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Background: Innate lymphoid cells (ILCs) are a newly discovered family of immune cells that have similar
cytokine-secreting profiles as T helper cell subsets. Although ILCs are critical for host defense against infections
and tissue homeostasis, their roles in tumor development are not well established.
Methods:Westudied the function of ILC3 cells in the liver for the development of hepatocellular carcinoma (HCC)
in murine HCC models using flow cytometry, adoptive transfer, and in vitro functional assays.
Findings:We found that ILC3 lacking the natural cytotoxicity-triggering receptor (NCR−ILC3) promoted the de-
velopment of HCC in response to interleukin 23 (IL-23). IL-23 serum level is elevated in HCC patients and its
high expression is associated with poor clinical outcomes. We found that IL-23 could promote tumor develop-
ment in murine HCC tumor models. IL-23 promoted the expansion of NCR−ILC3 and its differentiation from
group 1 ILCs (ILC1s). Furthermore, NCR−ILC3 initiated IL-17 production upon IL-23 stimulation and directly
inhibited CD8+ T cell immunity by promoting lymphocyte apoptosis and limiting their proliferation.
Interpretation: Together, our findings suggest that NCR−ILC3 initiates the IL-17-rich immunosuppressive tumor
microenvironment and promotes the development of HCC, thusmay serve as a promising target for future cancer
immunotherapy.
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tive Innovation Center of Hematology, start-up grant from National University of Singapore, the Cancer Preven-
tion and Research Institute of Texas CPRIT (RR180017), and the National Cancer Institute's Cancer Center Support
(Core) Grant CA016672 (to The University of Texas MD Anderson Cancer Center).
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1. Introduction

Development of hepatocellular carcinoma (HCC) is one example of
inflammation-based carcinogenic processes, and chronic inflammatory
liver diseases and liver cirrhosis are the main risk factors for the devel-
opment of HCC [1,2]. We showed previously that interleukin (IL)-17, a
major inflammatory cytokine, could promote HCC development by
recruiting and promoting the suppressive function of myeloid-derived
suppressor cells (MDSCs) [3]. Moreover, Kuang et al. reported that
both Th17 [4] and Tc17 [5] were enriched in the HCC tumor
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Development of hepatocellular carcinoma (HCC) is driven by
chronic inflammation. We demonstrated previously that interleu-
kin (IL)-17, a major inflammatory cytokine, could promote HCC
development by suppressing anti-tumor immune response. Other
studies also showed that both Th17 and Tc17 were enriched in
the HCC tumor microenvironment. However, how IL-17 produc-
tion is initiated in the tumor microenvironment is not clear. IL-23
has been shown to promote IL-17 production by many cell sub-
sets, including ILC3. ILC subsets mainly reside in tissues and rep-
resent an early source of cytokines in response to infections or
tissue damage. The role of ILC3 in tumor development remains
elusive, and it may depend on the tissue microenvironment as
well as the type of tumors. Thus, whether ILC3 could respond to
inflammatory signals, such as IL-23, produce IL-17 to regulate an-
titumor adaptive immune response, and contribute to the develop-
ment of HCC is not known.

Added value of this study

We assessed the development of HCC, the adaptive antitumor im-
mune response, and the kinetics of the development of IL-17-pro-
ducing cells in an IL-23-rich tumor microenvironment. We found
that IL-23 inhibited antitumor adaptive immune response and pro-
moted HCC tumor growth by enhancing IL-17 production. Inter-
estingly, NCR−ILC3 cells were the first responders to IL-23,
producing IL-17 during the early phase of tumor development.
Their proliferation in vivo was facilitated by IL-23, and adoptive
transfer of NCR−ILC3 cells promoted HCC growth. We have con-
firmed the presence of ILC3 in the liver, and demonstrated, for
the first time, that NCR−ILC3 cells, being the initial IL-17-produc-
ing cells in response to IL-23 in the liver, could contribute to the im-
munosuppressive tumor microenvironment.

