Immunol (2005) 35:1831–40. 
doi:10.1002/eji.200425882 

2. Rivollier A, He J, Kole A, Valatas V, Kelsall BL. Inflammation switches the 
differentiation program of Ly6Chi monocytes from antiinflammatory 
macrophages to inflammatory dendritic cells in the colon. J Exp Med (2012) 
209:139–55. doi:10.1084/jem.20101387 

3. Schulz O, Jaensson E, Persson EK, Liu X, Worbs T, Agace WW, et al. Intestinal 
CD103+, but not CX3CR1+, antigen sampling cells migrate in lymph and 
serve classical dendritic cell functions. J Exp Med (2009) 206:3101–14. 
doi:10.1084/jem.20091925 

4. Varol C, Vallon-Eberhard A, Elinav E, Aychek T, Shapira Y, Luche H, 
et  al. Intestinal lamina propria dendritic cell subsets have different origin 
and functions. Immunity (2009) 31:502–12. doi:10.1016/j.immuni.2009. 
06.025 

5. Oppmann B, Lesley R, Blom B, Timans JC, Xu Y, Hunte B, et al. Novel p19 
protein engages IL-12p40 to form a cytokine, IL-23, with biological activities 
similar as well as distinct from IL-12. Immunity (2000) 13:715–25. doi:10.1016/
S1074-7613(00)00070-4 

6. Trinchieri G. Interleukin-12 and the regulation of innate resistance and 
adaptive immunity. Nat Rev Immunol (2003) 3:133–46. doi:10.1038/ 
nri1001 

7. Brunda MJ, Luistro L, Warrier RR, Wright RB, Hubbard BR, Murphy M, 
et al. Antitumor and antimetastatic activity of interleukin 12 against murine 
tumors. J Exp Med (1993) 178:1223–30. doi:10.1084/jem.178.4.1223 

8. Nastala CL, Edington HD, McKinney TG, Tahara H, Nalesnik MA, Brunda 
MJ, et  al. Recombinant IL-12 administration induces tumor regression in 
association with IFN-gamma production. J Immunol (1994) 153:1697–706. 

9. Smyth MJ, Taniguchi M, Street SE. The anti-tumor activity of IL-12: mech-
anisms of innate immunity that are model and dose dependent. J Immunol 
(2000) 165:2665–70. doi:10.4049/jimmunol.165.5.2665 

10. Buonocore S, Ahern PP, Uhlig HH, Ivanov II, Littman DR, Maloy KJ, et al. 
Innate lymphoid cells drive interleukin-23-dependent innate intestinal 
pathology. Nature (2010) 464:1371–5. doi:10.1038/nature08949 

11. McGovern D, Powrie F. The IL23 axis plays a key role in the pathogenesis of 
IBD. Gut (2007) 56:1333–6. doi:10.1136/gut.2006.115402 

12. Langowski JL, Zhang X, Wu L, Mattson JD, Chen T, Smith K, et al. IL-23 pro-
motes tumour incidence and growth. Nature (2006) 442:461–5. doi:10.1038/
nature04808 

13. Lan F, Zhang L, Wu J, Zhang J, Zhang S, Li K, et al. IL-23/IL-23R: potential 
mediator of intestinal tumor progression from adenomatous polyps to 
colorectal carcinoma. Int J Colorectal Dis (2011) 26:1511–8. doi:10.1007/
s00384-011-1232-6 

14. Stanilov N, Miteva L, Mintchev N, Stanilova S. High expression of Foxp3, 
IL-23p19 and survivin mRNA in colorectal carcinoma. Int J Colorectal Dis 
(2009) 24:151–7. doi:10.1007/s00384-008-0588-8 

15. Tosolini M, Kirilovsky A, Mlecnik B, Fredriksen T, Mauger S, Bindea G, et al. 
Clinical impact of different classes of infiltrating T cytotoxic and helper cells 
(Th1, th2, treg, th17) in patients with colorectal cancer. Cancer Res (2011) 
71:1263–71. doi:10.1158/0008-5472.CAN-10-2907 

16. Grivennikov SI, Wang K, Mucida D, Stewart CA, Schnabl B, Jauch D, 
et  al. Adenoma-linked barrier defects and microbial products drive IL-23/
IL-17-mediated tumour growth. Nature (2012) 491:254–8. doi:10.1038/ 
nature11465 

