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ABSTRACT

Background Progression of colorectal cancer (CRC),

a leading cause of cancer-related death worldwide, is
driven by colorectal cancer stem cells (CR-CSCs), which
are regulated by endogenous and microenvironmental
signals. Interleukin (IL)-30 has proven to be crucial for
CSC viability and tumor progression. Whether it is involved
in CRC tumorigenesis and impacts clinical behavior is
unknown.

Methods 1L30 production and functions, in stem and
non-stem CRC cells, were determined by western blot,
immunoelectron microscopy, flow cytometry, cell viability
and sphere formation assays. CRISPR/Cas9-mediated
deletion of the /L30 gene, RNA-Seq and implantation of
IL30 gene transfected or deleted CR-CSCs in NSG mice
allowed to investigate IL30’s role in CRC oncogenesis.
Bioinformatics and immunopathology of CRC samples
highlighted the clinical implications.

Results We demonstrated that both CR-CSCs and CRC
cells express membrane-anchored IL30 that regulates
their self-renewal, via WNT5A and RAB33A, and/or
proliferation and migration, primarily by upregulating
CXCR4 via STAT3, which are suppressed by IL30 gene
deletion, along with WNT and RAS pathways. Deletion of
IL30 gene downregulates the expression of proteases,
such as MMP2 and MMP13, chemokine receptors, mostly
CCR7, CCR3 and CXCR4, and growth and inflammatory
mediators, including ANGPT2, CXCL10, EPO, IGF1 and
EGF. These factors contribute to IL30-driven CR-CSC and
CRC cell expansion, which is abrogated by their selective
blockade. /IL30 gene deleted CR-CSCs displayed reduced
tumorigenicity and gave rise to slow-growing and low
metastatic tumors in 80% of mice, which survived much
longer than controls. Bioinformatics and CIBERSORTx

of the ‘Colorectal Adenocarcinoma TCGA Nature 2012
collection, and morphometric assessment of IL30
expression in clinical CRC samples revealed that the lack
of IL30 in CRC and infiltrating leucocytes correlates with
prolonged overall survival.

Conclusions 1L30 is a new CRC driver, since its
inactivation, which disables oncogenic pathways and
multiple autocrine loops, inhibits CR-CSC tumorigenicity
and metastatic ability. The development of CRISPR/Cas9-
mediated targeting of IL30 could improve the current
therapeutic landscape of CRC.

"2 Stefania Livia Ciummo,’? Simone Vespa,'
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Colorectal cancer (CRC) progression and related
mortality are significant public health issue world-
wide. Cancer stem cells (CSCs) drive tumor initiation
and progression and Interleukin (IL)-30 has recent-
ly emerged as a key regulator of their behavior in
both prostate and breast cancer. The involvement of
IL30 in CRC oncogenesis and its clinical implications
have never been investigated.

WHAT THIS STUDY ADDS

= Both stem and differentiated CRC cells constitutive-
ly express IL30, which regulates their self-renewal
and/or proliferation, migration and gene expression
profile. Targeting of /L30, via CRISPR/Cas9 gene ed-
iting, suppresses, in both stem and non-stem CRC
cells, oncogenic pathways and expression of inflam-
matory, growth, angiogenic and lymphangiogenic
factors. Inactivation of IL30 inhibits colorectal CSC
tumorigenicity and reduces tumor onset and pro-
gression, resulting in prolonged host survival. The
lack of IL30 expression in clinical tumor samples is
associated with an improved overall survival in CRC
patients.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Strategies to restrain the CRC stem cell compart-
ment may hinder tumor progression and recurrence
and enhance response to current antitumor thera-
pies. This study provides the proof of concept that
selective targeting of IL30 inhibits CRC growth and
metastasis and paves the way for the development
of a new therapeutic tool for CRC patients.

INTRODUCTION

Colorectal cancer (CRC) is a leading cause
of cancer-related death' and its mortality rate
is expected to rise worldwide, due to popula-
tion growth and aging, thus entailing a global
public health challenge. CRC mortality is
mainly due to therapy resistance and metas-
tasis, which are driven by a small population
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of cancer stem-like cells (CSCs), endowed with high
tumorigenicity, self-renewal, multidirectional differenti-
ation potential and abnormal activation of proliferative
signaling, such as the WNT and RAS driven pathways.”
In addition, CSCs can switch into a slow-proliferating or
quiescent state, which has been associated with tumor
progression,” and can be regulated by endogenous and
environmental cues, including cytokines and growth
factors.

The immunoregulatory cytokine, interleukin(IL)-30,
has recently emerged as a novel regulator of CSC
behavior, displaying autocrine and paracrine effects in
the CSC niche microenvironments of both prostate and
breast cancers.*® Originally identified as the four o-helix
bundle (cytokine-like) subunit (p28), which can bind
Epstein-Barr virus Induced 3 (EBI3) to form the heterod-
imeric cytokine I1.27,° IL30 can function as an autono-
mous cytokine with its own functional properties” that
signals after binding to the IL6 Receptor subunit alpha
(IL6Ra), or its soluble form (sIL6Ra), by recruiting a
gp130 homodimer."’ Targeting IL30 signaling in prostate
and breast CSCs and host environment has proven to
counteract tumor growth and to improve host survival.” !
The discovery of the CRISPR/Cas9 tool has revolution-
ized the field of genome editing, by providing high spec-
ificity, efficiency and versatility, and enabling the rapid
development of effective in vivo targeted therapies for the
treatment of different human diseases.'”

This study provides evidence that IL30 is constitutively
expressed in both stem and differentiated CRC cells, and
that it supports their proliferation and/or self-renewal
and migration abilities. Deletion of the IL30 gene, in
both cell types, by CRISPR/Cas9-mediated gene editing,
reshapes their transcriptional profile by weakening the
WNT and RAS pathways, turning off CRC-associated
inflammation, angiogenesis and lymphangiogenesis, and
by disabling an autocrine cascade of tumor growth and
progression factors, which results in a significant inhi-
bition of colorectal (CR)-CSC tumorigenicity and meta-
static potential, that ultimately leads to prolonged host
survival. Inactivation of IL30 signaling, by a safe and selec-
tive targeted approach, could improve the therapeutic
scenario for patients with CRC.

MATERIALS AND METHODS
Cell cultures, MTT and sphere formation assays
CRC cells, HCT116, isolated from a poorly differenti-
ated, high grade, CRC"” and harboring an activating
mutation of the KRAS (Merck, Darmstadt, Germany)
were authenticated, using the STR analysis, by Eurofins
Genomics (Ebersberg, Germany). Cells were confirmed
mycoplasma-free, by PCR, and were cultured, for fewer
than 6 months after resuscitation, in the medium recom-
mended by the manufacturer.

CR-CSCs were derived from CRC cells and were authen-
ticated, based on their expression of specific markers, by

flow cytometry and by their growth properties in vitro, by
sphere formation efficiency (using the Extreme Limiting
Dilution Analysis), as described in the online supple-
mental materials and methods and, in vivo, by limiting
dilution analysis, as described below.

Chemotaxis and migration assay

The migration of cancer cells toward CXCLI2, was
assessed with QCM 8 pm Chemotaxis Assay 24-well Colo-
rimetric kit (Merck, Darmstadt, Germany), according to
the manufacturer’s instructions.

Flow cytometry

Cancer cells were stained with the antibodies (Abs)
listed in the online supplemental table S1 and
analyzed using a BD Scientific Canto II Flow Cytometer
(RRID:SCR_018056). Dead cells were excluded by 7AAD
staining and the data were analyzed using the FlowJo soft-
ware (RRID:SCR_008520).

CRISPR/Cas9-mediated interleukin-30, WNT5A, RAB33A and

STAT3 gene knockout
CRISPR/Cas9 gene editing was used to generate
IL30KO-CRC cells and IL30KO-CR-CSCs cells,

WNTB5A-KO IL30-CR-CSCs, RAB33A-KO IL30-CR-CSCs,
and STAT3-KO CR-CSCs, as described in the online
supplemental materials and methods. Gene deletions
were validated by Sanger sequencing and Western blot-
ting (WB).

Transfection with IL30 expressing vector

Generation of the IL30 lentiviral expression vector and its
transfection into CRC cells and CR-CSCs were performed
as described in the online supplemental materials and
methods. Expression of IL30 was confirmed by real-time
RT-PCR and WB.

Real-time RT-PCR

RNA was extracted from cancer cells by using the RNeasy
Mini Kit (#74104), and reverse-transcribed with the Quan-
tiTect Rev. Transcription Kit (#205311) (Qiagen, Hilden,
Germany). Analysis of IL30 mRNA levels were performed
as described in the online supplemental materials and
methods.