Implications of all the available evidence

NCR−ILC3 cells are the tissue-resident population in the liver
responding to inflammatory cytokines in the early stage of tumor
development. The production of IL-17 by ILC3 could set the
stage for the differentiation of other IL-17-producing cells, and
thus generate an IL-17-rich immunosuppressive tumor microenvi-
ronment. Therefore, NCR−ILC3 cells, as well as inflammatory cy-
tokine IL-23, could be targeted for early prevention or
therapeutic modulation of HCC.
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microenvironment. While Stat3 has been implicated in the initiation of
IL-17 production by Th17 cells [6], the exact kinetics of IL-17 initiation in
the tumor microenvironment is not clear.

IL-23 is an inflammatory cytokine characterized as a member of the
IL-12 family in 2000 [7]. IL-23 shares the p40 subunitwith IL-12 and dis-
plays pro-inflammatory functions [8]. Although IL-23 is upregulated in
many tumors, its role in tumor development is controversial. IL-23
could reduce tumor growth in mammary cancer [9], colon adenocarci-
noma [10], and B16F1 melanoma [11], whereas others found that ele-
vated IL-23 in various human cancers was associated with adverse
prognosis and more aggressive diseases [12–16]. A recent study identi-
fied IL-23 secreted by MDSCs as a driver of the resistance to androgen-
deprivation therapy, a condition known as castration-resistant prostate
cancer [17]. The ability of IL-23 to promote IL-17 secretion by Th17 cells
was initially characterized in 2003 [18]. Many recent studies have
further demonstrated that IL-23 can promote IL-17 and/or IL-22 pro-
duction by CD8+ T cells [19],γδT cells [20] and group 3 innate lymphoid
cells (ILC3) [21]. However, the role of IL-23 in HCC development and
whether it depends on the induction of IL-17 and/or IL-22 are not
known.

ILC3 cells are defined by their ability to produce IL-17 and/or IL-22
and can be further subclassified as lymphoid tissue-inducer (LTi) cells,
natural cytotoxicity triggering receptor-positive (NCR)+ ILC3 cells, and
NCR−ILC3 cells [22]. ILC subsets mainly reside in tissues and represent
an early source of cytokines in response to infections or tissue damage.
A tumor-promoting role has recently been proposed for ILC3-derived IL-
22 in colorectal cancer [23]. Another group demonstrated that IL-23 is
sufficient to induce de novo gut tumorigenesis by activating ILCs [24].
On the other hand, ILC3 has recently been shown to localize at the
edge of tumor-associated tertiary lymphoid structures, which can be
used to predict favorable clinical outcome [25]. Eisenring et al. also
found that ILC3 displayed anti-tumorigenic potential in a model of ma-
lignant melanoma [26], and another study showed that splenic ILC3
suppressed tumor growth in an IL-12-dependent manner [27]. Thus,
the role of ILC3 in tumor development remains elusive, and it may de-
pend on the tissue microenvironment as well as the type of tumors.
The properties of tissue-resident ILC3 have been reported for intestine,
skin, and lung [28–30]. A recent study with Rag1−/− mice detected
the presence of ILC3 in the liver [27]. However, whether ILC3 could re-
spond to inflammatory signals, regulate antitumor adaptive immune re-
sponse, and contribute to the development of HCC is not known.

In the current study, we assessed the development of HCC, the adap-
tive antitumor immune response, and the kinetics of the development
of IL-17-producing cells in an IL-23-rich tumor microenvironment. We
found that IL-23 inhibited antitumor adaptive immune response and
promoted HCC tumor growth by enhancing IL-17 production. Interest-
ingly, NCR−ILC3 cells were the first responders to IL-23, producing IL-
17 during the early phase of tumor development. Their proliferation
in vivo was facilitated by IL-23, and adoptive transfer of NCR−ILC3
cells promoted HCC growth. We have confirmed the presence of ILC3
in the liver, and demonstrated, for the first time, that IL-23 could pro-
mote HCC development through enhancing IL-17 production, and
NCR−ILC3 cells, being the initial IL-17-producing cells in response to
IL-23 in the liver, could be critical in establishing the IL-17-rich immu-
nosuppressive tumor microenvironment.

