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Abstract

Chronic intestinal inflammation accompanies familial adenomatous polyposis (FAP) and is a
major risk factor for colorectal cancer in patients with this disease, but the cause of such
inflammation is unknown. Since retinoic acid (RA) plays a critical role in maintaining immune
homeostasis in the intestine, we hypothesized that altered RA metabolism contributes to
inflammation and tumorigenesis in FAP. To assess this hypothesis, we analyzed RA metabolism in
the intestines of patients with FAP as well as APCMIV* mice, a model that recapitulates FAP in
most respects. We also investigated the impact of intestinal RA repletion and depletion on
tumorigenesis and inflammation in APCMiIV* mice. Tumors from both FAP patients and APCMin/+
mice displayed striking alterations in RA metabolism that resulted in reduced intestinal RA.
APCMiI* mice placed on a vitamin A deficient diet exhibited further reductions in intestinal RA
with concomitant increases in inflammation and tumor burden. Conversely, restoration of RA by
pharmacological blockade of the RA-catabolizing enzyme CYP26AL1 attenuated inflammation and
diminished tumor burden. To investigate the effect of RA deficiency on the gut immune system,
we studied lamina propria dendritic cells (LPDCs) since these cells play a central role in
promoting tolerance. APCMIN* | pDCs preferentially induced Th17 cells, but reverted to inducing
Tregs following restoration of intestinal RA /n vivo or direct treatment of LPDCs with RA in vitro.
These findings demonstrate the importance of intestinal RA deficiency in tumorigenesis and
suggest that pharmacological repletion of RA could reduce tumorigenesis in FAP patients.
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Introduction

Several lines of epidemiological evidence show that chronic intestinal inflammation drives
the formation and growth of intestinal adenomas and carcinomas (1). Intestinal inflammation
accompanies familial adenomatous polyposis (FAP), an inherited disorder in which
numerous adenomas develop in the intestine and eventually undergo malignant
transformation. In FAP, as in the majority of sporadic colorectal cancers, tumorigenesis is
initiated by mutations in the tumor suppressor gene, APC (2—-4), which is part of the
destruction complex that phosphorylates f-catenin, targeting it for ubiquitination and
subsequent proteolytic degradation (5). In cells lacking functional APC, the stabilization and
nuclear accumulation of B-catenin leads to dysregulated signaling that initiates the multi-hit
progression to carcinoma (2—4). Although most patients with this disorder eventually require
colectomy, chronic therapy with nonsteroidal anti-inflammatory drugs can slow adenoma
growth and forestall malignant transformation (6). In the APCMi* mouse model, which
recapitulates FAP in most respects, chronic intestinal inflammation mediated by a loss of
IL10-secreting Treg cells and an increase in IL17A-producing Th17 cells promotes tumor
growth that is dependent upon IL17A (7-9). The genetic events involved in the progression
of disease in this model, like FAP, are well delineated. Nonetheless, the molecular and
cellular mechanisms that induce inflammation have not been elucidated.

The vitamin A metabolite retinoic acid (RA) plays critical roles in embryonic development,
fertility, and vision (10). In addition, it is a key regulator of the immune system (11). For
example, RA is required for the generation of inducible regulatory T cells (Tregs), which
help to maintain immune homeostasis in sites such as the intestine (12-15). Bioactive RA is
derived from vitamin A (retinol) through a multistep process that involves several enzymes
including alcohol dehydrogenases (ADH), short-chain dehydrogenase reductases (RDH) and
retinaldehyde dehydrogenases (RALDH) (10,16). RA is then catabolized to inactive
metabolites by cytochrome p450 (CYP) family members, mainly CYP26A1.

In light of the importance of RA in regulating immunity and its potential role in modulating
intestinal inflammation, we investigated the impact of this metabolite on tumorigenesis and
inflammation in human FAP and APCMi"* mice. The experiments described in this report
reveal that RA metabolism is abnormal in both APCMI* mice and FAP, resulting in reduced
RA concentrations. We find that restoration of normal intestinal RA concentrations
ameliorates tumorigenesis in APCMIV* mice. Our data show that lamina propria dendritic
cells (LPDC) isolated from the small intestine, which normally contribute to the
maintenance of intestinal tolerance by inducing Tregs, are sensitive to changes in RA
concentration. Whereas LPDCs in healthy control mice induce the formation of Tregs,
APCMin* | pDCs induce proinflammatory Th17 cells, but revert to a tolerogenic phenotype
when RA is reconstituted, /n vivo.

Cancer Immunol Res. Author manuscript; available in PMC 2017 November 01.
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Materials and Methods

Mouse breeding and care

All animal experiments described herein were approved by the Stanford University
Institutional Animal Care and Use Committee. Breeding pairs of APCMi"* male and WT
C57BL/6 female mice were purchased from The Jackson Laboratory and bred on-site. OT-II
TCR transgenic Rag™~ mice were purchased from Taconic. All mice were housed in an
American Association for the Accreditation of Laboratory Animal Care accredited animal
facility, and maintained in pathogen-free conditions on standard rodent chow ad /ibitum
unless otherwise stated.