17. Teng MW, Andrews DM, McLaughlin N, von SB, Ngiow SF, Moller A, et al. 
IL-23 suppresses innate immune response independently of IL-17A during 
carcinogenesis and metastasis. Proc Natl Acad Sci U S A (2010) 107:8328–33. 
doi:10.1073/pnas.1003251107 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1002/eji.200425882
https://doi.org/10.1084/jem.20101387
https://doi.org/10.1084/jem.20091925
https://doi.org/10.1016/j.immuni.2009.06.025
https://doi.org/10.1016/j.immuni.2009.06.025
https://doi.org/10.1016/S1074-7613(00)00070-4
https://doi.org/10.1016/S1074-7613(00)00070-4
https://doi.org/10.1038/nri1001
https://doi.org/10.1038/nri1001
https://doi.org/10.1084/jem.178.4.1223
https://doi.org/10.4049/jimmunol.165.5.2665
https://doi.org/10.1038/nature08949
https://doi.org/10.1136/gut.2006.115402
https://doi.org/10.1038/nature04808
https://doi.org/10.1038/nature04808
https://doi.org/10.1007/s00384-011-1232-6
https://doi.org/10.1007/s00384-011-1232-6
https://doi.org/10.1007/s00384-008-0588-8
https://doi.org/10.1158/0008-5472.CAN-10-2907
https://doi.org/10.1038/nature11465
https://doi.org/10.1038/nature11465
https://doi.org/10.1073/pnas.1003251107


10

Richter et al. p47phox in Colon Cancer

Frontiers in Immunology | www.frontiersin.org January 2017 | Volume 8 | Article 44

18. Teng MW, Vesely MD, Duret H, McLaughlin N, Towne JE, Schreiber RD, 
et al. Opposing roles for IL-23 and IL-12 in maintaining occult cancer in an 
equilibrium state. Cancer Res (2012) 72:3987–96. doi:10.1158/0008-5472.
CAN-12-1337 

19. Kortylewski M, Xin H, Kujawski M, Lee H, Liu Y, Harris T, et al. Regulation 
of the IL-23 and IL-12 balance by Stat3 signaling in the tumor microenviron-
ment. Cancer Cell (2009) 15:114–23. doi:10.1016/j.ccr.2008.12.018 

20. Liang J, Nagahashi M, Kim EY, Harikumar KB, Yamada A, Huang WC, et al. 
Sphingosine-1-phosphate links persistent STAT3 activation, chronic intestinal 
inflammation, and development of colitis-associated cancer. Cancer Cell 
(2013) 23:107–20. doi:10.1016/j.ccr.2012.11.013 

21. Richter C, Juan MH, Will J, Brandes RP, Kalinke U, Akira S, et al. Ncf1 provides 
a reactive oxygen species-independent negative feedback regulation of TLR9-
induced IL-12p70 in murine dendritic cells. J Immunol (2009) 182:4183–91. 
doi:10.4049/jimmunol.0800795 

22. Tanaka T, Kohno H, Suzuki R, Yamada Y, Sugie S, Mori H. A novel inflam-
mation-related mouse colon carcinogenesis model induced by azoxymethane 
and dextran sodium sulfate. Cancer Sci (2003) 94:965–73. doi:10.1111/ 
j.1349-7006.2003.tb01386.x 

23. Becker C, Fantini MC, Wirtz S, Nikolaev A, Kiesslich R, Lehr HA, et al. In vivo 
imaging of colitis and colon cancer development in mice using high resolution 
chromoendoscopy. Gut (2005) 54:950–4. doi:10.1136/gut.2004.061283 

24. Mattner F, Magram J, Ferrante J, Launois P, Di PK, Behin R, et al. Genetically 
resistant mice lacking interleukin-12 are susceptible to infection with leish-
mania major and mount a polarized Th2 cell response. Eur J Immunol (1996) 
26:1553–9. doi:10.1002/eji.1830260722 

25. Jackson SH, Gallin JI, Holland SM. The p47phox mouse knock-out model 
of chronic granulomatous disease. J Exp Med (1995) 182:751–8. doi:10.1084/
jem.182.3.751 

26. Ghilardi N, Kljavin N, Chen Q, Lucas S, Gurney AL, De Sauvage 
FJ. Compromised humoral and delayed-type hypersensitivity responses 
in IL-23-deficient mice. J Immunol (2004) 172:2827–33. doi:10.4049/
jimmunol.172.5.2827 

27. Becker C, Fantini MC, Neurath MF. High resolution colonoscopy in live mice. 
Nat Protoc (2006) 1:2900–4. doi:10.1038/nprot.2006.446 

28. Weigmann B, Tubbe I, Seidel D, Nicolaev A, Becker C, Neurath MF. Isolation 
and subsequent analysis of murine lamina propria mononuclear cells from 
colonic tissue. Nat Protoc (2007) 2(10):2307–11. doi:10.1038/nprot.2007.315 