2. Materials and methods

2.1. Mice

C57BL/6 (CD45.2) mice were purchased from the Shanghai Labora-
tory Animal Center (Shanghai, China). CD45.1 C57BL/6 mice were
purchased from Beijing Charles River Laboratory Animal Technology
Co., Ltd. (Beijing, China). C57BL/6 IL-17A−/− mice were provided by
Dr. Chen Dong (Tsinghua University, Beijing, China) and C57BL/6
RORgtgfp/+ mice were provided by Dr. Ju Qiu (Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences, Shanghai, China). All
micewere housed in specific-pathogen-free facilities and in accordance
with the National Animal Care and Use Committee. All animal experi-
ments were approved by the Institutional Laboratory Animal Care and
Use Committee of Soochow University (Suzhou, China).

2.2. Cell lines

ThemurineHCC cell line hepa1-6 and human embryonic kidney line
293T cells were obtained from the American Type Culture Collection
(Manassas, VA) and cultured in DMEM with 10% fetal bovine serum
(Gibco, Gaithersburg, MD). Human 293T cell line has recently been au-
thenticated by ATCC cell line authentication service (Manassas, VA). The
murineHCC cell line hepa1-6 has recently been authenticated bymouse
cell line authentication service provided by Applied Biological Materials



Fig. 1. IL-23 promoted the development of murine HCC. (a) 1 × 106 hepa1-6-IL-23 or hepa1-6-vector cells in 2 ml PBS were injected into C57BL/6 mice (n = 7–8 mice/group)
hydrodynamically via tail veins. The tumor nodules in the liver from tumor-bearing mice were counted on day 21. The representative of tumor morphology (left panel) is shown and
the numbers of tumor nodules are shown as mean ± SEM (right panel). (b) 1 × 106 hepa1-6-IL-23 or hepa1-6-vector cells in 25ul PBS were intrahepatically injected into C57BL/6
mice (n = 4–5 mice/group). The tumor volumes were measured on day 14. The representative of tumor morphology (left panel) is shown and tumor size is shown as mean ± SEM
(right panel). (c) 14-day-old C57BL/6 mice (5–7 mice/group) were injected with 25 mg/kg DEN intraperitoneally. Two months later, mice were injected hydrodynamically with
80 mg/2 ml minicircle vector or minicircle-IL-23 plasmids every other month for 8 months. The number of tumor nodules in the liver was counted. The representative of tumor
morphology (left panel) is shown and the numbers of tumor nodules are shown as means±SEM (right panel). (d) 1 × 106 hepa1-6-IL-23 or hepa1-6-vector cells in 25ul PBS were
intrahepatically injected into NOD-SCID mice (n = 4–5 mice/group). The tumor volumes were measured on days 10, 14, 20, and 30. Tumor size is shown as mean ± SEM, Data were
pooled from two independent experiments. Each symbol represents an individual mouse. Two-tail unpaired student's t-test was used for statistical analysis. **p b .01. Data are represen-
tative of at least three independent experiments for a–c.
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(Richmond, BC, Canada). An IL-23-expressing lentivirus generated from
293 T cells was used to infect hepa1-6 cells to generate the hepa1-6-IL-
23 cell line, and an empty vector was used as a vector control. The YFP-
positive monoclonal cells were sorted by a FACSAria III flow cytometer
(BD Biosciences, San Jose, CA) into 96-well plates and then screened
for stable clones.
Fig. 2. IL-23 enhanced IL-17 production from CD4+ and CD8+T cells. 1 × 106 hepa1–6-IL-23
hydrodynamically via tail veins. On day 7 and day 21, T cells were analyzed for cytokine pr
CD3+CD8+ cells obtained from the livers of tumor-bearing mice on day 7 (a) or day 21 (b
measured by a cytometric bead array assay in serum of tumor-bearing mice on day 7 (left
student's t-test was used for statistical analysis. *p b .05, **p b .01, ***p b .001. Data shown are
2.3. Plasmid construction

