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Background: Colorectal cancer (CRC) is the third leading cause of cancer in the United States, and inflammatory bowel disease patients have an
increased risk of developing CRC due to chronic intestinal inflammation with it being the cause of death in 10% to 15% of inflammatory bowel
disease patients. TIPE2 (TNF-alpha-induced protein 8-like 2) is a phospholipid transporter that is highly expressed in immune cells and is an im-
portant regulator of immune cell function.

Methods: The azoxymethane/dextran sulfate sodium murine model of colitis-associated colon cancer (CAC) was employed in Tipe27- and wild-
type mice, along with colonoid studies, to determine the role of TIPE2 in CAC.

Results: Early on, loss of TIPE2 led to significantly less numbers of visible tumors, which was in line with its previously described role in myeloid-
derived suppressor cells. However, as time went on, loss of TIPE2 promoted tumor progression, with larger tumors appearing in Tipe27 mice.
This was associated with increased interleukin-22/STAT3 phosphorylation signaling. Similar effects were also observed in primary colonoid cul-
tures, together demonstrating that TIPE2 also directly regulated colonocytes in addition to immune cells.

Conclusions: This work demonstrates that TIPE2 has dual effects in CAC. In the colonocytes, it works as a tumor suppressor. However, in the
immune system, TIPE2 may promote tumorigenesis through suppressor cells or inhibit it through 11-:22 secretion. Going forward, this work sug-
gests that targeting TIPE2 for CRC therapy requires cell- and pathway-specific approaches and serves as a cautionary tale for immunotherapy
approaches in general in terms of colon cancer, as intestinal inflammation can both promote and inhibit cancer.

Lay Summary

TIPE2 (TNF-alpha-induced protein 8-like 2) regulates immune function. Here, we find that it differentially regulates the initiation and progression
of its immunoregulatory properties affect murine colitis-associated colon cancer initiation and progression. Surprisingly, we found that TIPE2 a
novel tumor suppressor in enterocytes, a cell compartment it was not previously known to directly regulate.
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Introduction used to study CRC.* Like other cancers, CRC can evade im-
mune system Kkilling by upregulating inhibitory immune
checkpoints, leading to an immunosuppressive microenviron-

Inflammatory bowel disease (IBD) patients have an increased ment.’ Recent clinical successes have overcome thgse escape
risk of developing CRC due to chronic intestinal inflamma- mechanisms, such as the use of PD-1 checkpoint inhibitors

tion; CRC is the cause of death in 10% to 15% of IBD pa- (including in CRC),*¢ leading to a focus identifying immune
cell populations that support this immunosuppressive envir-

onment and the regulation of these immune cell populations,
notably including myeloid-derived suppressor cells (MDSCs)”

Colorectal cancer (CRC) is the third leading cause of cancer
in the United States, responsible for 8% of all cancer deaths.!

tients.? Spontaneous CRC and colitis-associated colon cancer
(CAQ) share significant pathophysiology, including the same
set of mutations (ie, p53, K-Ras, and APC), although the .
mutation order is different in CAC.> Murine CAC has high and regulatory T cells. in CRC. ) )

histological and genetic homology with both human CAC TIPE2 (TNF-alpha-induced protein 8-like 2 or TNFAIPSL.2)

and spontaneous CRC?; thus, murine CAC models are widely is a phospholipid transporter”! that is highly expressed in
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immune cells.'? TIPE2 is a complex regulator of immune cell
function; its loss results in increased inflammatory cytokine
production and T cell proliferation, differentiation, and ac-
tivation'? and its knockout enhances macrophage phago-
cytosis and oxidative burst.”® Its loss also results in MDSC
dysfunction." TIPE2 is also required for proper regulatory
T cell function.'>!* In the Sv129 background, this even leads
to spontaneous inflammation as the mice age.'> Perhaps most
critically, loss of TIPE2 results in deficits in immune cell
chemotaxis,'®™!" leading to diminished murine acute dextran
sodium sulfate (DSS) colitis!” and experimental autoimmune
encephalitis,'"!? but with an increased susceptibility to infec-
tion.'®!” Together, TIPE2 is viewed as a critical regulator of
immune cell function, with both inhibitory and excitatory ef-
fects, depending on the cell type and function being studied.?

Perhaps unsurprisingly, given its critical role in the immune
system, TIPE2 has been associated with multiple types of
cancer.?” In the gut, RNA levels of TIPE2 are increased in human
CRCtissue,and expression correlates with disease severity,?! but
its loss protects against acute DSS colitis,!” suggesting that the
association with CRC is immune driven. More globally, TIPE2
has been identified in genome-wide association studies as being
associated with IBD, likely through its immunoregulatory func-
tions.”? Here, we utilize the azoxymethane (AOM)/DSS model
of murine CAC (also known as AOM/DSS CAC) to uncover
the role of TIPE2 in the initiation and progression of CAC.