29. Meeran SM, Mantena SK, Meleth S, Elmets CA, Katiyar SK. Interleukin-12-
deficient mice are at greater risk of UV radiation-induced skin tumors and 
malignant transformation of papillomas to carcinomas. Mol Cancer Ther 
(2006) 5:825–32. doi:10.1158/1535-7163.MCT-06-0003 

30. Langrish CL, McKenzie BS, Wilson NJ, de Waal MR, Kastelein RA, Cua DJ. 
IL-12 and IL-23: master regulators of innate and adaptive immunity. Immunol 
Rev (2004) 202:96–105. doi:10.1111/j.0105-2896.2004.00214.x 

31. Chen Y, Langrish CL, McKenzie B, Joyce-Shaikh B, Stumhofer JS, McClanahan 
T, et  al. Anti-IL-23 therapy inhibits multiple inflammatory pathways and 
ameliorates autoimmune encephalomyelitis. J Clin Invest (2006) 116:1317–26. 
doi:10.1172/JCI25308 

32. Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B, Sedgwick JD, 
et al. IL-23 drives a pathogenic T cell population that induces autoimmune 
inflammation. J Exp Med (2005) 201:233–40. doi:10.1084/jem.20041257 

33. Rodrigues-Sousa T, Ladeirinha AF, Santiago AR, Carvalheiro H, Raposo B, 
Alarcao A, et al. Deficient production of reactive oxygen species leads to severe 
chronic DSS-induced colitis in Ncf1/p47phox-mutant mice. PLoS One (2014) 
9(5):e97532. doi:10.1371/journal.pone.0097532 

34. Chae WJ, Gibson TF, Zelterman D, Hao L, Henegariu O, Bothwell AL. 
Ablation of IL-17A abrogates progression of spontaneous intestinal 
tumorigenesis. Proc Natl Acad Sci U S A (2010) 107:5540–4. doi:10.1073/
pnas.0912675107 

35. Hyun YS, Han DS, Lee AR, Eun CS, Youn J, Kim HY. Role of IL-17A in the 
development of colitis-associated cancer. Carcinogenesis (2012) 33:931–6. 
doi:10.1093/carcin/bgs106 

36. Wu S, Rhee KJ, Albesiano E, Rabizadeh S, Wu X, Yen HR, et  al. A human 
colonic commensal promotes colon tumorigenesis via activation of T helper 
type 17 T cell responses. Nat Med (2009) 15:1016–22. doi:10.1038/nm.2015 

37. Stark MA, Huo Y, Burcin TL, Morris MA, Olson TS, Ley K. Phagocytosis of 
apoptotic neutrophils regulates granulopoiesis via IL-23 and IL-17. Immunity 
(2005) 22:285–94. doi:10.1016/j.immuni.2005.01.011 

38. Kaiga T, Sato M, Kaneda H, Iwakura Y, Takayama T, Tahara H. Systemic 
administration of IL-23 induces potent antitumor immunity primarily 
mediated through Th1-type response in association with the endogenously 
expressed IL-12. J Immunol (2007) 178:7571–80. doi:10.4049/jimmunol.178. 
12.7571 

39. Lo CH, Lee SC, Wu PY, Pan WY, Su J, Cheng CW, et  al. Antitumor and 
antimetastatic activity of IL-23. J Immunol (2003) 171:600–7. doi:10.4049/
jimmunol.171.2.600 

40. Wolf AM, Rumpold H, Reimer D, Marth C, Zeimet AG, Wolf D. High 
IL-12 p35 and IL-23 p19 mRNA expression is associated with superior 
outcome in ovarian cancer. Gynecol Oncol (2010) 118:244–50. doi:10.1016/ 
j.ygyno.2010.05.024 

41. Gelderman KA, Hultqvist M, Olsson LM, Bauer K, Pizzolla A, Olofsson P, 
et al. Rheumatoid arthritis: the role of reactive oxygen species in disease devel-
opment and therapeutic strategies. Antioxid Redox Signal (2007) 9:1541–67. 
doi:10.1089/ars.2007.1569 

42. Hultqvist M, Olofsson P, Holmberg J, Backstrom BT, Tordsson J, Holmdahl R. 
Enhanced autoimmunity, arthritis, and encephalomyelitis in mice with a 
reduced oxidative burst due to a mutation in the Ncf1 gene. Proc Natl Acad 
Sci U S A (2004) 101:12646–51. doi:10.1073/pnas.0403831101 

43. Olofsson P, Holmberg J, Tordsson J, Lu S, Akerstrom B, Holmdahl R. Positional 
identification of Ncf1 as a gene that regulates arthritis severity in rats. Nat 
Genet (2003) 33:25–32. doi:10.1038/ng1058 