Isolation of DCs

Mice were euthanized and small intestines were excised while removing fat and mesentery.
Peyer’s patches were excised and intestines were filleted. Luminal contents and epithelial
cells were removed by vigorous stirring in HBSS in petri dishes. The intestinal tissue was
then cut into ~5 mm sections that were transferred into a glass scintillation vial (Fisher)
containing 10% FCS, 2.5 mM EDTA, 2 mM HEPES in HBSS containing a magnetic stir bar.
Vials were placed into a 37°C incubator on a 9-position magnetic stir plate at 400 rpm for 20
minutes. Tissue pieces were then filtered through a sieve to remove residual epithelial cells
and tissue fragments were collected back into the vial. This wash was repeated once.
Subsequently, tissue fragments were minced very finely in the scintillation vial and then
digested in 200 collagen digestion units/mL of Type VIII Collagenase (Sigma-C2139) and
40 U/mL DNase | (Sigma) in RPMI containing 10% FCS with antibiotics and antifungals
again in the 37° C incubator with stirring. Tissue fragments were digested twice and after
each time liberated cells were filtered through 70 um strainers to obtain single cell
suspensions that were stored on ice. The remaining pieces of intestine were placed in RPMI
containing 10% FCS in the scintillation vial and shaken vigorously to free remaining cells.
Spleen and mesenteric lymph nodes were digested with collagenase Type 1V (Worthington).
For purification of DCs, cells were magnetically enriched using CD11c™ selection kits (Stem
Cell Technologies), stained with mAbs CD45.2-PE Cy7 (Clone 104, Biolegend), CD49b-
FITC (Clone DX5, BD Biosciences), CD3e-FITC (Clone 17A2, Biolegend), CD19-FITC
(Clone eBiolD3, eBiosciences), CD11b-Pacific Blue (Clone M1/70, Biolegend), CD11c-
APC Cy7 (Clone N418, Biolegend), major histocompatibility complex (MHC) I1-PE (Clone
M5/114.15.2, eBiosciences), and EpCAM and propidium iodide (PI), and then sorted using a
FACS Aria (BD Biosciences). In some cases, DCs were additionally sorted using anti-
CD103 mAb (Clone 2E7, Biolegend).

Flow cytometric analysis

Isolated LP cells from the small intestine and mesenteric lymph node (MLN) cells were
resuspended in 1% BSA in PBS (FACS buffer). After Fc blockade with anti-FcyRIlI/1I (BD
Biosciences), cells were stained with Live/Dead Blue (Invitrogen) or PI, and mAbs against
Thy1.2 and CD4 (Biolegend). Intracellular Foxp3 and cytokines were stained using mAbs
against Foxp3, IL10, IL17A (eBioscience) per manufacturer’s instructions. 1L17
intracellular cytokine staining in freshly isolated LP was performed after stimulating LP
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cells for 5 hours in PMA, ionomycin and brefeldin A. Flow cytometric analysis was
performed on a LSRII flow cytometer (BD Biosciences).

Immunoblotting

Tissue lysates were prepared using RIPA lysis buffer. The following primary antibodies were
used for immunoblotting: anti-ALDH1AL (Protein tech, 15910-1-AP), anti-ALDH1A2
(Abcam, ab75674), and anti-p-actin (Cell Signaling, 8457S). Primary and secondary HRP-
labeled antibodies were used at 1:500 and 1:2000 dilutions respectively. Detection was
performed with SuperSignal West Femto Maximum Sensitivity Substrate (Thermo
Scientific).

T-cell differentiation assay

2x10% sorted CD11ch MHCII* DCs were cocultured with 1x105 MACS-enriched
CD4*CD62L*Foxp3~ naive T cells from the spleen and lymph nodes of OT-Il TCR-
transgenic mice, along with OVA323.339 peptide (New England Peptide) and 1ng/ml
recombinant human transforming growth factor (TGF)-p1 (Peprotech). Unless otherwise
stated, a 200 nM — 1uM peptide range was used for the standard Treg induction assay, while
a 200 uM peptide concentration was used for Th17 induction. After 96 hr, cells were
harvested and analyzed for intracellular Foxp3 or intracellular cytokines. For the latter, cells
were restimulated at the 90 hr coculture time point with plate-bound anti-CD3 (145-2C11)
and anti-CD28 (37.51) (Biolegend), with or without brefeldin A (BFA) for 6 hr. In
experiments where BFA was not added, culture supernatants were assayed for the indicated
cytokines using kits from eBioscience according to the manufacturer’s instructions. Where
indicated, 10 nM all-trans RA (Sigma) or 1uM LE540 (Wako Chemicals) was added to
culture wells. In some experiments, DCs were incubated with 10 nM RA for 18 hr, washed
extensively and cocultured with freshly isolated OT-11 T cells.