Methods

Animals

Wild-type (WT) C57BL/6 (B6) and Tipe2”- B6 mice were
bred in house. Tipe2”~ mice were previously generated,
as described elsewhere.'> All mice used in this study were
housed under pathogen-free conditions in the University of
Pennsylvania Animal Care Facilities. All animal protocols
used were preapproved by the Institutional Animal Care and
Use Committee of the University of Pennsylvania.

Colitis-Associated Colon Cancer

To induce colon tumors, 8- to 12-week-old, age-matched, fe-
male?® mice were first given 10 mg/kg AOM (Sigma-Aldrich,
St. Louis, MO) intraperitoneally. One week later, experimental
colitis was induced by adding Affymetrix brand 2.5% DSS
(Thermo Fisher Scientific, Waltham, MA) drinking water for
7 days, followed by 14 days of water. Two or 3 more cycles
of 7 days of DSS followed by 14 days of water were then ad-
ministered. DSS concentration was 2.5%, or reduced to 2% if
the weight loss of the mice became excessive enough to jeop-
ardize their health (defined as >15% initial body weight loss).
If DSS concentration was reduced, it was reduced for all mice
in that study, regardless of genotype or cage that they were
housed in. Weight, presence of bloody stool, and body pos-
turing were tracked to assess for the progression of disease.
At the end of the experiment, mice were sacrificed and tissues
were processed for subsequent experiments. Distal colonic
samples were snap frozen in dry ice for subsequent RNA and
protein analyses or collected as described subsequently for
other analyses.

Histopathological Scoring

Colon samples were Swiss-rolled, fixed in 10% neutral buf-
fered formalin (Thermo Fisher Scientific) overnight at 4°C,

and transferred to 70% ethanol before paraffin embedding
and subsequent staining. Damage severity was evaluated
using hematoxylin and eosin—stained sections by blinded in-
vestigators using a scoring system from 0 to 40 that accounts
for epithelial damage and immune infiltration, as previously
described.?* For evaluation of neoplasia, blinded scoring was
done in house and verified with the PennVet Comparative
Pathology Score. In both cases, proliferative lesions classifica-
tion was done according to the original criteria of the Mouse
Models of Human Cancers Consortium? with subsequent
updates of nomenclature and grading scheme.?®

RNA Isolation and Real-Time Polymerase Chain
Reaction

RNA was isolated using TRIzol (Thermo Fisher Scientific),
followed by a Qiagen RNeasy kit (Qiagen, Valencia, CA),
per manufacturer protocol, and reverse transcribed to com-
plementary DNA with a high-capacity reverse transcription
kit (Applied Biosystems, Foster City, CA). Real-time poly-
merase chain reaction (PCR) was performed using an ABI
7500 Fast Real-Time PCR System (Applied Biosystems) or
a Quantiflex 12X Real-Time PCR system (Thermo Fisher
Scientific). Relative fold changes were determined using the
AAC, calculation method. Values were normalized to the in-
ternal control, 18s ribosomal RNA, that was amplified using
QuantiTect Primers (Qiagen). Primers that were manufac-
tured by Integrated DNA Technologies (Coralville, lowa) are
as follows: 116 (5-CGGAGGCTTAATTACACATGTT-3" and
5-CTGGCTTTGTCTTTCTTGTTATC-3"), Il1b (5’-GCCCA
TCCTCTGTGACTCAT-3" and 5'-AGGCCACAGGTATTTT
GTCG-3), TNF (5"-ATGAGCACAGAAAGCATGATC-3" and
5- TACAGGCTTGTCACTCGAATT-3"), and 1122 (5"-AGAA
GGCTGAAGGAGACAGT-3" and 5-GACATAAACAGC
AGGTCCAGTT-3"). Additional QuantiTect Primers include
Itgae, 11237, 1123, Tnfaip812, and Piprc.

For these studies, distal colonic tissue samples were col-
lected at the time of animal sacrifice and flash frozen in dry
ice. For lamina propria and enterocyte tissue and tumor frac-
tions, cells were isolated as described in the flow cytometry
protocol, and then immediately placed in TRIzol.

Colonocytes were isolated from freshly harvested colons as
previously described.?” For tumor tissue isolation, individual
tumors were micro-dissected before the enterocyte prepar-
ation was performed.

Serum Cytokines

Serum cytokine levels were analyzed by Luminex Assay
(Thermo Fisher Scientific) by the University of Pennsylvania’s
Human Immunology Core according to manufacturer’s
protocol, or via sandwich enzyme-linked immunosorbent
assay (ELISA). For the sandwich ELISA, serum samples were
collected and stored at -80°C before analysis. Purified and
biotinylated anti-mouse interleukin (IL)-6 (Cat# 504504,
504601), IL-22 (Cat# 516402, 516407), and tumor necrosis
factor o (Cat# 506302, 506311) antibodies used in ELISA
were purchased from BioLegend (San Diego, CA). Quantitative
ELISA was performed according to the manufacturer’s
instruction. Cytokine content was presented as pg/mL.