44. Uhlig HH, McKenzie BS, Hue S, Thompson C, Joyce-Shaikh B, 
Stepankova R, et al. Differential activity of IL-12 and IL-23 in mucosal and 
systemic innate immune pathology. Immunity (2006) 25:309–18. doi:10.1016/ 
j.immuni.2006.05.017 

45. Ando Y, Yang GX, Tsuda M, Kawata K, Zhang W, Nakajima T, et al. The immu-
nobiology of colitis and cholangitis in interleukin-23p19 and interleukin-17A 
deleted dominant negative form of transforming growth factor beta receptor 
type II mice. Hepatology (2012) 56:1418–26. doi:10.1002/hep.25803 

46. Feng T, Qin H, Wang L, Benveniste EN, Elson CO, Cong Y. Th17 cells induce 
colitis and promote Th1 cell responses through IL-17 induction of innate 
IL-12 and IL-23 production. J Immunol (2011) 186:6313–8. doi:10.4049/
jimmunol.1001454 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

The reviewers GG-A and CA and handling Editor declared their shared affiliations, 
and the handling Editor states that the process nevertheless met the standards of a 
fair and objective review.

Copyright © 2017 Richter, Herrero San Juan, Weigmann, Bergis, Dauber, Muders, 
Baretton, Pfeilschifter, Bonig, Brenner and Radeke. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1158/0008-5472.CAN-12-1337
https://doi.org/10.1158/0008-5472.CAN-12-1337
https://doi.org/10.1016/j.ccr.2008.12.018
https://doi.org/10.1016/j.ccr.2012.11.013
https://doi.org/10.4049/jimmunol.0800795
https://doi.org/10.1111/j.1349-7006.2003.tb01386.x
https://doi.org/10.1111/j.1349-7006.2003.tb01386.x
https://doi.org/10.1136/gut.2004.061283
https://doi.org/10.1002/eji.1830260722
https://doi.org/10.1084/jem.182.3.751
https://doi.org/10.1084/jem.182.3.751
https://doi.org/10.4049/jimmunol.172.5.2827
https://doi.org/10.4049/jimmunol.172.5.2827
https://doi.org/10.1038/nprot.2006.446
https://doi.org/10.1038/nprot.2007.315
https://doi.org/10.1158/1535-7163.MCT-06-0003
https://doi.org/10.1111/j.0105-2896.2004.00214.x
https://doi.org/10.1172/JCI25308
https://doi.org/10.1084/jem.20041257
https://doi.org/10.1371/journal.pone.0097532
https://doi.org/10.1073/pnas.0912675107
https://doi.org/10.1073/pnas.0912675107
https://doi.org/10.1093/carcin/bgs106
https://doi.org/10.1038/nm.2015
https://doi.org/10.1016/j.immuni.2005.01.011
https://doi.org/10.4049/jimmunol.178.12.7571
https://doi.org/10.4049/jimmunol.178.12.7571
https://doi.org/10.4049/jimmunol.171.2.600
https://doi.org/10.4049/jimmunol.171.2.600
https://doi.org/10.1016/j.ygyno.2010.05.024
https://doi.org/10.1016/j.ygyno.2010.05.024
https://doi.org/10.1089/ars.2007.1569
https://doi.org/10.1073/pnas.0403831101
https://doi.org/10.1038/ng1058
https://doi.org/10.1016/j.immuni.2006.05.017
https://doi.org/10.1016/j.immuni.2006.05.017
https://doi.org/10.1002/hep.25803
https://doi.org/10.4049/jimmunol.1001454
https://doi.org/10.4049/jimmunol.1001454
http://creativecommons.org/licenses/by/4.0/

	Defective IL-23/IL-17 Axis Protects p47phox−/− Mice from Colon Cancer
	Introduction
	Animals and Methods
	Mice
	Experimental Model of Colitis 
and Colon Cancer
	Endoscopic Procedure and 
Sample Collection
	Allogeneic Bone Marrow Transplantation
	RNA Isolation and Quantitative 
Real-time PCR
	Flow Cytometry
	Immunohistochemistry
	Statistics

	Results
	IL-12p35−/− Mice Exhibit Reduced 
Colitis but Increased Susceptibility 
to Colon Cancer
	Increased Inflammation but Decreased Tumor Growth in p47phox−/− Mice
	Tumor-Promoting IL-23/IL-17 Axis Is Impaired in p47phox−/− Mice
	Lower Tumor Grades in p47phox−/− Mice and the Correlation with IL-23 Protein Expression
	Allogeneic Transplantation of IL-23p19−/− Bone Marrow Cells Protected WT 
Mice against Colon Cancer in a 
TLR9-Dependent Manner

	Discussion
	Author Contributions
	Acknowledgments
	Funding
	References