Quantitation of gene expression using real-time PCR

Total RNA from purified IECs was extracted using RNeasy kits (Qiagen), and DNase-treated
total RNA was reverse-transcribed using High-Capacity Reverse Transcription Kit (Applied
Biosystems) according to manufacturer’s instructions. Expression of RALDH1A1,
RALDH1A2, CYP26A1 and CTBP1 was determined by quantitative PCR with Power
SYBR Green PCR Master Mix (Applied Biosystems) per manufacturer’s instructions using
a 7900HT real-time PCR instrument (Applied Biosystems). Ubiquitin levels were measured
in a separate reaction and used to normalize the data.

Quantitation of tissue retinoids

Retinyl esters (RE), all-trans retinol (ROL), and all-trans RA were extracted from the
duodenum, jejunum, and ileum as described (17,18). RA was quantified by LC/MS with
atmospheric pressure chemical ionization. RE and ROL were quantified by HPLC (19).
Tissues were harvested and retinoids handled under yellow light using only glass laboratory
equipment. Results were normalized to per gram tissue weight.

Cancer Immunol Res. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Penny et al.

Histology

Page 5

Histological studies utilized immunofluorescence staining. 11 normal and 8 FAP patient
samples were analyzed. For human stains, primary antibodies, all from PTG, were p-catenin
(51067-2-AP), CTBP1 (Human Protein Atlas (HPA) HPA018987), RALDH1A1 (15910-1-
AP), RALDH1A2 (HPA010022), CYP26A1 (HPA C6498). Chicken secondary antibodies
include anti-rabbit Alexa647 (Invitrogen). The same primary antibodies were used for
mouse stains, except for RALDH1A2 (Abcam ab96060). Secondary antibodies include
DyLight™ 649 goat anti-Armenian hamster (Biolegend 405505) and goat anti-rabbit
Alexa549 (Invitrogen). Images were collected using a Leica DM2500 confocal laser
scanning microscope, and analyzed using LAS AF software.

Drug treatment

Statistics

Results

40 ppm liarozole (Tocris Pharmaceuticals) or 8 ppm talarozole (custom-synthesized by
Acme Biosciences) was incorporated into a base diet (4 1U/g of vitamin A) by Research
Diets. A vitamin A deficient (0 1U/g) diet (VAD) was also utilized. Hematocrits were
measured every 2 weeks, while weights were measured every week. At the point of
euthanasia, adenomas were enumerated in a blinded fashion using a stereomicroscope at
10X magnification, from the gastro-duodenal junction to the ceco-colic junction.

The Mann-Whitney U test was performed in Prism (GraphPad) to analyze all experimental
data unless otherwise stated. £<0.05 =*; P<0.01 = **; P<0.001 = ***,

Altered RA metabolism contributes to an RA deficit in intestinal adenomas

To assess RA metabolism in patients with FAP and in APCMIV* mice, we analyzed the
expression of key enzymes regulating RA synthesis and catabolism in intestinal tissue (Fig.
1A and B). In these tissue sections, tumors are distinguished by constitutive B-catenin
expression (Supplementary Fig. S1A). Overall, samples from a total of 11 normal colon and
8 FAP adenoma patients were analyzed. The results revealed reduced expression of
RALDH1A1 and RALDH1AZ2 in adenomatous epithelia relative to healthy tissue in both
human FAP and APCMiIV* adenomas (Fig. 1A and Fig. 1B). In agreement with the
observation that CYP26A1 mRNA is upregulated in APCMi* adenomas (20), CYP26A1
protein was upregulated in FAP adenomas compared to normal colon (Fig. 1A). Elevated
expression of CTBP1 has been reported to inactivate RDH (21) and as shown in Fig. 1A,
CTBP1 was upregulated in FAP and APCMin* adenomas. Quantification of fluorescence
intensity confirmed a clear upregulation of CYP26A1 and downregulation of RALDH1AL in
diseased crypts of FAP patient samples compared to healthy tissue (Supplementary Fig.
S1B). These results were validated in mice by measurement of mRNA isolated from sorted
WT and APCMiIV* intestinal epithelial cells (Fig. 1B).

Retinoic acid metabolizing enzymes from tumors dissected away from surrounding tissue
were analyzed by western blot to determine protein expression. In agreement with
immunofluorescence observations, tumors exhibited local alterations in expression of RA

Cancer Immunol Res. Author manuscript; available in PMC 2017 November 01.
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metabolizing enzymes relative to surrounding tissue (Fig. 1C and Supplementary Fig. S1C).
In order to determine how the size, and consequently the age, of tumors correlated with
alterations in expression of RA metabolizing enzymes, tumors were dissected, pooled based
on size, RNA isolated from them, and qRT-PCR performed. The smallest and most recently
formed tumors exhibited the greatest elevation of CYP26A1 expression, whereas the larger
tumors contained CYP26A1 RNA comparable to normal tissue (Supplementary Fig. S1D).
Conversely, RALDH1A1 RNA was reduced in tumors of all sizes, whereas RALDH1A2
RNA was consistently elevated in tumors of all sizes (Supplementary Fig. S1D). Thus,
CYP26A1 was elevated in small/early adenomas and RALDH1A1 was consistently reduced
in tumors of all sizes.