Colonic Explant Cultures

Colonic explant studies were performed as previously de-
scribed.?® Briefly, colon segments from mice at the 70-day
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point of our AOM/DSS protocol were sacrificed and their co-
lons were collected and flushed with phosphate-buffered sa-
line (PBS) to remove fecal contents, opened lengthwise, and
shaken vigorously for 30 minutes in PBS. Tissue was then ap-
portioned to wells (50-100 mg of tissue per well) of a 24-well
tissue culture plate (Corning, Corning, NY) and cultured in
1 mL of complete RPMI 1640 medium containing 5% heat-
inactivated fetal bovine serum, penicillin, streptomycin, and
amphotericin B (all from Thermo Fisher Scientific/Invitrogen
[Carlsbad, CA]). Tissues were incubated at 37 °C for 18
hours, and supernatants were collected and stored at -20°C
until being assayed. Excreted cytokines were evaluated by
sandwich ELISA, as described previously.

Paraffin-Embedded Immunohistochemistry and
Immunofluorescence

Paraffin-embedded tissue sections were prepared according to
the manufacturer’s protocol for the corresponding primary
antibody, and primary antibody concentrations were per the
manufacturer’s datasheet. An appropriate Vectakit Elite ABC
(anti-rabbit or anti-mouse; Vector Laboratories, Burlingame,
CA) was then used per manufacturer’s protocol. DAB re-
agent was from Dako (Agilent, Santa Clara, CA). Slides were
then counterstained with hematoxylin (Gill No. 3 strength;
Thermo Fisher Scientific). Slides were washed and mounted
with VECTASHIELD Hardset Antifade Mounting Medium
(Vector Laboratories).

Primary immunohistochemical antibodies were anti-
pSTAT3Y705 (9145; Cell Signaling Technology, Danvers,
MA) and anti-Ki67 (ab16667; Abcam, Cambridge, England).

For quantification, 3 random images or slides were always
quantified. For STAT3 phosphorylation (pSTAT3) staining,
the number of crypt units with >50% of enterocytes staining
positive was quantified per 10 crypt lengths. For Ki-67
staining, the length of the proliferative zone was quantified
for each crypt unit for all longitudinally sectioned crypts
within each image.

Flow Cytometry

Colons were dissected from mice subjected to 91 days of the
AOM/DSS CAC protocol. Tumors were then micro-dissected
out from the tissue and pooled. Epithelial cells were sloughed
off as previously described,”” with 45 minutes of shaking
in Hank’s balanced salt solution buffer containing 10 mM
EDTA at 4 °C, followed by multiple rounds of agitation with
a vortexer. Afterward, the epithelial cells were collected and
the remaining tissue was cut into small pieces and digested
with 100 U/mL Collagenase D (Roche/Sigma-Aldrich, St.
Louis, MO), 0.1 mg/mL DNase (STEMCELL Technologies,
Vancouver, Canada), and 0.5 mg/mL Dispase (STEMCELL
Technologies) for 1 hour in RPMI 1640 media with 5%
fetal bovine serum (Thermo Fisher Scientific). The resulting
slurry was strained and then washed twice with PBS, be-
fore being resuspended in fluorescence-activated cell sorting
(FACS) buffer (2% bovine serum albumin in PBS). These
single-cell suspensions were then incubated for 20 minutes
with fluorescence-labeled antibodies with the different com-
binations of the following antibodies: CD45.2, CD11b, CD3,
CD8a, CD8b, CD11c, and Grl (BioLegend) and CD4 and
Live/Dead Aqua (Invitrogen). Flow cytometry was conducted
using FACS CantoE (BD Biosciences, Franklin Lakes, NJ). All
data were analyzed with Flow]Jo software (version 10.0.7;
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Flow]Jo, Ashland, OR). The gating strategy is shown in Figure
S3, with initial size-gating to select lymphocytes, followed by
live-dead die selection, CD45-selection, and then gating on
the other markers as listed previously.

RNAScope

smFISH (RNAScope; ACDBio, Newark, CA) was performed
according to the manufacturer’s recommendations, using
their premade probes to Tnfaip8I2 and Ptrpc. Signal was
quantified using automated calculation of local maxima in
FIJI (version 1.51w; National Institutes of Health, Bethesda,
MD). Images were captured on a Zeiss 810 (Carl Zeiss,
Oberkochen, Germany). To overcome image heterogeneity, 2
or more images per mouse were quantified and averaged (5
images per mouse on average, unless sectioning limitations
dictated otherwise).

Mutant Colonoid Cultures

The colonic crypts from a C57BL/6] mouse (The Jackson
Laboratory, Bar Harbor, ME; stock no: 000664) were ex-
tracted and cultured as previously described in Sato et al.?’
The medium is Advanced Dulbecco’s modified Eagle me-
dium/F12 (Thermo Fisher Scientific; 12634-010), Glutamax
(Gibco/Thermo Fisher Scientific; 35050-061), 100 U/mL
penicillin/streptomycin (Invitrogen/Thermo Fisher Scientific;
15140-122), 1 mM N-acetyl cysteine (Sigma Aldrich;
A9165-5g), B27 supplement (Invitrogen/Thermo Fisher
Scientific; 17504-044), N2 supplement (Invitrogen/Thermo
Fisher Scientific; 17502-048), 50 ng/mL mouse epidermal
growth factor (PeproTech, Cranbury, NJ; 315-09), 100 ng/
mL mouse Noggin (PeproTech; 250-38), and 1 pg/mL mouse
R-spondin-1 (PeproTech, 315-32), 30 ng/mL Recombinant
Mouse Wnt-3a Protein (R&D Systems, Minneapolis, MN;
1324-WN).