IL-23-p19 and IL-12-p40were amplified from cDNA generated from
hepa1-6 cells (IL-23-p19 F: GGATCCATGCTGGATTGCAGAGCAG, R:
AGCTGTTGGCACTAAGGGC and IL-12-p40 F: ATGTGGGAGCTGGAGA
AAGAC, R: GGATCGGACCCTGCAGG) and linked with a flexible region
or hepa1–6-vector cells in 2 ml PBS were injected into C57BL/6 mice (n= 5mice/group)
oduction. (a–b) Frequencies of IFN-γ+, TNF-α+, or IL-17A+ cells among CD3+CD4+ or
) were determined by flow cytometry. (c) IL-6, IL-9, IL-12, and IL-17A production was
panel) and day 21 (right panel). Data are shown as mean ± SEM. Two-tail unpaired
the representative of three independent experiments.
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(gssss)3 to form the IL-23 construct, which was then inserted into
lentiviral plasmid (pRRL-venuswas provided byDr. Yun Zhao, Soochow
University, Suzhou, China) and minicircle plasmid (pMC.EF1; SBI, Palo
Alto, CA). A lentiviral construct was used to generate IL-23 stable-
expressing cell line. Minicircle plasmids were delivered hydrodynami-
cally (i.e., 80 μg/2 ml plasmids in PBS were injected via tail vein within
8–10 s) to produce expression of IL-23 in vivo.

2.4. Murine HCC models

Three murine HCC models were used in the study. The orthotopic
HCCmodel was established as described previously with minor modifi-
cations [3]. In brief, micewere anesthetized and 1 × 106 hepa1-6 cells in
25 μL PBS were orthotopically implanted in the liver. Two weeks later,
the mice were sacrificed and tumor size wasmeasured with fine digital
calipers, and tumor volume was calculated as 0.5 × width2 × length. To
generate the orthotopic HCCmodel by hydrodynamic injection, 1 × 106

hepa1-6 cells in 2 ml PBS were injected via tail vein within 8 to 10 s.
Mice were sacrificed 3 weeks later, and tumor nodules were counted.
The DEN-induced spontaneous HCC model was generated by injecting
14-day-old C57BL/6 mice with 25 mg/kg DEN (Sigma-Aldrich, St Louis,
Fig. 3. The enhanced HCC development induced by IL-23 is IL-17-dependent. (a) 1 × 106 he
C57BL/6 mice (n = 4–6 mice/group) hydrodynamically via tail veins. The tumor nodules in
representative of tumor morphology (top) and the numbers of tumor nodules (bottom)
intraperitoneally with 25 mg/kg DEN on day 14 after birth. After 2 months, mice were inject
PBS every other month for 4 months. The number of tumor nodules in the livers was counted
numbers of tumor nodules (bottom) are shown. The data shown are mean ± SEM. Stat
comparisons test. *p b .05, **p b .01, ***p b .001. Data are the representative of three independe
MO) followed by hydrodynamic injection of either minicircle plasmids
expressing IL-23 or vector alone every other month from the age of
8weeks. Eightmonths later,micewere sacrificed and the liverswere re-
moved. Tumor size was measured and the number of tumor nodules
was counted.