The net effect of diminished expression of RA-synthesizing enzymes and increased
expression of RA-catabolizing enzymes suggested a local RA deficit in intestinal polyposis.
To test this possibility we used a highly sensitive assay based on quantitative mass
spectrometry to measure RA. The results revealed reductions in RA concentrations
throughout the intestine of APCMIN* mice by comparison to WT mice (Fig. 1D). The
reduction of RA was observed at early-stage disease and persisted through later stages of
disease (data not shown). Retinol (ROL), and vitamin A in the storage form retinyl esters
(RE) were also measured. Although retinol was reduced in the APCMIV* jleum, tissues from
WT and APCMiI* mice had comparable amounts of retinyl esters, indicating that the RA
deficit is not due to a lack of vitamin A absorption or storage (Supplementary Fig. S1E).
Nevertheless, this deficit did not only occur in tumors as hepatic stores of RA were also
reduced (Supplementary Fig. S1F). Taken together, these data suggest a RA deficit in FAP
and APCMin+ jntestine, likely explained by a combination of reduced synthesis and excess
breakdown of the molecule local to the tumor environment.

Effects of vitamin A-deficient (VAD) diet and vitamin A restoration on tumorigenesis

We utilized APCMI* mice to assess the impact of altering the concentration of intestinal
RA on tumorigenesis. Eight-week-old APCMi* mice were placed on a VAD diet for 6
weeks to test the effect of a further reduction in RA. Intestinal RA measurements confirmed
that VAD exacerbated RA loss, with a reduction in the ileum, the main site of tumor
formation in this model (Fig. 2A). Compared to mice on the base diet, mice on a VAD diet
developed more tumors in all three regions of the small intestine, contributing to an increase
in overall tumor number (Fig. 2B). They also lost more weight than base diet-treated control
mice and trended towards lower hematocrits as well (Fig. 2C).

To investigate the possibility that restoring intestinal RA might have a beneficial impact on
tumorigenesis, we administered RA intraperitoneally (i.p.) twice weekly for 6 weeks to
APCMI* mice, beginning at 8 weeks of age and using the same protocol that has been
reported to attenuate ileitis in a mouse model of Crohn’s disease (22). However, this regimen
did not increase RA concentrations in APCMIV* mice (Supplementary Fig. S2A). Such
direct RA administration correspondingly did not improve disease outcome in terms of
tumor burden (Supplementary Fig. S2B) or other disease indicators such as body weight and
hematocrit (data not shown).

Cancer Immunol Res. Author manuscript; available in PMC 2017 November 01.
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Given the tight physiological control of RA levels, a potential explanation for the failure of
RA i.p. to increase RA was that administered RA is rapidly catabolized by the upregulated
CYP26A1 in APCMIN* tissue (20). On this basis, we evaluated an alternative strategy to
reconstitute intestinal RA by targeting the upregulated CYP26A1 with liarozole, an inhibitor
of this enzyme (23). When 8-week-old APCMiI* mice were fed chow containing liarozole at
40 ppm for 6 weeks, RA was restored in the ileum of liarozole-treated mice (Fig. 2A).
Moreover, compared to base diet-treated controls, liarozole-fed APCMi* mice exhibited a
reduction in overall tumor burden (Fig. 2B), as well as a substantial increase in body weight
and a lesser decrease in hematocrit (Fig. 2C). To confirm the detrimental effects of
upregulated CYP26A1 and validate our results with liarozole, we treated APCMIV* mice
with talarozole, a highly selective inhibitor of CYP26 that is structurally distinct from
liarozole.(24) Consistent with the results from liarozole treatment, talarozole improved
disease outcome (Fig. 2D).

APCMin/* | PDCs preferentially induce Th17 cells

Given the importance of DCs in maintaining immune tolerance in the intestine, we
hypothesized that low RA in the intestine of APCMI"* mice might affect local DC function.
At steady state, DCs in the gut consist of three phenotypically distinct populations:
CD103*CD11b~, CD103*CD11b* and CD103~CD11b* DCs. No significant differences in
the frequencies of the three main DC subsets were observed in the small intestine LP (SI-
LP) of APCMiIn* mice compared to WT mice (Supplementary Fig. S2C). Further studies of
SI-LPDCs from APCMiI* mice revealed that, although their expression of costimulatory
molecules was similar to that of WT SI-LPDCs (Supplementary Fig. S2D), they secreted
much more pro-inflammatory cytokines such as TNFa, IL6 and 1L12p40 under basal
conditions and in response to a panel of Toll-like receptor agonists (Supplementary Fig.
S2E). As CD103* LPDCs are the main cells responsible for generating Tregs in the
intestinal environment (12), we sorted LPDCs into CD103* and CD103~ subsets (sorting
strategy shown in Supplementary Fig. S3) and assessed the role of each subset in a
conventional TGFp-dependent Treg induction assay (12,14,15). This assay utilizes a
relatively low concentration of peptide as this is important for Treg differentiation (25-27).
Although we attempted to sort the highest CD11c-expressing cells from the lamina propria,
it is possible that the CD103™ cell population had some contaminating macrophages.
APCMin* cD103* LPDCs only induced 25% of the Foxp3* T cells compared to their WT
counterparts (Fig. 3A). In contrast, CD103~ LPDCs from WT and APCMi* mice induced
Foxp3* T cells equally (Fig. 3A). Both CD103~ and CD103* APCMin* | PDCs induced
more Th17 cells compared to the WT LPDC subsets (Fig. 3A). Consistent with these results,
supernatants obtained from whole APCMi* | PDC-T-cell cocultures contained only one-
sixth of the 1L10 compared to WT LPDC cocultures (Fig. 3B). Moreover, there was a
concomitant and similarly dramatic increase in IL17A (Fig. 3B), an inflammatory cytokine
that plays an important role in adenoma development (9). Since Th17 differentiation requires
IL6 in addition to TGFP (28) and no exogenous IL6 was added to our cultures, we measured
IL6 in coculture supernatants and, as expected, found more in APCMi* | PDC cocultures
compared to WT cocultures (Fig. 3B).