Whole transcriptome sequencing

RNA extracted from cancer cells was frozen in liquid
nitrogen and shipped to Macrogen Europe (Amsterdam,
NL), which performed RNA-Seq by using the Illu-
mina Platform (RRID:SCR_010233). Trimmed reads
were mapped to a reference genome with HISAT2
(RRID:SCR_015530) and the expression profile was
calculated for each transcript as read count, FPKM (Frag-
ment per Kilobase of transcript per Million mapped
reads) and TPM (Transcripts Per Kilobase Million). DEG
(Differentially Expressed Genes) analysis was performed

2 D'Antonio L, et al. J Immunother Cancer 2023;11:¢006056. doi:10.1136/jitc-2022-006056


https://dx.doi.org/10.1136/jitc-2022-006056
https://dx.doi.org/10.1136/jitc-2022-006056
https://dx.doi.org/10.1136/jitc-2022-006056
https://dx.doi.org/10.1136/jitc-2022-006056
https://dx.doi.org/10.1136/jitc-2022-006056
https://dx.doi.org/10.1136/jitc-2022-006056
https://dx.doi.org/10.1136/jitc-2022-006056
https://dx.doi.org/10.1136/jitc-2022-006056

using edgeR (RRID:SCR_012802) and the results were
expressed as fold changes. A significant threshold of a
twofold change in gene expression corresponded to a
p<0.05.

Immunoelectron microscopy
Immunogold labeling of IL30 in CR-CSCs was performed
as described in the online supplemental materials and
methods and analyzed using Philips CM10 and Fei Philips
Morgagni 268D transmission electron microscopes
(Philips, Amsterdam, NL).

WB and ELISA

WB, to assess the production of IL30, WNT3A, WNTbHA,
MMP2, MMP13, RAB33A and STAT3, and ELISA, for the
quantitation of ANGPT2, CXCL10, EPO, EGF, IGF1, IL6
and VEGFA, in both CRC cells and CR-CSCs, were carried
out as described in the online supplemental materials
and methods.

Mouse studies

NSG mice were purchased from Charles River (Wilm-
ington, MA, USA) and were housed, according to the
Jackson Laboratory’s guidelines, in the animal facility
of the Center for Advanced Studies and Technology,
Chieti, Italy. All animal procedures were performed in
accordance with the European Community and ARRIVE
guidelines and were approved by the Institutional
Animal Care Committee of ‘G. d’Annunzio’ University
and by the Italian Ministry of Health (Authorization
n. 399/2015 PR). The tumorigenicity of CR-CSCs was
assessed by limiting dilution analysis, by subcutaneously
(s.c.) injecting, in NSG (NOD scid gamma) mice, a range
from 1x10"to 5x10°> CR-CSCs per animal (20 mice per
group).

To evaluate in vivo the effects of IL30 gene overex-
pression or knockout (KO), three groups (90 animals,
all siblings) of the thirty 8-week-old female NSG mice
(NOD.Cg-Prkdc™® T12rg™™'/Sz]) were s.c. injected
with 3x10°wild type (WT), Empty Vector (EV) or human
1L30 lentiviral-DNA-transfected (IL30-over) CR-CSCs,
and another three groups (90 animals, all siblings) of
thirty 8-week-old female NSG mice were s.c. injected with
5x10°WT, non-targeting guide RNA-treated (NTgRNA),
or IL30KO CR-CSCs. Animals were housed as described
in the online supplemental materials and methods. Based
on tumor growth and progression rate, 15 mice from
each group were euthanized at key time points (3 mice
per point) for histopathological analyses. The remaining
15 mice per group were kept until tumors reached 3cm’
or evidence of suffering was observed. Autopsy and histo-
pathological examinations of liver, lungs, kidney and
spleen were performed. An overall sample size of 15 mice
per group allowed the detection of a statistically signifi-
cant difference, in tumor growth, between three groups,
with an 80% power, at a 0.05 significance level (G*Power,
RRID:SCR_013726).

Patients and samples

Normal and tumor tissue samples were obtained from
120 patients undergoing colectomy for CRC, between
2009 and 2016, at the ‘SS Annunziata’ Hospital of Chieti,
Italy. CRC patients, ages 37-83, were followed-up for
at least 5 years after the colectomy (table 1). The size
of the patient cohort allowed the detection of a statis-
tically significant difference between three groups, with
an 82% power and a 5% significance level (G*Power,
RRID:SCR_013726).

Immunopathology and morphometric analyses

Histology, immunohistochemistry (performed with the
Abs listed in the online supplemental table S2), and assess-
ment of proliferation index, microvessel and immune cell
counts (in tumor xenografts), were performed as described
in the online supplemental materials and methods.

For the morphometric analyses of IL30 expression, in
CRC specimens, previously applied criteria'' were used,
and described in the online supplemental materials and
methods. Based on morphometric analysis, CRC samples
with positive and strong IL30 expression were classified as
IL.30"*, CRCsamples with negative and scanty IL30 expres-
sion were classified as I1.307 ", whereas the remaining CRC
samples with different expression levels of IL30, ranging
from weakly positive to negative in neoplastic epithelia,
and from distinct to scanty in the immune cell infiltrate,
were defined as IL30"" CRCs.

Bioinformatic analyses

For bioinformatic analyses, RNA-Seq data of tumor
samples from the ‘CRC TCGA Nature 2012  collection,
which includes 276 CRC cases, were downloaded from
the cBioportal for Cancer Genomics database (https://
www.cbioportal.org; cBioPortal, RRID:SCR_014555).

For each CRC sample, the Z-score of the expression
level for each gene of interest was calculated based on
the mean and SD of all the samples in the study. In CRC
samples of the ‘TCGA Nature 2012 collection, the expres-
sion of ILL30 was never below a Z-score=-2, therefore CRC
samples with a Z-score 22 were defined as high expressing
tumors, whereas CRC samples with a Z-score <2 were
defined as moderate expressing tumors.

Survival curves were constructed, with CRC cases for
which both gene expression and follow-ups were avail-
able (online supplemental table S3), after the exclusion
of cases that also overexpressed EBI3 or CRLF1, using the
Kaplan-Meier method. Survival differences were analyzed
by the log-rank test.

The association between IL30 gene expression and tumor
size, disease stage, CRC molecular subtype and patients’ sex
and age was assessed using y” and Cramér’s V tests.

CIBERSORTxX
To estimate the expression of IL30 in the immune cell
subsets infiltrating CRC samples (online supplemental
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Table 1 Clinical-pathological characteristics of patients with CRC* and immunohistochemical staining for IL30 in their tumor

samples
IL30 immunostaining
No of patients Percentages IL30** IL30*" IL307 P value

Sex
Female 56 46.32% 8 (14.39%) 42 (75.56%) 6 (10.79%) 0.823t
Male 64 53.68% 10 (15.52%) 45 (69.86%) 9 (13.97%) 0.823t
Total 120 100.00% 18 (15.00%) 87 (72.50%) 15 (12.50%)

Age
<40 7 6.01% 1(13.87%) 5 (69.33%) 1(13.87%) 1%
41-50 10 8.32% 1 (10.02%) 8 (80.13%) 1 (10.02%) 0.999%
51-60 22 18.73% 4 (17.80%) 15 (66.74%) 3 (13.35%) 0.803%
61-70 37 30.42% 5 (13.70%) 27 (73.96%) 5 (13.70%) 0.999t
71-80 33 27.31% 5 (15.26%) 24 (73.23%) 4 (12.21%) 0.999%
>81 11 9.21% 2 (18.10%) 8 (72.39%) 1(9.05%) 0.881%
Total 120 100.00% 18 (15.00%) 87 (72.50%) 15 (12.50%)

Clinical stage
Stage | 22 18.50% 3 (13.51%) 18 (81.08%) 1 (4.50%) 0.518%
Stage |l 45 37.19% 7 (15.69%) 30 (67.22%) 8 (17.93%) 0.375t
Stage llI 35 29.22% 5 (14.26%) 26 (74.15%) 4 (11.41%) 0.999%
Stage IV 18 15.09% 3 (16.57%) 13 (71.79%) 2 (11.04%) 1%
Total 120 100.00% 18 (15.00%) 87 (72.50%) 15 (12.50%)

Molecular subtype
CM$SH 19 16.20% 2 (10.29%) 15 (77.16%) 2 (10.29%) 0.921%
CMS2 52 43.00% 8 (15.50%) 37 (71.71%) 7 (13.57%) 0.951%
CMS3 12 10.33% 2 (16.13%) 9 (72.60%) 1 (8.07%) 1F
CMS4 24 20.03% 4 (16.64%) 16 (66.57%) 4 (16.64%) 0.708%
Mixed 13 10.44% 2 (15.96%) 10 (79.82%) 1(7.98%) 0.999%
Total 120 100.00% 18 (15.00%) 87 (72.50%) 15 (12.50%)

*CRC patients had not received immunosuppressive treatments, or radiotherapy, and were free from immune system diseases.