2.5. Flow cytometry

For cell-surface staining, cells were blocked with CD16/32 FcR-block
(BioLegend, San Diego, CA) for 15 min, and stained with fluorescent
dye-conjugatedmAb for 30min at 4 °C. For intracellular cytokine stain-
ing, cells were stimulated for 4–6 h with PMA (50 ng/ml) and
ionomycin (500 ng/ml) in the presence of brefeldin A (10 μg/ml; BDBio-
sciences, San Jose, CA). Cells were stained for surface markers for
30 min, then fixed with 4% paraformaldehyde, permeabilized with 1%
saponin (Sigma-Aldrich, St Louis, MO), and stained for cytokines for
30 min at 4 °C. In Figs. 5 and 7a–c and h, intracellular staining was per-
formed without stimulation by PMA and ionomycin. For staining of
RORγt, T-bet, or Foxp3, fixation/permeabilization buffer (eBioscience,
San Diego, CA) was used. The antibodies used for FACS staining were
FITC-anti-mouse-NK1.1 (PK136), PE-anti-mouse-RORγt (Q31-378),
pa1–6-IL-23 or hepa1–6-vector cells in 2 ml PBS were injected into WT or IL-17-deficient
the liver from tumor-bearing WT or IL-17-deficient mice were counted on day 21. The
are shown. (b) WT or IL-17-deficient C57BL/6 mice (3–6 mice/group) were injected
ed hydrodynamically with 80 mg minicircle vector or minicircle-IL-23 plasmids in 2 ml
at the end of the eighth month. The representative of tumor morphology (top) and the

istical analysis was performed using one-way ANOVA followed by Tukey's multiple
nt experiments.
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Fig. 5. ILC3 cells in the liver proliferate upon IL-23 stimulation and promote HCC development. (a) 1 × 106 hepa1–6-IL-23, hepa1–6-vector cells in 2 ml PBS or 2 ml PBS alone were
injected into C57BL/6 mice hydrodynamically (n = 5 mice/group). 4 days later, 5 mg/kg EdU was intraperitoneally injected into the recipients. After 4 h, flow cytometry analysis was
performed to detect the percentage of EdU+ ILC3 cells in the liver. (b) 1 × 106 hepa1–6-IL-23 cells in 2 ml PBS were injected into C57BL/6 RORgtgfp/+ mice hydrodynamically. 5 days
later, ILC3 cells were sorted from tumor-bearing C57BL/6 RORgtgfp/+ mice. 5 × 105 hepa1–6-IL-23 cells with or without isolated ILC3 cells (25,000 cells/mouse) were injected into
C57BL/6 mice (n = 2–5 mice/group) hydrodynamically. Tumor nodules in the liver were counted on day 21 after injection. Data are shown as mean ± SEM. One-way ANOVA
followed by Tukey's multiple comparisons test (a) or Two-tail unpaired student's t-test (b) was used for statistical analysis. *p b .05, **p b .01, ***p b .001. Data shown are the
representative of two independent experiments.

338 Y. Liu et al. / EBioMedicine 41 (2019) 333–344
PE/CF594-anti-mouse-CD3 (145-2C11), PE/CF594-anti-mouse-Ly-6A/E
(D7), PerCP/Cy5.5-anti-mouse-CD4 (RM4–5), PerCP/Cy5.5-anti-
mouse-NK1.1 (PK136), PE/CY7-anti-mouse-CD19 (1D3), Alexa Fluor
647-anti-mouse-RORγt (Q31–378), APC/H7-anti-mouse-CD4 (GK1.5),
and ACP/Cy7-anti-mouse-CD11b (M1/70) were purchased from BD
Bioscience (San Jose, CA). The FITC-anti-mouse-CD8 (53–6.7), FITC-
anti-mouse-CD4 (GK1.5), PE-anti-mouse-IL-22 (Poly5.64), PE-anti-
mouse-CD127 (SB/199), PE-anti-mouse-IL-17A (TC11-18H10.1),
PE-anti-mouse-IFN-γ (XMG1.2), PE-anti-mouse-I-Ab (AF6–120.1),
PE-anti-mouse-H-2Kb (AF6–88.5), PE-Rat-IgG2b, kappa Isotype
(RTK4530), PerCP/Cy5.5-anti-mouse-TCRγδ (GL3), PerCP/Cy5.5-
anti-mouse-IL-17A (TC11-18H10.1), PerCP/Cy5.5-anti-mouse-CD45.1
(A20), APC-anti-mouse-CD8 (53–6.7), APC-anti-mouse-CD117
(ACK2), Alexa fluor 700-anti-mouse-CD45 (30-F11), APC-anti-mouse-
IFN-γ (XMG1.2), PE/Cy7-anti-mouse-TNF-α (MP6-XT22), and PE/Cy7-
anti-mouse-T-bet (4B10), APC/Cy7-anti-mouse-CD127 (A7R34) were
purchased from BioLegend (San Diego, CA).
Fig. 4. IL-17-producing NCR−ILC3 cells are the initial responders to IL-23 in the tumormicr
injected into C57BL/6 mice hydrodynamically (n= 10mice/group). Flow cytometry was perfor
cytometry plots for IL-17 expression by CD4+ T, CD8+ T,γδT and CD3− cells isolated from the li
of IL-17-producing cells at various time points post injection. (g) Cellular components of IL-17-p
HCC development. (h) Phenotyping of IL-17-producing CD3− cells after PMA/Ionomycin (5
representative of three independent experiments.
2.6. Co-culture experiments with ILCs and T cells