Cancer Immunol Res. Author manuscript; available in PMC 2017 November 01.
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RA reverses the inflammatory phenotype of APCMin/* | PDCs in vitro

APCMIiN'* | pDCs expressed less RALDH1A2 compared to WT LPDCs (Supplementary Fig.
S4), possibly reducing their RA synthesis capacity and exacerbating their proinflammatory
phenotype. Therefore, we hypothesized that the pro-inflammatory phenotype of APCMin/+
LPDCs could be modulated by RA exposure. To assess this we added RA or the RA receptor
antagonist LE540 to LPDC-T-cell cocultures. The addition of RA to APCMi* | pDC—-T-cell
cocultures restored the induction of Foxp3* CD4 T cells to WT coculture numbers (Fig. 3C
and D) and also strongly inhibited the production of IL17A (Fig. 3E). In contrast, LE540
abrogated Foxp3 induction in both WT and APCMi* | PDC cocultures (Fig. 3C and D) and
greatly enhanced IL17A production in APCMi* cocultures (Fig. 3E). To determine whether
the normalizing effects of RA were due to direct action on DCs, CD103" and CD103~
LPDCs from WT and APCMiI* mice were incubated with 10 nM RA for 18 hours,
extensively washed, and then cocultured with OT-11 T cells to assess their effects on T-cell
differentiation. RA treatment completely reversed the proinflammatory phenotype of both
APCMIn* | pPDC subsets, reducing their induction of Th17 cells to WT levels (Fig. 3F and
G). Although induction of Foxp3*CD4* T cells by RA-treated APCMin*+ | PDCs trended
toward WT levels, this increase did not reach statistical significance (data not shown). Taken
together, these results indicate that RA can act directly on APCMiV+ | PDCs to suppress
their Th17-polarizing capacity.

Th17 inflammation is exacerbated by VAD diet and alleviated by RA restoration

Since altered RA concentrations in the intestine have been linked to mucosal inflammation,
we sought to determine whether modulation of RA /n vivo via VAD diet or blockade of RA
catabolism via liarozole treatment affected Th17 frequency. Mice maintained on a VVAD diet
had an almost three-fold increase in Th17 cells relative to untreated control mice, whereas
liarozole-treated APCMiI* mice had a nearly 75% reduction in the number of Th17 cells
(Fig. 4). These findings show that repletion of RA reverses the proinflammatory phenotype
of LPDCs, attenuates Th17-driven inflammation and ameliorates disease, whereas depletion
of RA exacerbates inflammation and disease.

Ablation of DCs reduces tumor burden in APCMIN* mice

To directly assess the role of DCs in tumor progression, we generated bone marrow (BM)
chimeras using donor cells in which diphtheria toxin A (DTA) is activated in CD11c-
expressing cells (CD11c:DTA mice) (29). Chimeras generated with CD11¢c-DTA BM
exhibited greatly reduced numbers of DCs in the SI-LP compared to chimeras with WT and
APCMin+ BM (Fig. 5A). As shown in Fig. 5B, DC depletion in APCMi* mice resulted in a
decrease in total tumor frequency relative to mice reconstituted with APCMin/* BM.,
Reconstitution with WT BM also led to a reduction in tumor number, although the reduction
did not reach statistical significance. These results directly demonstrate that DCs in
APCMIn* mice exacerbate tumor progression, and are consistent with our finding that a
factor in the gut microenvironment, which we believe to be RA, regulates these cells.