+P values calculated using x? test.
FP values calculated using Fisher’s exact test.
CMS, consensus molecular subtypes; CRC, colorectal cancer.

table S3), TPM-normalized RNA-seq data of the ‘CRC
TCGA Nature 2012 collection was downloaded from
http://firebrowse.org and analyzed using CIBERSORTx
(RRID:SCR_016955), as described in the online supple-
mental materials and methods.

Statistical analyses
Between group differences were assessed by Student’s
t-test, or analysis of variance (ANOVA), followed by Tukey
HSD test. Association between IL30 immunostaining
in CRC samples and patients’ sex, age, TNM staging
and molecular subtype were assessed by Chi-squared or
Fisher’s exact test (when, at least, one category had an
expected frequency <5). Survival curves were constructed
using the Kaplan-Meier method and survival differences
were analyzed by the log-rank test. Experiments were
performed, at least, in triplicate.

All statistical tests were evaluated at an a level of 0.05
using Stata V.13 (StataCorp).

RESULTS

Stem and non-stem CRC cells express Interleukin-30, which
sustains their self-renewal and/or proliferation

To assess whether IL30 was implicated in colorectal
tumorigenesis, we first isolated CR-CSCs from a well
characterized CRC line, HCT116,"* and investigated the
expression and response to IL30 in both stem and differ-
entiated CRC cells.

While CRC cells grew in adhesion (figure 1A), CR-CSCs
formed 3D spheroids (figure 1B) and revealed endless
self-renewal ability and tumorigenicity at very low cell
number, as demonstrated by limiting dilution exper-
iments (figure 1C). To exclude differentiated cells,
CR-CSCs were phenotypically validated, by flow cytom-
etry, as CD24'CD26'CD44v6'CD133'CD166'ALDH1™¢™
EpCAM™¢"cells (figure 1D).

Because of its amino acid sequence and tertiary
structure, which is predictive of a single-pass type I
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Figure 1 Expression of IL30 in CRC cells and CR-CSCs and IL30 dependent regulation of their viability. (A, B) Growth in
adherence of CRC cells (A) and in suspension of CR-CSCs (B). (C) In vivo limiting dilution assay of CR-CSCs subcutaneously
implanted in NSG mice. (D) Cytofluorimetric analyses of stem cell markers in CR-CSCs (top pictures), and in CRC cells (bottom
pictures). Blue lines: specific Abs. Red lines: isotype controls. (E) Cytofluorimetric analyses of IL30 expression in CR-CSCs (top
pictures) and CRC cells (bottom pictures). Red lines: isotype control. Blue lines: anti-IL30 Abs. Results obtained from WT cells
were comparable with those from EV-transfected and NTgRNA-treated cells. (F) WB of IL30 protein expression in the cytosolic
and plasma membrane fractions of EV-transfected and IL30-gene-transfected, NTgRNA-treated and IL30KO CR-CSCs. Results
obtained from WT cells were comparable with those from EV-transfected and NTgRNA-treated cells. (G) Cryo-immunoelectron-
microscopy showing IL30 localization, by gold particles, in WT (a), IL30 overexpressing (b, ¢) and IL30KO (d) CR-CSCs. The
gold particles were frequent in IL30-CR-CSCs (b, ¢) compared with CR-CSCs (a) and absent in IL30KO-CR-CSCs (d). Gold
particles mainly localized in the cytoplasmic membranes, along microvilli-like protrusions (arrows) or in the plasma membrane
invaginations (arrowheads). PM, plasma membrane; N, nucleus; Nc, nucleolus; Nm, nuclear membrane; M, mitochondrion.
Scale bars: 100nm. (H) Cytofluorimetric analyses of gp130 (CD130) and IL6Ra (CD126) expression in CR-CSCs (a, b) and CRC
cells (c, d). Red lines: isotype control. (I, J) MTT assay of CR-CSCs (l) and CRC cells (J), after 48 hours of treatment with anti-
IL30 Abs. ANOVA: p<0.0001. *p<0.01, Tukey HSD test compared with 0.0 ug/mL (I) or 0.0 and 0.5pg/mL (J). **p<0.05, Tukey
HSD test compared with 0.0, 1.0 and 2.5ug/mL (I) or 0.0, 0.5 and 1.0 ug/mL (J). (K) Sphere forming assay, evaluated by ELDA,
of CR-CSCs, after 4 and 14 days of treatment with anti-IL30 Abs (1.5pug/mL). *p<0.0001, %2 test compared with untreated cells.
**p=0.001, 2 test compared with untreated cells. These results are comparable to those obtained from the sphere forming
assay of IL30KO-CR-CSC cells versus untreated wild type and NTgRNA cells. (L, M) MTT assay of IL30-CR-CSCs (L) and IL30-
CRC cells (M) cells, versus EV transfected and WT cells. (L, M) ANOVA, p<0.0001. *p<0.01, Tukey HSD test compared with EV
transfected and WT cells. (N) WB analyses of WNT5A and RAB33A protein expression in CR-CSCs (Lane 1), IL30-CR-CSCs
(Lane 2), NTgRNA-treated IL30-CR-CSCs (Lane 3) and WNT5A (top pictures) or RAB33A (bottom pictures) gene-deleted IL30-
CR-CSCs (Lane 4). Results obtained from EV-CR-CSCs were comparable with those from CR-CSCs. (O) Sphere forming assay,
evaluated by ELDA, of CR-CSCs, IL30-CR-CSCs and WNT5A or RAB33A gene deleted IL30-CR-CSCs. *p<0.0001, %2 test
compared with CR-CSCs and EV-CR-CSCs. **p<0.001, %2 test compared with CR-CSCs, EV-CR-CSCs and IL30-CR-CSCs
treated or untreated with NTgRNA. ANOVA, analysis of variance; CRC, colorectal cancer; CR-CSCs, colorectal cancer stem
cells; ELDA, Extreme Limiting Dilution Analysis; EV, empty vector; WT, wild type.

Frequency of sphere forming cells .
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transmembrane helix,5 4 human IL30 is not released,
unless it heterodimerizes with soluble receptor-like
proteins, EBI3 or cytokine receptor-like factor 1 (CRLF1).
Therefore, we looked for its expression in the plasma
membrane of both stem and non-stem CRC cells. Both
cell types expressed membrane-bound IL30, as shown by
flow cytometry (figure 1E) and confirmed by WB, which
discriminated the plasma membrane proteins from the
cytoplasmic protein fractions (figure 1F). Cryo-immuno-
electron microscopy, performed to visualize IL30 expres-
sion at the subcellular level, showed immunogold labeling
in the plasma membrane and endoplasmic reticulum of
CR-CSCs (figure 1G,a—d).

To assess whether membrane-bound IL30 can affect, via
juxtacrine signaling, neighboring cells, we analyzed their
expression of IL30 receptor chains, and determined their
viability, both after CRISPR/Cas9-mediated knockout of
IL30 (IL30KO-CR-CSC) or by adding neutralizing anti-
IL30 Abs, and following IL30 overexpression, by gene
transfection (IL30-CR-CSC).

Although both stem and differentiated CRC cells lacked
the IL6Ra. (CD126) chain, and only expressed gpl30
(CD130) (figure 1H), knockout of the IL30 gene or selec-
tive blockade of constitutively produced IL30, with anti-
IL30 Abs, substantially inhibited proliferation (ANOVA:
p<0.0001) in both cell types and self-renewal (% test:
p<0.005) of CR-CSCs (figure 1I-K), which were signifi-
cantly (ANOVA: p<0.0001; * test: p<0.01) increased by
the forced overproduction of IL30, (figure 1L,M and
online supplemental figure S1). Conversely, no effect
on apoptosis was seen, in both stem and non-stem CRC
cells following IL30 overexpression (online supplemental
figure S2). Despite the absence of membrane-bound
IL6a receptor (IL6R), the availability of soluble (s)IL6R
(10.71+2.24pg/mL in the supernatant of CR-CSCs, and
25.38+2.22pg/mL in the supernatant of CRC cells),
allows the formation of a biologically active complex,
IL30/sIL6R, and subsequent trans-signaling through the
recruitment of two gp130 chains."’

As expected, the addition of anti-sIL6R Abs to the
culture medium of IL30-CR-CSCs, significantly inhib-
ited their hyperproliferation, and suppressed WT and
EV-CR-CSC proliferation (online supplemental figure
S3A). Similar results were obtained with CRC cells (online
supplemental figure S3B).