C57BL/6 RORgtgfp/+ mice were injected with hepa1-6-IL-23 hydro-
dynamically. Four days later, intrahepatic leukocytes were harvested
and CD45+Lin (CD3−CD19 –NK1.1−CD11b−)− CD127+GFP+ cells
were sorted as ILC3 cells by a FACSAria III flow cytometer (BD Biosci-
ences, San Jose, CA). In addition, naïve CD4+ or CD8+ T cells were sep-
arated by using mouse naïve CD4 or CD8 isolation cocktail kits,
respectively (Stem cell, Vancouver, BC). Naïve CD4 or CD8 cells in the
suspension were then isolated and co-cultured with sorted ILC3s in a
96-well at a ratio of 30:1 in the presence of 50 U/ml IL-2 (Beijing Four
Rings Bio-Pharmaceutical, Beijing, China). Three days later, apoptosis
and proliferation of CD4+ or CD8+ T cells were analyzed by the assays
described below. In some experiments, naïve CD8 cells in the suspen-
sion were isolated and co-cultured with sorted ILC3 in a 96-well at dif-
ferent ratio of 15:1, 30:1, 60:1 or 120:1. Three days later, apoptosis and
proliferation of CD8+ T cells were analyzed by the assays described
oenvironment 1 × 106 hepa1–6-IL-23, hepa1–6-vector cells in 2ml PBS or PBS alone were
med to analyze IL-17-procuding cells every week for 3 weeks. (a) The representative flow
ver of tumor-bearing or control mice on days 7, 14, and 21 post injection. (b–f) Percentages
roducing cells in the liver of hepa1–6-IL-23 tumor-bearingmice at different time points of
0 ng/ml/500 ng/ml) stimulation. Data are shown as mean ± SEM. Data shown are the
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below. In some experiments, anti-mouse-IL-17A antibody (Sungene
Biotech, Tianjin, China) was added to the co-culture at in different con-
centrations (2.5μg/ml or 5μg/ml). Three days later, the concentration of
IL-17A was detected by the ELISA and CD8+ T cell apoptosis was ana-
lyzed. In some experiments, naïve CD8+ T cells were co-cultured with
sorted ILC3s in a 24-well at a ratio of 30:1 or separated by transwell
chambers (Corning, New York, USA) at the same ratio. Three days
later, lower compartment (CD8+ T cells) was harvested and CD8+ T
cell apoptosis was analyzed.
2.7. In vitro apoptosis and proliferation assays

Apoptosis was measured by using a PE Annexin V apoptosis detec-
tion kit (BD Biosciences, San Jose, CA) according to the manufacturer's
instructions. Proliferation was assessed by Ki67 staining. In brief, cells
were harvested and stained for the surface markers for 30 min. After
washes, cells were resuspended in the fixation/permeabilization buffer
(eBioscience, San Jose, CA) for 30min at 4 °C in the dark, and then incu-
bated with anti-Ki67 antibody at room temperature for 30 min in the
dark. Ki67-positive proliferating cells were detected by a FACSCanto II
cytometer (BD Biosciences, San Jose, CA).
Fig. 6. NCR−ILC3has the capacity todirectly regulate T cell response. ILC3 cellswere sorted fro
anti-CD28 activated naïve CD4+ T cells (a–b) or naïve CD8+ T cells (c–f). (a) Flow cytometry an
(b) Flow cytometry analysis of the proliferation of CD4+ T cells (measured by Ki67 staining) c
apoptotic CD8+ T cells co-cultured with or without ILC3 for 3 days. (d) Flow cytometry analy
without ILC3 for 3 days. (e) Flow cytometry analysis of the percent of apoptotic CD8+ T cells
antibody for 3 days. (f) Flow cytometry analysis of the percent of apoptotic CD8+ T cells co-
mean ± SEM. Two-tail unpaired student's t-test was used for statistical analysis. *p b .05, **p b
2.8. In vitro differentiation of ILC1s to ILC3s