The APC, P53 mutations were introduced by CRISPR-Cas9
editing. First, we generated CRISPR-Cas9 single guide RNAs
(sgRNAs) targeting the APC and P53 tumor suppressor genes.
Specifically, sgRNAs of APC, P53 were cloned into PX330
plasmid (Addgene, Watertown, MA; #42230) and transiently
transfected separately or together into normal organoid. Two
days after the transient transfection, the organoid with APC
mutations were selected by removing Wnt3a and R-spondin1
from the medium, while the organoid with p53 mutations was
selected by adding Nutlin-3 (10 pM/mL; Cayman Chemical
Company, Ann Arbor, MI; 10004372-1). Ten subclones were
picked from the engineered bulk tumoroids, and conditional
PCR and Sanger sequencing (provided by the University of
Pennsylvania sequencing core) were used to verify the muta-
tions in each subclone. The subclones with verified APC or
P53 mutations were pooled and used for downstream experi-
ments. The sequences of the sgRNAs used for CRISPR-Cas9
editing and the sequences of mutated genes are presented in
Figure S2.

Lentiviral Vector Construction and Infection

The shCtrl (5’CAACAAGATGAAGAGCACCAA-3’) and
shTipe2 sequence (5-GCTCAAAGAGTCTGGCACTAC-3")
were inserted into the Agel/EcoR T sites in the pLKO_TRC005
vector and were verified by nucleotide sequencing (University
of Pennsylvania sequencing core). short hairpin RNA selection
was performed using the RNAIDesigner tool from Thermo
Fisher Scientific. Lentivirus packaging and infection were
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performed according to standard protocols as recommended
by the manufacturer (Zhang Lab, Broad Institute, Cambridge,
MA). AA and AAP colonoids were infected with 1 x 107 lenti-
virus transducing units in the presence of 5 pg/mL polybrene
(Sigma-Aldrich). To stably select infected cells, puromycin (10
pg/mL; Invitrogen) were added 72 hours after transfection,
for 48 hours. The expression level of TIPE2 was identified by
Western blot (see the following and Figure S2F for results).

Western Blot

Cells were lysed in ice-cold lysis buffer (Thermo Fisher
Scientific) with protease and phosphatase inhibitor (Roche).
Equal amounts of total cell lysate (50 pg) were run on 4%
to 12% gradient sodium dodecyl sulfate polyacrylamide
gel electrophoresis and transferred onto a polyvinylidene
difluoride membrane. The membranes were probed overnight
with primary antibody. TNFAIP8L2 was detected using anti-
TNFAIP8L2 (15940-1-AP; Proteintech Group, Chicago, IL)
with anti-B-actin (3700; Cell Signaling Technology) used for
loading control. After incubation, membranes were washed
with Tris-buffered saline with 0.1% Tween 20 solution and
incubated with the appropriate horseradish peroxidase—con-
jugated secondary antibody (Sigma-Aldrich) at 1:3000 di-
lution. Membranes were analyzed with Femto ECL reagent
(Thermo Fisher Scientific) using a LI-COR Odyssey imaging
system (LI-COR Biosciences, Lincoln, NE).

Colonoid Proliferation Assays

AA and AAP colonoids transfected with either shCtrl or
ShTipe2 were digested into single cells using TrypLE Express
Enzyme (1X) (Thermo Fisher Scientific; 12605010) and
then seeded into 24-well plates at a density of 4000 cells/
well, with each cell type seeded in triplicate. Colonoids
were cultures in media (Dulbecco’s modified Eagle medium/
F12 + 1 x B27 + 1 x N2+ 1 mM N-acetyl cysteine + 10 mM
HEPES+P/S [1:100] +2 mM glutamax + 50 ng/mL epidermal
growth factor + 100 ng/mL Noggin) for 4 days, with media
changes every other day. EAU (Life Technologies/Thermo
Fisher Scientific) was added to the culture media for 2 hours
at the concentration of 10 uM and mixed well. EAU staining
was performed with a Click-iT Plus EdU Alexa Fluor 647
Flow Cytometry Assay Kit (Life Technologies/Thermo Fisher
Scientific; 10634), according to the manufacturer’s protocol.
Stained cells were run on a FACSVerse flow cytometer (BD
Biosciences). The data were analyzed using CellQuest soft-
ware (BD Biosciences).

Colonoid Quantification Assay

AA and AAP colonoids transfected with either shCtrl or
ShTipe2 were digested into single cells (as previous) and then
seeded into 24-well plates at a density of 500 cells/well. Each
cell type was seeded in triple. After culture for 5 days, image
the organoids were acquired on a dissecting microscope
DMi8 (Leica, Wetzlar, Germany) and manually counted.