Since IL6 can compete with IL30 for binding with
SIL6R,” ' we assessed its implication in IL30 activity,
and therefore we analyzed whether CR-CSCs were able
to produce IL6, or if this cytokine could be induced by
IL30 and mediate its proliferative effect. CR-CSCs consti-
tutively released 11.82+0.68pg/mL of IL6, and CRC
cells released 18.02+2.12pg/mL of IL6, however, the
blockade of this cytokine, with different concentrations
of neutralizing anti-IL6 Abs, left substantially unaltered
their proliferation as well as IL30-CR-CSC and IL30-CRC
cell hyperproliferation (online supplemental figure
S3C). Moreover, the inhibition of proliferation due to the

blockade of IL30, was unaffected by the addition of anti-
IL6 Abs, and was comparable to that obtained with anti-
sIL6R Abs (online supplemental figure S3D). In line with
this finding, the level of IL6 secreted by IL30-CR-CSCs,
and by IL30-CRC cells, was the same as that released by
control cells, thus excluding its involvement in the IL30
dependent CRC and CR-CSC cell proliferation.

These data demonstrate the expression of a bioactive
membrane-bound IL30 in stem and non-stem CRC cells
and its potential to affect the viability of cancer cells
lacking transmembrane IL6Ro., but secreting its soluble
form.

Interleukin-30 gene deletion reprograms the transcriptional
profile of stem and non-stem CRC cells

Since IL30 overexpression increased self-renewal and/
or proliferation, in CR-CSCs and CRC cells, which were
suppressed by IL30 knockout, we investigated, by using
RNA-Seq, whether CRISPR/Cas9-mediated IL30 gene
deletion could affect their gene signature (figure 2A-D
and online supplemental table S4).

Abrogation of endogenous IL30 consistently inhibited,
although to a different extent between the two cell lines,
the expression of Zinc Finger Proteins (ZNFs), especially
ZNF20, ZNF541, ZNF429, ZNF157, ZNF781, Extracellular
Matrix Proteins, such as COL24A1, COL5A3, COL9AI,
MUC 8, MUCI15, MUC6, and Proteases, such as ADAM
20, ADAM 33, ADAM 7, MMP21, MMP2 and MMPI3,
which was confirmed by WB (figure 2A,E). Expression of
Protease Inhibitors, such as SERPINA5A and SERPINI2,
which are involved in cell migration, angiogenesis,
inflammation, and programmed cell death,” '® was also
substantially downregulated (figure 2B,D).

IL30 deletion dramatically suppressed, in both CRC
cells and CR-CSCs, the expression of TNF Superfamily
Members, such as LTB, TNIF and, particularly, TNFSFI10/
TRAIL, which may favor tumor immune evasion.!” Also,
WNT and RAS Family Members, such as WNTS8B, WNT3A,
RAB3Cand, especially, WNT5A (figure 2A,E) and RAB33A,
which have proven to be essential for the maintenance of
stemness,® ' were heavily downregulated by IL30 dele-
tion. Indeed, knockout of WNT5A or RAB33A genes
substantially reversed the sphere formation efficiency of
IL30-CR-CSCs versus control cells (figure 1N,O), strongly
suggesting their involvement in the IL30-dependent self-
renewal of CR-CSCs.

Expression of CRC Driver Genes, in particular
TRIBI-2-3, AKTI-3, CRIPTOI, APC2, ALK and JAKI,
along with that of Cell Cycle Regulators, such as MYCand
CCND2, were dramatically suppressed, in both stem and
differentiated CRC cells, whereas RARB, which function
as a tumor suppressor in CRC,* was strongly upregulated
(figure 2A-D).

Membrane proteins, such as PROM2, a pentaspan
protein associated with plasma membrane protrusions,”'
and LYVEI, usually expressed in lymphatic endothelium,?
were substantially suppressed by IL30 deletion, in CRC
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Figure 2 Regulation of the transcriptional profile of CRC cells and CR-CSCs by CRISPR/Cas9-mediated IL30 gene deletion.
(A-C) Transcriptional profiling of IL30 gene deleted CRC cells and CR-CSCs showing the fold differences of the mRNAs of the
downregulated (A, B) or upregulated (C) genes between IL30KO-CRC cells (light blue bars), or IL30KO-CR-CSCs (blue bars)
and the respective NTgRNA-treated cells. Results obtained from untreated WT cells were comparable to those from control
NTgRNA-treated cells. (A) Fold downregulation range from —421 to —13. (B) Fold downregulation range from -12.99 to 0. A
significant threshold of a 2-fold change (dashed lines) in gene expression corresponded to p<0.001. (D) Heatmap illustrating
RNA-Seq data of IL30KO-CRC cells and IL30KO-CR-CSCs versus the respective NTgRNA-treated cells. Differentially expressed
genes are represented with a color scale ranging from green (maximum downregulation) to red (maximum upregulation). (E) WB
analyses of WNT3A, WNT5A, MMP2 and MMP13 protein expression in IL30KO-CRC cells and IL30KO-CR-CSCs, and the
respective WT and NTgRNA-treated cells. CRC, colorectal cancer; CR-CSC, colorectal cancer stem cell; WB, Western blotting;

WT, wild type.
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cells and CR-CSCs. By contrast, CLDNI, which regulates
cell polarity and signal transductions, and the tetrasp-
anin CD53, usually restricted to the immune compart-
ment, were upregulated by IL30 deletion, in both CRC
cells and CR-CSCs, along with genes coding for Adhesion
Molecules, such as PCDHA 9 and PCDHA 10, which may act
as tumor and metastasis suppressors,”” and Cytoskeleton
Components, such as TTN and VIM.

The Semaphorin Family Members, SEMA3A, which
inhibits angiogenesis,” but also T cell functions®* and
SEMAGD, which promotes tumor angiogenesis®™ were
respectively upregulated and downregulated by IL30
deletion in both CRC cells and CR-CSCs (figure 2A-D).

SOCS family of proteins, which are classic negative
feedback regulators of the JAK-STAT signaling pathway,
were also regulated by IL30, since its deletion increased
the expression of the tumor suppressor SOCS3,”° and
suppressed that of SOCSI, which may function as an onco-
gene in CRC.”’

CRC cell expression of Immunoregulatory Molecules
was also affected by IL30 gene knockout. Indeed, IL30
deletion upregulated CD96, usually expressed on T
and NK cells, that when expressed in cancer may favor
immune cell inﬁlt]ration,28 CIITA, which may drive MHCII
expression, and GBPI, which acts as a tumor suppressor
in CRC.” By contrast, IL30 deletion substantially down-
regulated NOS2, which plays a driving role in CRC
(figure 2A-D). "

IL30 deletion also inhibited, in both CRC cells
and CR-CSCs, the expression of Growth Factors and
Hormones, primarily ANGPT2, EGE, EPO, TGIB1/ 2, IGFI
and VEGIA, immunosuppressive cytokines, such as IL32,
OSM, IL13 and IL37, Chemokines, including CXCLIO0,
CXCL11, CXCL17, CCL20 and CCL2, and chemokine
receptors, including CCRI1/3/6/7, CCR3, CXCR1/2 and
CXCR4, which can support cancer cell migration and
metastatic dissemination.”’

Interleukin-30 gene deletion suppresses GXCR4 expression

in stem and non-stem CRC cells and reduces their migration
toward CXCL12

Among the chemokine receptors, CXCR4 was the most to
be downregulated in CRC cells and, primarily in CR-CSCs
by CRISPR/Cas9-mediated IL30 deletion. Expression of
CXCR4 by CR-CSCs promotes metastatic dissemination
and confers poor patient prognosis.” * CXCR4 overex-
pressing cells have demonstrated metastasis initiating
capacity in CRC,” whereas targeting of CXCR4'CR-
CSCs reduces lung metastases,” therefore, supporting
the metastasis initiating capacity of these cells. Here, we
observed that expression of CXCR4 by CRC cells and
CR-CSCs, which was improved by IL30 overexpression
and reduced by IL30 knockout (figure 3A,B), promoted
their migration in response to CXCLI2 stimulation
(figure 3C). This migration was prevented by neutral-
izing anti-CXCR4 Abs, and by anti-IL30 Abs, or IL30KO,
of CRC cells and CR-CSCs, which has shown to suppress
CXCR4 expression (figure 3C), therefore, suggesting

the efficacy of targeting the IL30 gene in countering
a pivotal mechanism of stem and non-stem CRC cell
migration and metastasis. Notably, the IL30-dependent
upregulation of CXCR4 in CR-CSCs and CRC cells, was
substantially impaired by the deletion of the STAT3 gene
(figure 3A,B and online supplemental figure S4), which
our previous studies had suggested as the major mediator
of IL30-dependent regulation of chemokine receptor
expression.*

ANGPT2, CXCL10, EPO, IGF1 and EGF autocrine loops
contribute to Interleukin-30 dependent proliferation and
expansion of stem and non-stem CRC cells

In the wide range of genes coding for growth factors and
inflammatory mediators regulated by IL30 in CR-CSCs
and CRC cells, those coding for ANGPT2, CXCL10, EPO,
IGF1, EGF and VEGFA were the most to be suppressed
because of IL30 gene deletion. Therefore, we wondered
if they were implicated in IL30-driven proliferation of
stem and non-stem CRC cells.