Cancer Immunol Res. Author manuscript; available in PMC 2017 November 01.
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Discussion

Our study quantitatively demonstrates RA deficiency in the intestinal tissue of a murine
model of spontaneous familial intestinal polyposis. In addition, we report that restoration of
intestinal RA attenuates inflammation with a concomitant reduction in polyp formation.
Although RA inhibits the growth of a variety of tumor cell lines, including osteosarcoma
(30), breast (31,32), thyroid (33), and even head and neck (34) cancer, such /in vitro findings
lack the clinical relevance of the APCMIV* model. In an azoxymethane-induced rat model of
colon cancer, 9-cis-RA reduces the multiplicity of aberrant crypt foci in the colon (35). This
finding is consistent with our findings, although the model of colon cancer utilized was
chemically induced, and may not recapitulate the physiological condition as well as the
APCMin* model. Whereas these previous studies focused on the anti-proliferative and
differentiating effects of RA, we highlight its potent capacity to modulate the tumor immune
profile. RA repletion alone can attenuate inflammation as well as impede disease
progression in the APCMIV* model.

The APCMiN* model differs from FAP in one major respect, the principal location of tumors
(ileum vs. colon). Nonetheless, the model is considered highly relevant to FAP due to its
similarities in virtually all other aspects of the disease. Moreover, anti-inflammatory drugs
and other agents that reduce inflammation and tumor growth in APCMi*+ mice also reduce
tumor growth in the colon of FAP patients (36). Our data show that affected colons from
FAP patients express inflammatory markers and abnormalities in RA metabolism consistent
with those seen in the APCMIV* small intestine. Although we saw substantial decreases in
RA concentration in all sections of the APCMI"* small intestine, it remains to be understood
why the majority of polyps develop in the ileum, with few (<3) polyps ever observed in the
colon.

We found that APCMiIV* mice have an RA deficit in their intestines. The reduction was due
to both diminished synthesis and excessive breakdown of the molecule. Expression of the
RALDH enzymes that promote RA production was reduced in APCMiI* intestinal epithelial
cells (IECs), along with a marked accumulation of CTBP1, which normally suppresses RDH
(21). Constitutive expression of B-catenin downstream of the APC mutation upregulates the
major RA catabolic enzyme, CYP26A1 (20). Indeed, we observed upregulated CYP26A1
expression in APCMin* and FAP adenomas, consistent with previous findings in sporadic
colorectal carcinomas and the intestine of APC-mutant zebrafish embryos (20). Taken
together, these results point to several mechanisms that cooperate to decrease RA
concentration in the tumor milieu.

The role of intestinal inflammation in the development of adenomas in the APCMIV* model
of spontaneous neoplasia is well-documented. However, the few immunological studies
performed on APCMiIV* mice and related APC mutation models have focused almost
exclusively on altered T-cell responses, with little attention directed at the underlying cause
of these changes (7,9,37-39). Our findings suggest that proinflammatory LPDCs in these
mice may play an important role in inducing and maintaining Th17 cells. This contrasts with
the LPDCs of healthy mice, which do not promote inflammation but instead maintain
immune tolerance through the generation of Tregs (12,14,15,40). Stimulation with various
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TLR ligands causes LPDCs to produce more IL6 and TNF when compared to LPDCs from
wild-type mice. It is well known that efficient induction of Th17 cells requires TGFp and
IL6 (41). The addition of TGFp to cultures simultaneously reduced IL6 release from LPDCs
as well as stimulated the generation of 1L17-producing Th17 cells. Given the widely
reported pleiotropism of TGFp proteins, this seemingly contradictory effect is not surprising
and potentially represents a control mechanism for restricting the induction of Th17 cells.
When proinflammatory LPDCs from APCMin* mice are cultured in the presence of RA, in
vitro, or exposed to increased concentrations of RA /n vivo, they revert to tolerogenic cells.
Although these findings do not prove that LPDCs are the only immune cells affected by RA
deficiency, they highlight their importance in promoting the intestinal inflammation that
characterizes this disorder.

A subset of intestinal macrophages also expresses CD11c and MHC 11 (42). As such, these
cells may have been included in our DC-enriched LP preparations, although their
contribution to intestinal inflammation in APCMiI"* mice is unknown. Regardless, the
induction of Th17 cells by LP antigen-presenting cells might explain the dependence of
tumor growth on IL17 in the APCMIN* intestine (9) and potentially represents a critical
control point in shaping the inflammatory milieu that drives tumor growth.

Our studies also examined the impact of RA metabolism on intestinal DC subsets. The data
indicate that both CD103* and CD103~ LPDC subsets are responsive to local fluctuations in
RA concentration and adopt a proinflammatory phenotype in the presence of reduced RA.
The CD103* LPDCs isolated from APCMin* mice were more phenotypically altered than
the CD103~ LPDC:s, following /n vitro and in vivo modulation of RA concentrations.
Although our studies indicate that RA can act directly on APCMi* LPDCs to reverse their
inflammatory phenotype, RA may impact intestinal inflammation through additional
mechanisms. One potential mechanism involves IL22, which is a potent inducer of
pathological inflammation (43) that promotes intestinal tumorigenesis in APCMIN* mice
(44). The secreted receptor that inhibits 1L22, IL22BP, is constitutively produced by mouse
intestinal CD11b*CD103* DCs (45). RA can elicit the expression of IL22BP in human
immature monocyte-derived DCs (45), suggesting that RA may regulate intestinal tolerance
in vivo via expression of IL22BP by the mouse CD11b*CD103* DC subset. In another
study, mice given a pan-RAR antagonist or subjected to radiation-induced mucosal injury to
obtain an acute VAD state selectively lost the CD11b*CD103* DC subset (46). These
findings suggest that CD11b*CD103* DCs are particularly dependent on RA for their
function. Whether the effect of RA on APCMIN* | pDCs depends on 1L22 remains to be
determined.