Results

Loss of Tipe2 Results in Decreased Tumor Burden

We used the well-studied AOM/DSS CAC model** to study
the role of TIPE2 in colon cancer initiation and progression.
We first performed studies with 3 cycles of DSS administra-
tion, with each cycle compromised of 1 week of DSS followed

by 2 weeks of water. At the end of the 70 days, mice were
sacrificed and analyzed for both colitis and tumor burden.
Studies were performed in young WT and Tipe2” mice on
the C57BL/6 background, which as we have previously re-
ported,” had no baseline differences in weight or intestinal
histopathology.

As measured by weight loss, Tipe2” mice were initially
protected from DSS colitis (Figure 1A), as we have previously
reported.!” However, over time this protection waned and by
the end of the 70 days, WT and Tipe2” mice had similar levels
of weight loss (Figure 1A), tissue damage (Figure 1B and D),
changes in colon length (Figure 1C), and survival (Figure 1E),
similar to what we had previously seen with experimental
autoimmune encephalitis. Despite little differences in colitis
between genotypes, Tipe2” mice did have significantly fewer
tumors than WT mice (Figure 1F and G). Histopathological
analysis did not show any differences in severity between the
WT and Tipe2~ tumors (Figure 1H).

Tipe2’- Mice Have Elevated Levels of I.-:22 and
pSTAT3 and Proliferative Signaling

Because Tipe2~ mice are known to have elevated levels of in-
flammatory cytokines at baseline,'? we assessed whether there
were also differences after 70 days of CAC. Interestingly, there
were no significant differences seen in colonic messenger RNA
(mRNA) (Figure 2A) or serum (Figure 2B) levels of Tnfa,
IL-1b, or IL-6, suggesting that the disease model overwhelmed
any intrinsic differences. However, Tipe2”- mice had elevated
levels of IL-22, as measured by colonic mRNA (Figure 2C) and
serum Luminex assays (Figure 2D), which we confirmed by
colonic secretion ELISA studies of 70-day CAC colons (Figure
2E). IL-22 induces downstream STAT3 phosphorylation and
is known to promote colon cancer tumor growth,>'* so we
next measured pSTAT3 levels in CAC intestinal tissues and
found they were indeed elevated in the Tipe2~- mice (Figure 2F
and G), but staining levels were minimal and not different be-
tween genotypes in healthy colon tissue (Figure S1A). This was
associated with increased levels of proliferation, as marked by
Ki-67 staining, in the Tipe2™ mice (Figure 2H-]).

At Later Stages of Colon Carcinogenesis, Loss of
TIPE2 Results in Bigger Tumors

Given that the Tipe2” mice had increased proliferative
signaling and tumors that were trending to be larger than
those of WT mice, even if they were less frequent, we decided
to extend our CAC model through one more 3-week cycle
of DSS and water to determine if we simply needed to wait
longer to observe more of the Tipe2 phenotype. Interestingly,
by extending out the model for another cycle (91 days), we
saw slightly worse colitis in the Tipe2* mice, with a trend
toward increased weight loss, although colon length was not
significantly changed (Figure 3A-D). Given that the increase
in colitis score was mostly due to increased immune infiltra-
tion, it made sense that the colon lengths were not signifi-
cantly different, as that is driven mostly by epithelial damage
and subsequent healing with contraction. Tipe2~ mice also
had decreased survival (Figure 3F), in contrast to the 70-day
time point. Interestingly, the differences in tumor burden be-
tween genotype vanished at this later time point (Figure 3G),
and Tipe2™ mice now had larger tumors (Figure 3E and H),
although the tumors were not significantly more advanced
when assessed by pathology (Figure 3I). When looking at
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Figure 1. Colitis and tumor development in mice after azoxymethane and dextran sulfate sodium administration. A, Weight change over time; n = 17 for
wild-type (WT) and 19 for Tipe2’ mice, pooled across 3 independent experiments. Statistical analysis by 2-way analysis of variance; **+P < .0001 for
comparisons across time and group. B-D, Histolopathology score assessing colitis, colon length, and representative histological images at 70 days of
colitis-associated colon cancer (CAC); n = 14 for WT and 18 for Tipe2”- mice, pooled across 3 independent experiments. Scale bars = 110 um; inserts
are 2x magnified. E, Survival curve over 70 days of CAC; n = 20 per group, pooled across 2 independent experiments. P =.1105 by Mantel-Cox test. F,
Tumor burden per mouse; n = 18 for WT and 23 for Tipe2’ mice pooled across 2 independent experiments. ****P < .0001. G, Individual tumor diameter;
n = 39 for WT and 7 for Tipe2’- mice pooled across 2 independent experiments. H, Neoplasia index (histopathological analysis) at 70 days of CAC; n =
14 for WT and 18 for Tipe2’ mice, pooled across 3 independent experiments. All graphs display mean + SEM unless otherwise indicated. Statistical

analyses by Mann-Whitney nonparametric t test unless otherwise indicated.

serum cytokines, we again found that IL-22 was elevated in
the Tipe2 mice, and that there were otherwise no significant
differences between both genotypes (Figure 3]). However, in
addition to 1122 transcripts, we did find elevated levels of Tnf
and 116 (but not 1/1b) colonic mRNA, suggesting that local, if
not systemic inflammation, is worse in the Tipe2” mice at 91
days (Figure 3K), which correlates with the increased tissue
damage and decreased survival we observed.