Although at different levels, both cell types sponta-
neously produced and released ANGPT2, CXCL10, EPO,
IGF1, EGF and, especially, VEGFA (online supplemental
figure S5A-F) and, except for VEGFRI and VEGFR2,
they also expressed their cognate receptors, namely
TIE2, CXCR3, EPOR, IGF1R and EGFR, (figure 4A). The
production of these factors was consistently suppressed
by the treatment with anti-IL30 Abs, or IL30KO, which
substantiated RNA-Seq data. By contrast, it was signifi-
cantly increased by IL30 overexpression, as demonstrated
by ELISA (online supplemental figure S5A-F).

Neutralization of ANGPT2, CXCL10, EPO, IGF1 and
EGF with specific Abs, inhibited both stem and non-stem
CRC cell (CTRL) proliferation (ANOVA: p<0.01) (online
supplemental figure S6A-E), which was significantly
increased by the treatment with the respective recombi-
nant proteins (ANOVA: p<0.01) (online supplemental
figure S6F—]), that highlight their autocrine growth stim-
ulating function.

Importantly, the increased proliferation of IL30 overex-
pressing stem and differentiated CRC cells versus CTRL
cells, was substantially suppressed by the treatment with
neutralizing Abs against each of the above described
mediators (figure 4B-F), highly suggesting the coopera-
tion of all of them in mediating IL30-driven proliferative
boost.

CRISPR/Cas9-mediated deletion of Interleukin-30 in CR-CSCs
prevents or delays tumor onset, reduces lung metastases and
prolongs survival

To evaluate the effects of IL30 on CRC development both
IL30-CR-CSCs and IL30KO-CR-CSCs were s.c. injected in
NSG mice.

Twenty-sixdays after their implantation, IL30-CR-
CSCs and control cells, WI-CR-CSCs and EV-CR-
CSCs (figure 1C), gave rise to tumors that reached,
on the 54th day, a mean volume (MTV) significantly
higher in IL30 overexpressing than in control tumors

8 D'Antonio L, et al. J Immunother Cancer 2023;11:¢006056. doi:10.1136/jitc-2022-006056


https://dx.doi.org/10.1136/jitc-2022-006056
https://dx.doi.org/10.1136/jitc-2022-006056
https://dx.doi.org/10.1136/jitc-2022-006056
https://dx.doi.org/10.1136/jitc-2022-006056
https://dx.doi.org/10.1136/jitc-2022-006056
https://dx.doi.org/10.1136/jitc-2022-006056
https://dx.doi.org/10.1136/jitc-2022-006056
https://dx.doi.org/10.1136/jitc-2022-006056

Open access

@)

A IL30-CR-CSC CR-CSC IL30KO-CR-CSC STAT3KO IL30-CR-CSC
100 .\"\ 1\ a ‘ﬁ ]V‘H b \‘k\ C ‘w d
- = [\ Hq [ 0 ‘ | il | \\‘
A [\ il ol
O : [l ‘ \ I H [ \
X e | | 404 \“\ \ I * o] o\ |
O I \ [ \ I ° \ \
o || || I
“’ \J ) M ) k \

o

STAT3KO IL30-CR-CSC

Migration (OD 560 nm)

4

Figure 3

IL30-dependent regulation of CXCR4 expression impacts migration of CR-CSCs towards SDF1/CXCL12 ligand.

(A) Cytofluorimetric analyses of CXCR4 expression in IL30-CR-CSCs (a), WT CR-CSCs (b), IL30KO-CR-CSCs (c) and

STAT3KO IL30-CR-CSCs (d). Red lines: isotype control. Blue lines: anti-CXCR4 Abs. Results obtained from WT cells were
comparable with those from EV-transfected and NTgRNA-treated cells. These results are comparable to those obtained from
cytofluorimetric analyses of CXCR4 expression in CRC cells. (B) Immunocytochemical staining showing the expression of

IL30 (a, b, ¢, d) and CXCR4 (e, f, g, h) in IL30-CR-CSCs, WT CR-CSCs, IL30KO-CR-CSCs and STAT3KO IL30-CR-CSCs.
Magnification: X1000. These results are comparable to those obtained from immunocytochemical staining of CXCR4 expression
in CRC cells. (C) Migration assay of WT (untreated or treated with anti-IL30 Abs), IL30 overexpressing and IL30KO CR-CSCs,
with or without recombinant (r) CXCL12, as a chemoattractant, treated or not with anti-CXCR4 Abs. ANOVA, p<0.0001. *p<0.01,
Tukey HSD test versus WT. **p<0.01, Tukey’s HSD test versus WT+rCXCL12. $p<0.01, Tukey HSD test versus IL30-over and
WT+rCXCL12. $p<0.01, Tukey’s HSD test versus IL30-over+rCXCL12. Results obtained from EV-transfected and NTgRNA-
treated cells were comparable with those from WT cells. These results are comparable to those obtained from migration assay
of CRC cells toward CXCL12. ANOVA, analysis of variance; CRC, colorectal cancer; CR-CSC, colorectal cancer stem cell; EV,

empty vector; WT, wild type.

(MTV: IL30-CR-CSC, 3.073+0.495cm” vs EV-CR-CSC,
1.663+0.176cm’ and vs CR-CSC, 1.677+0.180cm’.
ANOVA, p<0.0001; *p<0.01 Tukey HSD test vs both
CR-CSCs and EV-CR-CSCs) (figure bA). By contrast, s.c.
implantation, in NSG mice, of IL30KO-CR-CSCs, gave rise
to tumors 81 days later, with a significant delay (56 days)
compared with the control tumors (which arise 25 days
after CSC implantation) (Fisher’s exact test, p<0.0001),
and only in 80% (12/15) of mice (Fisher’s exact test,
p<0.05) (figure 5B).

At the end of the experiment, autopsy and histopatho-
logical examination revealed that liver, kidney and spleen
were metastasis-free (online supplemental figure S7),
while the lungs were involved in tumor progression. Only
40% of mice bearing IL30KO tumors had developed lung
metastasis vs 100% of control tumor-bearing mice (Fisher’s
exact test, p=0.0004 vs NTgRNA-CR-CSC or WT tumors.
figure 5C). Furthermore, the average number of metas-
tases per mouse was significantly lower in mice bearing
IL30KO tumors than in mice bearing control tumors
(0.4£0.52 in IL30KO tumors, vs 9.70+4.42 and 8.80+2.86
in WI and NTgRNA tumors, respectively. ANOVA,
p<0.0001; Tukey HSD test, p<0.01 vs both controls.
figure 5D,E) and did not correlate with the volume of the

primary tumor (Pearson correlation coefficient: »=0.24).
The slow-growing and low-metastatic IL30KO tumors
resulted in a prolonged host survival (123 days vs 56 days
of control groups) (log-rank test: p<0.0001), as shown by
Kaplan-Meier curves (figure 5F).

Immunopathological analyses showed that IL30
overexpressing tumors were highly proliferating
(Ki67: 84.29%+3.04%) and well vascularized (MVD:
12.13+2.10), when compared with WT and EV-trans-
fected tumors (Ki67: 65.71+5.12%, and 69.00+3.32%,
respectively. MVD: 5.43+2.07 and 5.57+1.81, respectively)
(ANOVA, p<0.0001; Tukey HSD test, p<0.01 vs WT and EV
tumors). By contrast, wide areas of ischemic-hemorrhagic
necrosis characterized IL.30 deficient tumors, which
were low proliferating and poorly vascularized (Ki67:
27.38%=5.00%; MVD: 1.10+0.68) compared with WT
(Ki67: 65.71%+5.12%; MVD: 5.43+2.07) and NTgRNA-
CR-CSC tumors (Ki67: 70.29+5.38; MVD: 5.29+1.60)
(ANOVA, p<0.0001; Tukey HSD test, p<0.01 vs WT and
NTgRNA-CR-CSC tumors. figure 5G).