Large i.p. doses of RA did not reduce tumor burden or impact GI inflammation, which
initially puzzled us, but was explained by the lack of increased RA concentration in the
intestine which, in turn, is likely due to rapid catabolism of the injected RA by upregulated
CYP26AL1. This result is consistent with a prior report of orally administered RA not
benefiting and, in fact worsening, disease in APCMiV* mice (47). In contrast to systemically
administered RA, our study showed that the CYP26A1 inhibitor, liarozole, increased
intestinal RA, reduced Th17 inflammation, and ameliorated disease. Because liarozole can
affect other CYP enzymes in addition to CYP26A1, we studied talarozole, a third generation
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retinoic acid metabolism-blocking agent. Like liarozole, talarozole inhibits CYP26A1 from
hydroxylating carbon 4 of RA (23), thus preventing the catabolism of RA. However, in
contrast to liarozole, talarozole has virtually no effect on other CYP-dependent activities
(48) and is specific to certain isoforms of CYP26A1. Moreover, it is structurally unrelated to
liarozole and generates different metabolites (23). As shown in our study, talarozole, like
liarozole, ameliorated disease, confirming that tumor development induced by intestinal
inflammation can be reversed by inhibiting RA breakdown.

Conversely, a VAD diet resulted in more pronounced DC-mediated inflammation and
exacerbation of all disease parameters. A standard protocol for achieving vitamin A
deficiency in mice is to place pregnant dams on a 0 1U/g vitamin A diet beginning day 7-10
of gestation (49). However, we observed that RA concentrations were further reduced from
baseline in APCMiI* mice fed a VVAD diet for 6 weeks starting at 8 weeks of age, suggesting
that the existing RA deficiency in the APCMIM* intestine may make these animals more
susceptible to the effects of VAD. In contrast, WT mice subjected to the same VVAD diet and
protocol did not exhibit any signs of inanition and appeared to tolerate this diet well (data
not shown).

In studies of a mouse model of Crohn’s disease in which TNFa is constitutively produced,
Collins and colleagues showed that RA concentrations are reduced in this model and RA
supplementation attenuates ileitis (22). Like APCMIN* mice, regulatory LPDCs were
reduced in frequency in this model and recovered with RA treatment, but proinflammatory
LPDCs were not found. Also, whereas oral RA proved effective in the Crohn’s model, it was
ineffective in APCMI* mice, suggesting that the mechanism responsible for the RA deficit
in these two models is distinct. Despite these differences, the combined results suggest that
RA deficiency may underlie several inflammatory disorders of the intestine.

Although we did not measure RA in FAP tissues, an RA deficit likely occurs in this disease,
based on the severe vitamin A metabolism defects seen in FAP intestine. Given their many
shared features, it is reasonable to hypothesize that the beneficial impact of RA
reconstitution on APCMin+ disease might also be seen in FAP. Attempts to increase RA in
the intestine of patients with inflammatory bowel disorders must be undertaken with caution,
since RA in combination with 1L15 has been reported to induce proinflammatory DCs in a
mouse model of celiac disease and pharmacological retinoid treatment may be a risk factor
for inflammatory bowel disease (50,51). Nonetheless, our results provide a strong rationale
for studying CYP26A1 inhibitors in appropriate patients. Liarozole and talarozole have been
evaluated in clinical trials for diseases unrelated to FAP or colorectal cancer and are
apparently well-tolerated (52,53). These or other agents that safely increase intestinal RA
have the potential to reverse inflammation and reduce tumor burden as observed here in
APCMIN/* mice,
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Intestinal adenomasin FAP patients and APCMIN* mice exhibit similar defectsin RA
metabolism, contributing to alocal RA deficit