Because survival and colitis was now worse in the tumor-
bearing Tipe2”~ mice, compared with previous reports in
which loss of TIPE2 was acutely protective against DSS col-
itis,'” we next performed a study to assess if Tipe2™ mice

became more susceptible to DSS colitis if the length of treat-
ment was extended. This proved not to be the case, as Tipe2™
mice were still significantly protected against 2 weeks of acute
DSS colitis, as assessed by weight loss, survival, and histo-
pathology (Figure S1A-C).

Loss of TIPE2 Results in Increased Numbers

of CD11¢*CD8a*T Cells and Increased /IL23r
Expression, Suggesting an Increase in Group 3
Innate Lymphoid Cells

We next performed flow cytometry to assess if loss of
TIPE2 led to a difference in the immunological tumor
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and associated signaling. A, Real-time polymerase chain reaction for tumor necrosis factor (Tnf), l11b, and II1b in distal colonic tissue taken from
azoxymethane (AOM)/dextran sulfate sodium (DSS) mice after 70 days of treatment. n = 12 per group from Tnf and Il1b, and n = 9 per group for lI6.
Results were pooled across 2 independent experiments. B, Luminex assay for serum cytokines in AOM/DSS mice after 70 days of treatment. n = 5 per
group for TNF, n = 5 for WT, n = 3 for Tipe2 for IL17a, n = 5 for WT and n = 10 for IL6 (samples without detectable levels were excluded from analysis,
leading to the variable sample numbers). Samples were pooled across 2 independent experiments. C, Real-time polymerase chain reaction for 1122 in

in distal colonic tissue taken from AOM/DSS mice after 70 days of treatment; n = 10 per group, pooled across 2 independent experiments. D, Luminex
assay for serum IL22 in AOM/DSS mice after 70 days of treatment; n = 7 for WT and 10 for Tipe2--. Samples were pooled across 2 independent
experiments. E, 11-:22 excretion by AOM/DSS colonic explants harvested at 70 days of treatment, measured by sandwich enzyme-linked immunosorbent
assay. n = 4 mice for WT, 5 mice for Tipe27-. Representative of 2 independent experiments. F and G, pSTAT3Y705 staining in AOM/DSS mice after 70
days of treatment; results pooled from 2 independent experiments. F, Quantification done by counting 3 random sections per slide from 5 different
mice per group; n = 15 per group. G, Representative micrographs: bars = 50 um, inserts 2x multiplied. H-J, Proliferation as measured by Ki-67 staining.
H Quantification by measuring length of proliferative zone in all longitudinal crypts from 3 images per slide. A total of 7 WT and 8 Tipe2-- slides were
analyzed; total n = 183 for WT and 207 for Tipe27-. G, Representative micrographs: bars = 220 ym, inserts 2x multiplied. J, Representative tumor
specific micrographs; bars = 110 um. All graphs display mean + SEM unless otherwise indicated. Statistical analyses by Mann-Whitney nonparametric t
test unless otherwise indicated. P as indicated; *+++P < .0001.
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Figure 3. Loss of TIPE2 results in bigger tumors as disease progresses. A, Weight change over time. n = 9 for wild-type (WT) and 8 for Tipe2”- mice,
pooled across 2 independent experiments. Statistical analysis by 2-way analysis of variance. No significant differences between groups were found.
B-D, Histolopathology score assessing colitis, colon length, and representative histological images at 91 days of colitis-associated colon cancer (CAC).
For histology, n = 8 for WT and 7 for Tipe2 -, pooled across 2 independent experiments; for colon length, n = 22 for Wt and 24 for Tipe2 7, pooled
across 3 independent experiments. Scale bars = 220 um; inserts are 2x magnified, and statistical analyses were by Student's t test. E, Representative
(n = 5 independent experiments) whole mount images of colons after 91 days of CAC. Arrows point to individual tumors. F, Survival curve over 70
days of CAC. n = 20 per group, pooled across 2 independent experiments. **P = .006 by Mantel-Cox test. G, Tumor burden per mouse; n = 23 for