IL30-deficient tumors also lacked macrophage and
granulocyte infiltrate that characterized IL30 overex-
pressing tumors (figure 5H,I), and lost the expression
of inflammatory mediators, such as TNFoa and CXCL5/
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Figure 4 IL30-dependent regulation of growth factor and cytokine production in CRC cells and CR-CSCs, and IL30-driven

autocrine growth loops. (A) Cytofluorimetric analyses of TIE2, CXCR3, EPOR, IGF1R, EGFR, VEGFR1 and VEGFR2 expression
in CR-CSCs (top pictures) and CRC cells (bottom pictures). Red lines: isotype control. Blue lines: anti-TIE2, anti-CXCR3, anti-
EPOR, anti-IGF1R, anti-EGFR, anti-VEGFR1 and anti-VEGFR2 Abs. (B) MTT assay of CRC cells and CR-CSCs (CTRL) and IL30-
CRC cells and IL30-CR-CSCs (IL30-over), untreated or treated with anti-ANGPT2 Abs (2 ug/mL). ANOVA: p<0.0001. *$p<0.01,
Tukey’s HSD test compared with CTRL cells. *%p<0.01, Tukey’s HSD test compared with CTRL and IL30-CRC cells or IL30-
CR-CSCs. Results obtained from EV transfected cells were comparable with those from CTRL cells. (C) MTT assay of CRC cells
and CR-CSCs (CTRL) and IL30-CRC cells and IL30-CR-CSCs (IL30-over), untreated or treated with anti-CXCL10 Abs (2 ug/mL).
ANOVA: p<0.0001. *3p<0.01, Tukey HSD test compared with CTRL cells. **$¥p<0.01, Tukey HSD test compared with CTRL and
IL30-CRC cells or IL30-CR-CSCs. Results obtained from EV-transfected cells were comparable with those from CTRL cells.

(D) MTT assay of CRC cells and CR-CSCs (CTRL) and IL30-CRC cells and IL30-CR-CSCs (IL30-over), untreated or treated with
anti-EPO Abs (0.5 pg/mL). ANOVA: p<0.0001. “$p<0.01, Tukey HSD test compared with CTRL cells. **%8p<0.01, Tukey HSD test
compared with CTRL and IL30-CRC cells or IL30-CR-CSCs. Results obtained from EV transfected cells were comparable with
those from CTRL cells. (E) MTT assay of CRC cells and CR-CSCs (CTRL) and IL30-CRC cells and IL30-CR-CSCs (IL30-over),
untreated or treated with anti-IGF1 Abs (0.4 ug/mL). ANOVA: p<0.0001. *$p<0.01, Tukey HSD test compared with CTRL cells.
“%p<0.01, Tukey HSD test compared with CTRL and IL30-CRC cells or IL30-CR-CSCs. Results obtained from EV transfected
cells were comparable with those from CTRL cells. (F) MTT assay of CRC cells and CR-CSCs (CTRL) and IL30-CRC cells and
IL30-CR-CSCs (IL30-over), untreated or treated with anti-EGF Abs (2 pg/mL). ANOVA: p<0.0001. *8p<0.01, Tukey HSD test
compared with CTRL cells. *$%p<0.01, Tukey HSD test compared with CTRL and IL30-CRC cells or IL30-CR-CSCs. Results
obtained from EV transfected cells were comparable with those from CTRL cells. ANOVA, analysis of variance; CRC, colorectal
cancer; CR-CSC, colorectal cancer stem cell; EV, empty vector.

ENA-78 (figure 5]), which may contribute to myeloid-
derived cell recruitment, and growth factors, such as IGF1
and EGF, which contribute to IL30-driven CR-CSC and
CRC cell proliferation (figure 5]). Tumors lacking IL30
also showed a reduced expression of LYVEL,* outlining
both lymphatic vessels and spindle-shaped tumor cells
(figure 5]), which enable lymphatic mimicry,” and reduc-
tion of VEGFA (figure 5K), which is involved in angio-
genic switch and is associated with lymphatic metastases
in CRC.™ Expression of TGFB1, STAT3 and JAKI, which
are critically involved in tumorigenesis, were also dramat-
ically downregulated in IL30KO tumors. By contrast, the
tumor suppressor RARB, typically repressed via promoter

methylation in CRC,” was considerably upregulated
(figure 5K), thus substantiating, in vivo, the findings
provided by RNA-Seq of IL30KO-CR-CSCs.

The lack of interleukin-30 expression in CRC and infiltrating
leucocytes correlates with prolonged overall survival of CRC
patients

The effects of IL30 deletion on the onset and progression
of CSC-induced tumor xenograft, and its impact on the
lifespan of tumor-bearing mice, led us to assess whether
these findings may have translational implications. There-
fore, we investigated IL30 expression in tumor samples
from 120 patients, who underwent colectomy for CRC,
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Figure 5 Growth and progression of IL30-deficient or IL30-overexpressing tumors developed after subcutaneous CR-CSC
implantation in NSG mice. (A) Mean volume of tumors developed in NSG mice, after s.c. implantation of wild type (WT), EV-CR-
CSCs or IL30-CR-CSCs. ANOVA, p<0.0001; *p<0.01 Tukey HSD test versus both CR-CSCs and EV-CR-CSCs. (B) Mean volume
of tumors developed in NSG mice, after s.c. implantation of WT, NTgRNA-treated or IL30KO CR-CSCs. ANOVA, p<0.0001;
*p<0.01 Tukey HSD test versus both CR-CSCs and NTgRNA-CR-CSCs. (C) Percentages of NSG mice, which spontaneously
developed lung metastasis after s.c. injection of WT, NTgRNA-treated or ILB0OKO CR-CSCs. *Fisher’s exact test, p=0.0004
versus NTgRNA or WT tumors. (D) Average number of lung metastasis spontaneously developed in NSG mice bearing tumors
induced by WT, NTgRNA-treated or IL30KO CR-CSCs. ANOVA: p<0.0001. *p<0.01, Tukey HSD test compared with WT and
NTgRNA tumors. (E) Histopathological features of lungs from tumor bearing NSG mice injected with WT CR-CSCs (a) or
IL30KO-CR-CSCs (b, c). Extensive metastatic nodules (arrowheads), developed around small vessels and arterioles (Ar), in
mice bearing WT CR-CSC derived tumors. The lungs of 20% of IL30KO tumor-bearing mice were metastases-free (b), while
the remaining 80% of mice developed a reduced number of metastases that were usually smaller (arrowheads), compared with
the controls. Magnification: x200. (F) Kaplan-Meier survival curves of mice-bearing tumors developed after s.c. implantation

of CR-CSCs, NTgRNA-CR-CSCs or IL30KO-CR-CSCs. Log-rank test: p<0.0001. (G) Immunopathological features of tumors
developed in NSG mice after s.c. implantation of WT, IL30 overexpressing or IL30KO CR-CSCs. H&E stained sections showing
WT tumor (a) formed by sheets of round to polygonal cancer cells endowed with large nuclei and evident nucleoli. A prominent
Figure 5 continued on next page
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Figure 1 continued

vascular supply (arrowheads) and aspects of muscle (M) infiltration are hallmarks of IL30-overexpressing tumor (b), whereas
ischemic-hemorrhagic necrosis (N) and loss of cell-to-cell contact characterize IL30KO tumor (c). Expression of IL30 was

low, but distinct, in the WT tumor (d), strong in the IL30 gene transfected tumor (e) and absent in the IL30KO tumor (f). The
microvessel density was prominent in IL30 gene transfected tumor (h) when compared with the WT tumor (g), whereas it