Mice were injected with hepa1-6-vector hydrodynamically.
Four days later, splenocytes were harvested and ILC1 cell were
sorted according to the expressions of CD45+Lin (CD3− CD19 –CD11b
–NK1.1−CD127+CD117−NKp46−). Cells were cultured in medium at
105 per well in a 96-well plate with 50 U IL-2 (Beijing Four Rings Bio-
Pharmaceutical, Beijing, China), with 20 ng/ml IL-12, 20 ng/ml IL-1β,
or 20 ng/ml IL-23 (all from R&D Systems, Minneapolis, MN), or with
20 ng/ml IL-1β plus 20 ng/ml IL-23. Five days later, cell phenotypes, cy-
tokine expression, and RORγt expression were analyzed by a Gallios
cytometer (Beckman Coulter, Brea, CA).
2.9. Adoptive transfer of ILC1s

ILC1 cells were sorted as described above from CD45.1 C57/BL6
mice, and transferred via tail vein into CD45.2 C57/BL6 mice bearing
hepa1-6-IL-23 tumors or control tumors (3 × 105/300 μL PBS). Five
days later, the expression of RORγt and T-bet in intrahepatic leuko-
cytes was analyzed by a Gallios cytometer (Beckman Coulter, Brea,
CA).
mhepa1–6-IL-23 tumor-bearing C57BL/6 RORgtgfp/+mice and co-culturedwith anti-CD3/
alysis of the percent of apoptotic CD4+ T cells co-cultured with or without ILC3 for 3 days.
o-cultured with or without ILC3 for 3 days. (c) Flow cytometry analysis of the percent of
sis of the proliferation of CD8+ T cells (measured by Ki67 staining) co-cultured with or
co-cultured with or without ILC3 in addition with different concentrations of anti-IL-17A
cultured with or without ILC3 or separately in transwells for 3 days. Data are shown as
.01, ***p b .001. Data shown are the representative of three independent experiments.
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2.10. In vivo proliferation assay

Micewere injectedwith hepa1-6-IL-23 or hepa1-6-vector or PBShy-
drodynamically. Four days later, mice were injected intraperitoneally
with 5 mg/kg EdU (Invitrogen, Waltham, MA). Four hours later, EdU+

intrahepatic leukocytes were determined by flow cytometry according
to the manufacturer's instructions. Cells were then washed twice and
analyzed by a FACSCanto II cytometer (BD Biosciences, San Jose, CA).

2.11. Cytometric bead array and enzyme-linked immunosorbent assays

Blood was collected from tumor-bearing mice and serum was sepa-
rated by centrifugation at 850g for 30 min at room temperature. Super-
natantwas transferred into a new tube andkept frozen at−80 °C. Serum
cytokine levels were detected by using a BD Cytometric Bead Array
mouse soluble-protein master buffer kit with a mouse soluble-protein
flex set (BD Pharmingen, San Jose, CA) on a FACSCanto II cytometer
(BD Biosciences, San Jose, CA). Data were analyzed with BD FCAP
Array software (BD Biosciences, San Jose, CA). The flex set includes
mouse IL-23, IL-6, IL-9, IL-12 and IL-17A.

Cell culture supernatant was separated by centrifugation at 335g for
5 min at 4 °C, after which the supernatant was transferred into new
tubes and kept frozen at −80 °C. Levels of IL-17A or IFN-γ were mea-
sured with ELISA kits according to the manufacturer's instructions
(BioLegend, San Diego, CA).