WT and 26 for Tipe2-- mice pooled across 5 independent experiments. H, Individual tumor diameter; n = 55 for WT, and 41 for Tipe2”- mice pooled
across 5 independent experiments; *+*+P < .0001. |, Neoplasia index (histopathological analysis) at 91 days of CAC. n = 8 for WT and 7 for Tipe2”- mice,
pooled across 2 independent experiments. J, Serum cytokines in azoxymethane (AOM)/dextran sulfate sodium (DSS) mice after 91 days of treatment,
measured by sandwich enzyme-linked immunosorbent assay. n = 7 for WT and 10 for Tipe2-- mice, except for 1:22, where n = 9 for Tipe2’- mice.
Samples were pooled across 2 independent experiments; statistical analyses by Student's t test. K, Real-time polymerase chain reaction of colonic
tissue at 91 days for Tnf, 116, 1122, and Il1b. n = 20 per group for Tnf, 17 per group for 116, 18 per group for 1122, and 20 per group for II1b, with individual
replicates pooled across 2 individual experiments comprising =8 mice per genotype. Analysis was by Mann-Whitney nonparametric t test unless
otherwise described, with significance as indicated on each graph or as described. All graphs display mean + SEM unless otherwise indicated.
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microenvironment that could explain the increased IL-22 and
downstream increases in tumor size we saw over time. We
performed multicolor flow cytometry for CD45, CD3, CD4,
CD8a, CD8b, CD11c, and Gr1 on lamina propria and epithe-
lial or intraepithelial cell fractions that had been subjected to
our extended, 91 days of AOM/DSS CAC. Interestingly, only
CD11¢*, and specifically CD11c*CD8at, cells were elevated in
both the lamina propria and intraepithelial CD45* cell frac-
tions (although statistical significance was barely not reached
for lamina propria CD11c¢*CD8a* cells (Figure 4A-C); ex-
tended gating strategy shown in Figure S3).

Given limited sample availability, we then performed PCR
to identify if these cells were dendritic cells or T cells, by
measuring levels of CD103 (Itgae) and II123, and to identify
if group 3 innate lymphoid cells (ILC3s) could be respon-
sible for the elevated levels of IL-22 we saw, by measuring
1123r. Neither Itgae levels nor 1123 levels were elevated in the
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isolated tissues (Figure 4D) suggesting that the CD11¢*CD8a*
cells were T cells, not dendritic cells. However, 11237 levels
were elevated (Figure 4D), suggesting that ILC3s could be the
downstream generator of the increased amounts of IL-22 that
we observed.

TIPE2 is an Intrinsic Colonocyte Tumor Suppressor

TIPE2 is not normally expressed at significant levels in the co-
lonic epithelium,'>?* although increased expression in tumor
biopsies was associated with increased colon cancer disease
severity.?! To assess if TIPE2 was being induced during car-
cinogenesis, we performed PCR on tumor colonic epithelia
and isolated lamina propria immune cells to evaluate the levels
of Tipe2 gene expression, using Ptprc (CD45) gene expression
as a control for immune cell levels, as TIPE2 is expressed in
immune cells.'>?° Surprisingly, Tipe2 mRNA transcripts were
elevated in WT tumor colonocytes, in contrast to colonocytes
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Figure 4. Tipe2”- mice with colitis-associated colon cancer have increased numbers of CD11¢c*CD8a* T cells. A-C, Flow cytometry for CD11c* and
CD11¢c*CD8a* cells isolated from the lamina propria and intraepithelial colonic compartments of mice subjected to 91 days of colitis-associated colon
cancer; n = 7 for wild-type (WT) and 8 for Tipe2”- mice, pooled between 2 independent experiments. C, Sample flow gates. Gating is on lymphocytes,
live cells, and CD45, and sample gates are percentages of CD45+ cells (see Figure S3). D, Real-time polymerase chain reaction of colonic tissue

at 91 days for /tgae, 1123, and /123r, n = 8 for WT and 6 for Tipe2’- mice, pooled between 2 independent experiments. Analysis by Mann-Whitney
nonparametric t test, with significance as indicated on each graph. For all panels, all graphs display mean + SEM unless otherwise indicated. Statistical
analyses by Student's t test unless otherwise specified with significance as indicated on each graph.
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across 3 independent experiments. n = 4 all groups, except Tipe27 mice where n = 6 for Tnfaip8/2 and n = 7 for Ptprc. Analysis by Mann-Whitney
nonparametric t test, with significance as indicated on each graph. B and C, RNAScope for Tipe2 and Ptprc (CD45). B and C, Quantification, using
automated image analysis to measure the number of positive RNA probe signals per slide, with representative photomicrographs. For colonic tissue,

n = 4 mice per group, except for Tipe27-, where n = 7. For gut-associated lymphoid tissue (GALT), n = 7 for wild-type (WT) and 5 for Tipe2-- mice;

bars = 50 um. D and E, Proliferation assay and organoid growth assessment € in shCtrl (Ctrl) and short hairpin RNA-mediated Tipe2-knockdown (T2KD)
APC-mutant (AA) and APC/p53-mutant (AAP) murine colonoids that represent progressively advanced stages of colonic adenoma or carcinoma. n = 3
per group, representative of 2 independent experiments, and analyzed by parametric t test. All graphs display mean + SEM unless otherwise indicated.
Statistical analyses by Mann-Whitney nonparametric t test unless otherwise indicated. P as indicated; ****P < .0001.
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from adjacent tissue, and far in excess of any differences in
Ptprc levels (Figure SA). To confirm this, we then performed
RNAScope, also known as in situ hybridization. We found
that tumor tissue did indeed have elevated levels of Tipe2,
with a more than 5-fold increase in transcripts when com-
paring healthy WT tissue with 91-day AOM/DSS CAC tissue
(Figure 5B and C). Thus, in the context of colon cancer,
colonocyte TIPE2 may function as a tumor suppressor, which
puts the previous reports of elevations in TIPE2 mRNA cor-
relating with disease severity in human CRC into a different
light.?! Instead of being a driver of disease severity, these data
suggest its induction is a protective, tumor-suppressive re-
sponse that escalates as cancer severity increases.