was scanty to absent in the IL30KO tumor (j). The proliferation rate was higher in the IL30 gene transfected tumor (k) than in
the WT tumor (j), whereas it was reduced in the IL30KO tumor (). Results from EV-CR-CSC and NTgRNA-CR-CSC derived
tumors were comparable to those obtained from WT tumors (CR-CSC). Magnification: x400. (H) Automated immune cell
count and MVD in tumors developed in NSG mice, after implantation of WT, IL30KO and IL30-CR-CSCs, assessed by
immunohistochemistry. ANOVA, p<0.0001. *p<0.01, Tukey HSD test compared with WT tumors. **p<0.01, Tukey HSD test
compared with WT and IL30KO tumors. Results obtained from EV and NTgRNA tumors were comparable with those of WT
tumors. (I) Immunohistochemical features of the immune cell infiltrate in tumors developed after s.c. implantation of CR-CSCs
(a, b), IL30-CR-CSCs (c, d) or IL30OKO-CR-CSCs (e, f), show F4/80*macrophages and Ly-6G*granulocytes, which were more
represented in IL30-overexpressing tumors (c, d) than in WT control tumors (a, b), but were scarce to absent in IL30 deficient
tumors (e, f). Results from EV-CR-CSC and NTgRNA-CR-CSC derived tumors were comparable to those obtained from WT
tumors (CR-CSC). Magnification: x400. F4/80 and Ly-6G stainings in IL30-CR-CSC tumors: X630. (J) Immunohistochemical
features of tumors developed in NSG mice after s.c. implantation of WT CR-CSCs (a-€) or IL30KO-CR-CSCs (f-j), show that
the expression of TNFa and CXCL5, which was also detected in infiltrating reactive cells, was downregulated in IL30 deficient
tumors (f, g) when compared with control tumors (a, b). Expression of both IGF1 and EGF ranged from moderate to strong in
WT tumors (c, d), by contrast it was dramatically reduced in IL30OKO tumors (h, i). Expression of LYVE1 was marked in tumors
induced by WT cells, and localized in both neoplastic cells and lymphatics (), by contrast it was barely detectable in IL30KO
tumors (j). Results from NTgRNA-CR-CSC derived tumors were comparable to those obtained from WT tumors (CR-CSC). N:
necrosis. Magnification: X400. (K) Immunohistochemical features of tumors developed in NSG mice after s.c. implantation of WT
CR-CSCs (a—e) or IL30KO-CR-CSCs (f—j), show that the expression of VEGFA and TGFB1 was downregulated in IL30 deficient
(IL30KO) tumors (f, g) when compared with WT control tumors (a, b). Expression of STAT3 and JAK1 was downregulated in
IL30 deficient (IL30KO) tumors (h, i) when compared with WT control tumors (c, d). The nuclear expression of RARB was weak
in cancer cells of WT tumors (e), whereas it was strong in cancer cells forming IL30KO tumors (j). Results from NTgRNA-CR-
CSC derived tumors were comparable to those obtained from WT tumors (CR-CSC). N: necrosis. Magnification: x400. ANOVA,
analysis of variance; CR-CSC, colorectal cancer stem cell; EV, empty vector; s.c., subcutaneously.

and assessed its correlation with patient’s clinicopatho-
logical profiles (table 1).

Immunostaining showed that IL30 was absent in
normal colonic tissue, whereas it was expressed in
neoplastic tissue and localized in cancer cells and, or,
infiltrating leucocytes, mostly monocytes and macro-
phages, as demonstrated by IL30/CD68 and I1L30/CD14
double stainings (figure 6A,a—c). Morphometric analyses
revealed that 18/120, 15.00%, of CRC samples showed
IL30 positive staining in cancer cells and a strong 1L30
expression in infiltrating leucocytes, thus they were
defined as IL30"*CRCs (figure 6B,a). In most of the
CRC samples, 87/120, 72.50%, IL30 was expressed in
both epithelial and immune cell components, but to a
markedly different extent, ranging from weakly positive
to negative in the neoplastic epithelia, and from distinct
to scanty in the immune cell infiltrate, and therefore were
defined as IL30"°CRCs (figure 6B,b). The remaining
15/120, 12.50%, of CRC samples showed IL30 negative
staining in cancer cells and a scanty IL30 expression in
infiltrating leucocytes, that is, lacked IL30 expression in
both the epithelial and immune cell compartments, and
thus were defined as IL30""CRCs (figure 6B,c).

Kaplan-Meier survival analysis (figure 6C) revealed
that high levels of IL30 production were associated with
a shorter overall survival (OS), since patients bearing
IL30"*CRCs had a median OS of only 50 months,
whereas more than 50% of patients diagnosed with IL30"
/ ‘CRGs, which showed the best clinical course, or with
IL30" ‘CRCs, were still alive at the time of the last observa-
tion (60 months) (log-rank test, p<0.0001). No significant

association between IL30 expression and patients’ sex
and age, TNM staging and molecular CRC subtype was
disclosed by the XQ or Fisher’s exact test (p>0.05) (table 1).

To validate this clinical finding in a larger cohort of
patients, RNA-Seq data of tumor samples from the ‘CRC
TCGA Nature 2012 collection, which includes 276 CRC
cases, were downloaded from the publicly available cBio-
portal for Cancer Genomics database.

Since the mRNA expression level of IL30in CRCsampleswas
never below a Z-score=2, it was defined high (IL30"""CRC)
when the Z score was >2, and moderate (IL?)OM“dCRC) when
the Z-score was <2. After excluding 34 patients due to their
incomplete clinicopathological data, of the remaining 242
cases (online supplemental table S3), 230 were classified as
patients bearing IL30M**CRC (Z-score <2and >-2) and 12
were classified as patients bearing IL30™¢"CRC (Z score >2).

Kaplan-Meier survival curves, calculated after the exclu-
sion of cases that also overexpressed EBI3 or CRLFI,
Z-score >1 (3/12), to exclude the effects due to IL27 or
p28/CRLF1 complex, demonstrated that patients bearing
IL30™8"CRCs, 9/239, 4%, had a median OS of 38.90
months, whereas more than 50% of patients bearing
IL30™°'CRCs, 230,239, 96%, were still alive at the time of
the last observation (60 months) (log-rank test, p=0.0324)
(figure 6D). High levels of IL30 expression in CRC
samples were associated with a worse clinical outcome,
independently of patients’ sex and age, or tumor size,
stage, and molecular CRC subtype, as assessed by Cram-
er’s Vtest (V<0.10, p>0.05). The CIBERSORTx algorithm,
used to identify leucocyte populations, which account
for IL30 production in the CRC microenvironment,
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Figure 6

IL30 expression in clinical CRC samples and correlation with patient’s overall survival. (A) Immunopathological

aspects of CRC and contiguous normal tissue (Normal), showing IL30 expression confined to neoplastic areas (CRC) and
involving cancer cells and infiltrating leucocytes (a). Among tumor-infiltrating leucocytes, macrophages and monocytes
appeared to be the main source of production of IL30, as shown by IL30/CD68 (b) and IL30/CD14 (c) double stainings.
Magnification: x400. (B) In the CRC tissue samples, IL30 can be strongly expressed in both, epithelial and leucocyte
compartments (IL30"*CRC) (a). Otherwise, IL30 can be expressed, to a variable extent, in the neoplastic epithelium, ranging
from weakly positive to negative and/or in tumor-infiltrating leucocytes, ranging from distinct to scanty (IL30*"CRC) (b). IL30
expression may be lacked in both epithelial and leucocyte components (IL307- CRCs) (c). Magnification: x400. (C) Kaplan-
Meier curves representing, for each time point, the fraction of surviving CRC patients classified, based on IL30 protein
expression in tumor cells and infiltrating leucocytes, as patients bearing IL30**CRCs (n. 18), IL307*CRCs (n. 87) or IL30""CRCs
(n. 15).(D) Kaplan-Meier curves representing, for each time point, the fraction of surviving CRC patients from the ‘Colorectal
Adenocarcinoma TCGA Nature 2012’ collection, classified, based on IL30 mRNA expression in their clinical samples, as
patients bearing IL30M"CRCs (n. 9) or IL30M°“CRCs (n. 230). CRC, colorectal cancer.

revealed that IL30 was mainly expressed by monocytes
and macrophages. This data corroborated the immuno-
histochemical evidence of IL30 production by CD14"cells
and CD68cells in clinical CRC samples and confirms the
contribution of myeloid-derived cells in the production of
1L30 in the tumor microenvironment,9 and therefore, to

the regulation of CRC behavior and patient outcome.** !

DISCUSSION
The predicted increase in CRC incidence worldwide'
demands the development of new strategies to prevent

and/or treat this deadly malignancy. Since biostatistics
revealed that, although to a variable extent, the vast
majority of CRCs express 1130, the new data, provided by
this study, on its role in CRC tumorigenesis and progres-
sion, prompts the development of an IL30 targeting
strategy amenable to translation into clinical practice.
CRC onset and progression are driven by a dynamic
subset of CSCs,” which can shift from slow cycling to
actively proliferating, depending on endogenous and
microenvironmental signals. Among the regulators of
CSC behavior and tumor progression, IL30 has recently
proven to be a key player.*” "' Here, we provide evidence
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immunopathology studies on tumors from CRC patients. CRISPR/Cas9-mediated deletion of IL30 gene inhibits self-renewal
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hematic and lymphatic support, low growth and metastatic potential. Kaplan-Meier survival analysis shows that high levels of
IL30 expression in CRC tissue specimens are associated with low patient survival. CRC, colorectal cancer; CR-CSCs, colorectal

cancer stem cells.

that both stem and differentiated CRC cells constitu-
tively express membrane-anchored IL30, as confirmed
by immunogold electron microscopy, and that it regu-
lates genes coding for growth, angiogenic and lymph-
angiogenic factors, and boosts CSC self-renewal, which

involves WNT and RAS family members, such as WNT5A
and RAB33A, and expansion of both stem and differen-
tiated CRC cell compartments. In a model of CRC xeno-
graft, IL30 overexpression by CR-CSCs accelerates tumor
growth, in association with a significant proliferation,

vessels  vessels
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vascularization and reactive macrophage and granulocyte
infiltrate. The tumor progression program triggered by
IL30 in both stem and differentiated CRC cells, primarily
includes the upregulation of ANGPT2, CXCL10, EPO,
IGF1, EGF and VEGFA. While the latter can only act in
a paracrine fashion, improving lymphatic and hematic
vascular networks,” the remaining factors, by binding to
their cognate receptors expressed on cancer cells, have
proven to feed autocrine growth loops that are amplified
and used by IL30 to boost cancer proliferation. IL30-
dependent regulation of VEGFA, CXCL10 and EGF has
already been found in prostate and breast CSCs,*” while
IGF1, EPO and ANGPT2 emerge as new components of
the signaling cascade orchestrated by IL30 to support
stem and differentiated CRC cell compartments.