WT O; APCMin+ g,

(A) Immunofluorescence stains of RALDH1A1, RALDH1A2, CTBP1 and CYP26A1 (red)
in human tissue sections with adenomas demarcated from surrounding healthy tissue by a
dashed line. Shown are samples from a representative normal colon and a representative
FAP adenoma out of a total of 11 normal and 8 FAP patient samples analyzed. Images for
the FAP column show serial sections of the same adenoma with adjacent normal grossly
uninvolved tissue. (B) The left panel shows immunofluorescence stains of RALDH1AL,
RALDH1A2 and CTBP1 in a representative APCMIV* mouse small intestine at late-stage
disease. Dashed lines outline adenoma (tumor) tissue surrounded by uninvolved tissue. The
magnification bar shown is 100 um. All the images in (A) and (B) have the same
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magnification and were captured using the same exposure time and fluorescence settings for
each protein of interest. The right panel shows the expression of RALDHI1AI, RALDHIA?Z,
and CTBPI in FACS purified 18-week old WT and APCMi* jntestinal epithelial cells
(IECs) normalized to ubiquitin b, as assayed by qPCR on total RNA. Data are representative
of 3 independent gPCR experiments, with IECs pooled from 3 sorts per time point using at
least 5 WT and at least 3 APCMI"* mice per sort. (C) Immunoblots for RALDH1A1 and
RALDH1AZ2 using lysates of tumor and healthy tissue surrounding the tumors from 4 18-
week-old APCMI* mice. (D) Mean concentrations of RA (with SEM) per gram tissue. RA
was quantified by LC/MS in the duodenum, jejunum and ileum of 18-week old WT and
APC Min+ mice with 5 mice per strain. *, £ <0.05, ** P< 0.01; *** P< 0.001.
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Figure 2. Vitamin-A deficient diet (VAD) reducesintestinal RA and exacer bates disease, while
CYP26A1 inhibition restoresintestinal RA levels and amelior ates disease

Base M; VAD ®; liarozole 0. Groups of 8 week-old APC Min* mice were placed on base
diet, VAD diet, base diet containing liarozole 40 ppm for 6 consecutive weeks. (A) As in
Fig. 1D, RA was quantified by LC/MS, with 5 mice per dietary treatment. Mean number of
tumors (B), mean change in percentage body weight and hematocrit (C) at 14 weeks are
shown for APCMin* mice given these treatments. (D) Additional groups of 8 week-old
APCMI* mice were fed chow containing talarozole 8ppm for 6 weeks, and intestinal
tumors enumerated. For (A-D), data for VAD-fed mice are aggregated from 2 independent
experiments, with 4 mice per experiment; data for liarozole-treated mice are aggregated
from 4 independent experiments, with at least 4 mice per experiment. For (D), data for
talarozole-treated mice are aggregated from 2 independent experiments, with 5 mice per
experiment. *, P <0.05, ** P<0.01; ***, P<0.001.
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(A) To assess Treg induction capacity, LPDCs, defined as PI~ EpCAM~™ CD45* Lin

CD11chi MHCII* (Supplementary Fig. S3), were further sorted into CD103* and CD103~
subsets and cocultured with CD4*CD62L*Foxp3~ naive T cells from OT-1I mice, along with
OVA353. 339 peptide and TGFB, and the frequency of Foxp3* and IL17A* T cells was
determined after 4 days. Shown are the mean frequencies of Foxp3* T cells and IL17A* T
cells induced in these cultures, representative of 3 independent experiments. (B) Whole
LPDC-T-cell cocultures were stimulated with plate-bound anti-CD3 and anti-CD28 for the
last 6 hr of coculture and I1L10, IL17A and IL6 were assayed in the supernatants. The
experiment shown is representative of 4 independent experiments. (C—E) All-trans RA or the
RAR antagonist LE540 was added to whole CD11c+ LPDC-T-cell coculture wells at the
initiation of coculture, and induced Foxp3™ T cells are shown in representative dot plots and
bar graphs (C-D). (E) Cells were stimulated with plate-bound anti-CD3 and anti-CD28 for
the last 6 hr of coculture. Bar graphs show mean production of IL17A in culture
supernatants harvested at the end of coculture. For (C-E), results shown are representative of
4 independent experiments. (F-G) CD103* and CD103~ LPDCs were incubated with all-
trans RA (+RA) or in media alone (control) for 18 hr, washed extensively and cocultured
with naive T cells as before. Representative dot plots and bar graphs show the mean
frequency of the induced IL17A*CD4* T cells. For (F-G), results shown are representative
of 3 independent experiments. For (A-G), DCs are pooled from 5 WT and 3 APCMi* mice
per experiment, all at 18 weeks of age. *, £ <0.05, ** P< 0.01; ***, £<0.001.
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Figure 4. Restoration of RA in vivo rever sesthe proinflammatory phenotype of L PDCs of
APCMIN* mice

Fold change in the mean frequency of IL17A* CD4* T cells in LP from APCMi* mijce
treated with liarozole, VAD or base diet, as described in Fig. 2. The experiment shown is
representative of 2 independent experiments, with 4 mice per diet. DCs obtained were
pooled from all mice on the same diet in each experiment. *, P <0.05; ***, P< 0.001.
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Figure5. Ablation of CD11c+ DCsin APC Min/+ mice reduces adenoma for mation
WT [0; CD11¢c-DTA ©; APCMIn* @, 6 week-old APCMiI* mice were lethally irradiated

and reconstituted with WT, APCMiI* or CD11c-DTA BM. (A) Representative dot plots and
bar graphs depict DC populations in the SI-LP of CD11c-DTA BM-reconstituted APC Min/+
mice compared to those reconstituted with WT or APCMi* BM, using 3 mice per group.
(B) Scatter plots of tumors in the small intestine enumerated at 24 weeks, as aggregated
from 2 independent experiments, with at least 4 mice per group per experiment. *, £ <0.05,
*#* p<0.01; *** P<0.001.
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