CRISPR-Cas9 mutagenesis was employed as demonstrated
in Figure S2A-D and as detailed in the Methods to generate
murine mutant colonoid lines with loss-of-function mutations
in either Apc (AA) or Apc and Tp53 (ie, p53 [AAP]) to use
as a tool to probe the role of TIPE2 in CRC. We saw that in
AA colonoids, decreased TIPE2 expression led to diminished
proliferation of the colonoids, while knockdown of TIPE2 in
AAP colonoids led to increased proliferation, as measured by
the number of cells in S-phase (Figure 5D, Figure S2D) and
overall proliferating colonoids (Figure SE).

Discussion

Our data demonstrate that TIPE2 plays a dual role in the initi-
ation and progression of CAC. Early on, loss of TIPE2 appears
to inhibit tumor initiation; in our studies, loss of TIPE2 led to
significantly less numbers of visible tumors. However, the tu-
mors that did exist were of similar size to WT mice, suggesting
that progression was not affected. Given that Tipe2~- mice are
known to have MDSC' and regulatory T cell dysfunction,'s'¢
we hypothesize that loss of TIPE2 led to decreased immune cell
evasion of early hyperplastic and neoplastic tumors, leading to
increased tumor killing and decreased tumor burden.

However, as time went on, we saw that loss of TIPE2 pro-
moted increased tumor progression, with larger tumors ap-
pearing in Tipe2” mice with an additional 21 days on the
AOM/DSS protocol, and with loss of decreased tumor burden
phenotype seen early on. Our data suggest that this enhanced
tumor progression might occur through 2 distinct mechan-
isms. First, loss of TIPE2 resulted in increased IL-22 pro-
duction at all time points we studied, with corresponding
downstream pSTAT3. IL-22/STAT3 signaling is known to
drive colon cancer tumor progression,*> and so this could
have explained what we saw. Second, TIPE2 was induced in
colonocytes as cancer progressed and might serve as a tumor
suppressor. Knocking down TIPE2 in early colon cancer
tumoroids (AA) hindered tumoroid growth; however, in more
advanced tumoroids (AAP), knockdown of TIPE2 increased
tumoroid growth. Interestingly, TIPE2 could not easily be de-
tected in shCtrl AAP organoids (Figure S2F), but an effect was
still seen with suppression of the gene, suggesting that more
advanced colonic adenomas repress TIPE2. Together, these
data highly suggest that TIPE2 is indeed a tumor suppressor
as colon cancer progresses down the mutational cascade.
Previous reports have found that overexpression of TIPE2
can inhibit cancer growth in cell lines with mutant p53%” and
that TIPE2 can regulate p53 expression.*® Combined with our
data, it appears that the function of TIPE2 intersects with that
of p53 in suppressing tumor growth.

This finding that TIPE2 is an intrinsic tumor suppressor
also explains the previous report that TIPE2 expression levels
correlate with disease stage in human CRC.?' Thus, loss of
TIPE2 may enhance progression of colon cancer in 2 ways:
(1) by enhancing IL-22 levels and (2) through loss of its func-
tion as a tumor Suppressor.

Because of its key role in regulating immune cell function, we
attempted to identify the immune populations altered by loss
of TIPE2 in our AOM/DSS CAC model. Flow cytometry ana-
lysis revealed an increase in CD11¢*CD8a* cells. Two distinct
subsets of CD11¢*CD8a* cells exist: a cytotoxic dendritic cell
population®” and a regulatory, immunosuppressive T cell popu-
lation.**#! Because of limited sample availability, we performed
post hoc PCR analysis to identify which of these cell popula-
tions were more likely. Based on this analysis, we found that
the likely culprit was the immunosuppressive T cell population,
which may explain the increase in tumor burden overtime.
Similarly, 11237 levels were elevated, implicating elevations in
ILC3s as a potential source of the elevated IL-22 we observed.

Conclusions

Together, this work demonstrates that TIPE2 has multiple,
sometimes opposing effects in CAC. In colonocytes, it ap-
pears to function directly as a tumor suppressor, with loss re-
sulting enhanced tumor progression. However, in the immune
system, TIPE2 has opposing roles. It may promote tumori-
genesis through enhancing immune suppressor cell function
but inhibit it through regulating oncogenic IL-22 secretion.
Going forward, this work suggests that targeting TIPE2 for
colon cancer therapy requires cell- and pathway-specific ap-
proaches and serves as a cautionary tale for immunotherapy
approaches in general in terms of colon cancer, as intestinal
inflammation can both promote and inhibit cancer.

Supplementary Data

Supplementary data is available at Inflammatory Bowel
Diseases online.
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