Mounting evidence has demonstrated that IGF1-IGF1R
signaling is critical for CRC initiation and progres-
sion,” and that it is associated with metastasis and poor
prognosis.”

By binding to the EPOR, the hematopoietic cytokine,
EPO, promotes survival, proliferation, and differentiation
of the early erythropoiesis progenitors, thus supporting
erythrocyte production and maturation. However, EPOR
expression by endothelial and cancer cells,”® or by
CR-CSCs, as reported in this study, can promote angio-
genesis and malignant progression.*

By binding to TIE2 on endothelial cells, ANGPT2
promotes vascular remodeling and angiogenesis, and
cooperates with VEGF to foster tumor development.” As
for EPO-EPOR signaling, the expression of TIE2, already
detected in different CRC cell lines, and here demon-
strated in CR-CSCs, implies an autocrine signaling loop
mediated by ANGPT2, which fosters IL30-dependent
CSC proliferation, thus favoring tumor progression.

In addition to promoting angiogenesis, IL30 regulates
in both the stem and non-stem CRC cells, the expression
of the lymphatic endothelial cell marker LYVE1, which
could favor not only cancer cell migration,” but also
the ‘lymphatic mimicry’ whereby cancer cells contribute
to the formation of lymphatic vessel walls, ultimately
promoting the lymphatic route of metastasis.” Metasta-
sization substantially declined because of IL30 deletion in
CR-CSCs, since the number of metastatic animals, and the
number of metastases per animal, were drastically reduced
among IL30 deficient versus WT tumor bearing hosts.
Among the molecular mechanisms underlying the anti-
metastatic effects of IL30 deletion in CR-CSCs, the signif-
icant downmodulation of chemokine receptors, such as
CCR3, CCR7 and mostly CXCR4, may be of relevance,?’2
as strongly suggested by the inability of IL30KO-CR-CSCs,
or anti-IL30 Ab treated WT and IL30 overexpressing
CR-CSCs, to migrate in response to CXCL12 due to
the suppressed cancer cell expression of its receptor,
CXCR4. The molecular mechanism underlying the IL30-
dependent regulation of CXCR4 and, therefore, of the
migratory potential of CR-CSCs, is revealed by the lack
of CXCR4 upregulation in IL30 overexpressing CR-CSCs
with the targeted deletion of the STAT3 gene, which is

confirmed as the key signaling molecule in mediating the
pro-metastatic effects of I1.30.* %%

Inflammation, a hallmark of cancer, was substantially
shut down by IL30 deletion, which, apart from the upreg-
ulation of CCL3, inhibited the expression of a wide range
of chemokines, such as CCL2, CCL20, CXCL5, CXCLI10,
CXCL11 and CXCLI7, and inflammatory or tumor
promoting cytokines, such as /L13, IL.32, IL17 and OSM.

The imbalance in the regulation of the proteases, MMP
and ADAM family members, and protease inhibitors, such
as SERPINS and SERPINIZ2, with a clear prevalence in the
suppression of the former, could also assist in mediating
the anti-metastatic effect of IL30-deletion in CR-CSCs.

A significant anti-tumor progression mechanism  trig-
gered by IL30 inactivation is the downregulation of genes
coding for extracellular matrix proteins, such as COL24A1,
COL5A3, COLYA1, MUCS, MUCI5 and MUC6, which, by
strengthening the ECM meshwork, can promote cancer
cell survival and colonization at distant sites."*’

A role in cancer progression and metastasis formation
has also been recognized for ZNFs,*' that are substan-
tially downregulated by IL30 deletion and implicated in a
variety of cellular processes, such as transcriptional regu-
lation, ubiquitin-mediated protein degradation, signal
transduction, actin targeting, DNA repair and cell migra-
tion,* although the specific function of each of the ZNFs
in colorectal tumorigenesis remains to be investigated.

IL30’s ability to shape the immunological profile of
neoplastic cells, which has already been demonstrated in
prostate and breast tumors,*® ! also occurs in both stem
and non-stem CRC cells, in which the inactivation of the
IL30 gene downregulates NOS2, which is deeply involved
in colon carcinogenesis,” while it upregulates GBPI,
which acts as CRC suppressor,” along with cell surface
molecules, such as CD96 and CIITA. Commonly expressed
on T and NK cells, CD96, may enhance CDS'T cell activa-
tion and effector functions, and its expression in cancer
may favor immune cell infiltration.” CIITA-driven MHC
Class II expression by cancer cells allows tumor antigen
presentation and priming of naive Th cells, promoting
the development of anti-tumor effector responses.

Importantly, IL30 deletion leads to a weakening of the
oncogenic pathways closely related to colorectal tumori-
genesis, since it dramatically suppresses the expression of
WNT and RAS family members, mostly WNT3, WNT5A,
RAB3C and RAB33A, and expression of canonical CRC
driver genes, including 7TGFBI, TRIB1/2/3 AKTI1/3,
CRIPTO1, APC2, ALK, MYC, STAT1/3 and JAKI. By
contrast, the tumor suppressors SOCS3 and RARB, which
were lost in CR-CSC-induced WT tumors and re-ex-
pressed in IL30-defective tumors, were strongly upregu-
lated because of IL30 gene inactivation.

The clinical value of the in vitro and in vivo experi-
mental findings is strongly suggested by the Kaplan-Meier
curves constructed based on bioinformatics of publicly
available clinical-pathological data from the ‘CRC TCGA
Nature 2012 collection, and immunopathological anal-
yses of CRC samples from a distinct cohort of patients.
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The survival curves, together with the survey carried
out with the CIBERSORTx analytical tool, reveal that, i)
IL30 is expressed in most of CRC samples, by cancer cells
or infiltrating immune cells, mostly macrophages and
monocytes, or both components, and ii) the lack of IL30
expression is associated with an increased OS for patients
diagnosed with 11307 ‘CRC, compared with patients
with IL30" CRC or IL30"*CRC. Previous studies have
highlighted the driving role of IL30 in tumor onset and
progression and the clinical implication of its produc-
tion in prostate and breast cancer sarnples.4 SIS 130
production by tumor cells and leucocytes infiltrating the
draining lymph nodes has been found in the majority
of metastatic prostate cancers and is tightly linked with
advanced disease grade and stage.”” In breast cancer, IL30
expression mostly involves HER2" and triple-negative
tumors. However, independently of the molecular subtype
of the tumor, univariate analyses revealed that a high level
of IL30 expression by leucocyte infiltrating breast cancer-
draining lymph nodes was associated with disease recur-
rence, and the Cox proportional hazard model, showed
a significant association with breast cancerrelated
mortality.” IL30 fueled tumor escape mechanisms, such as
the upregulation of PD-L1 and LAG3,*” and T regulatory
cell (Treg) recruitment,” ' demonstrated in IL30 overex-
pressing preclinical tumor models and highly suggested
by the biostatistical data from patients bearing I1.30"*""
prostate or breast cancers, could also have important clin-
ical implications. Immune exhaustion with high levels of
expression of PD-L1 and LAG-3 correlates with a shorter
OS in CRC patients,44 and accumulation of Tregs has
been associated with CRC progression and metastasis,
immunotherapy failure and a poorer prognosis.*’

So far, the role of IL30 in colorectal tumorigenesis
has never been explored. Here, we provide evidence
that IL30 expressed, as membrane-anchored cytokine,
in both stem and non-stem CRC cells, regulates their
viability, immunophenotype and tumor progression
programs. Targeting of IL30, via CRISPR/Cas9 genome
editing, inhibits CR-CSC tumorigenicity and metastatic
ability, severely compromises the tumor ‘lymphangio-
genic switch’ and disables oncogenic and proinflamma-
tory pathways, hindering tumor onset and progression
(as summarized in the figure 7). This study provides
the proof of concept that targeting of IL30 in CR-CSCs
inhibits CRC tumorigenesis and envisages its pharma-
cological development to expand the therapeutic land-
scape of CRC.
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