3. Analysis of Oncomine data

The expression level of IL-23 and the survival curve related to IL-23
expression level in HCC patients were analyzed within the Oncomine
database (www.oncomine.org). This analysiswas based on the datasets,
including Roessler Liver 2, Chen Liver,Wurmbach Liver,Mas Liver, TCGA
Liver and Guichard Liver datasets. Differences were considered to be
statistically significant when p b .05.

3.1. Statistical analysis

Data were analyzed with GraphPad Prism 6 software. Student
t-tests (nonparametic) were used to compare two groups. Multi-
group comparisons were analyzed by one-way analysis of variance
(nonparametic). All data were expressed as mean ± SEM. Differences
were considered to be statistically significant when p b .05. The signifi-
cance levels are marked as *p b .05; **p b .01; ***p b .001; and ****p b

.0001.

4. Results

4.1. IL-23 promotes the development of murine HCC and induces IL-17
production by both CD4+ and CD8+ T cells

IL-23 expression has been found to be increased in tumor sites from
HCC patients [31]. IL-23 gene expression has also been suggested to be
involved in HCC carcinogenesis [32,33]. Using the oncomine database,
we also found that IL-23 expression was significantly elevated in HCC
patients (Supplementary Fig. S1a). Meanwhile, the high IL-23 expres-
sion group had lower overall survival rate compared with the low
Fig. 7. IL-23 promotes the differentiation of ILC1 to ILC3 in the tumor microenvironm
hydrodynamically. 4 days later, ILC1 cells [CD45+lin(CD3,CD19,CD11b,NK1.1)−CD117−NK
hepa1–6-vector cells in 2 ml PBS or 2 ml PBS were injected into C57BL/6 mice hydrodynami
was analyzed on day 4 post injection. (d) CD127+ILC1 cells were sorted from hepa1–6 tumor-
2 for 5 days. Cellular yield was shown at the end of the culture. (e) Flow cytometry analysi
treatments was shown as dot plots or histograms (left panel) or as the percent of total li
supernatants was measured by ELISA. (h) Experimental sketch of ILC1 adoptive transfer exper
transferred into CD45.2+C57BL/6 mice implanted with hepa1–6-IL-23 or hepa1–6-vector cells
of T-bet−RORγt+, T-bet+RORγt+, T-bet+RORγt− cells in CD45.1+ cells. Data are shown as me
Two-tail unpaired student's t-test (i) was used for statistical analysis. *p b .05, **p b .01, ***p b
IL-23 expression group (Supplementary Fig. S1b). Therefore, IL-23 is
an important inflammatory cytokine that may regulate anti-tumor im-
mune response in HCC patients. However, experimental evidence is
lacking supporting the role of IL-23 in HCC and its immune regulatory
function is not known.

IL-23-specific subunit p19 knockout mice have been generated, but
the study using these mice may be complicated by the increased IL-12
levels since the other subunit p40 can be shared by IL-12. Therefore,
to investigate the role of IL-23 without affecting endogenous IL-12 ex-
pression in the development of HCC, we established a stable IL-23-ex-
pressing murine HCC cell line, hepa1-6-IL-23, which produced higher
level of IL-23 than the hepa1-6-vector control cells (Supplementary
Fig. S2a). Proliferation of the hepa1-6-IL-23 cell linewas also slightly in-
creased compared with the control cells (Supplementary Fig. S2b), with
no significant difference in apoptosis (Supplementary Fig. S2c). In an
orthotopic HCC model established by hydrodynamic injection of these
two cell lines, the IL-23 serum levels were significantly higher in
hepa1-6-IL-23 tumor-bearing mice than those in the control group
(Supplementary Fig. S2d).

The numbers of tumor nodules in the liver at 3 weeks after tumor-
cell injection were greater in the hepa1-6-IL-23 mice than in mice
injected with hepa1-6-vector cells (Fig. 1a). We also created another
orthotopic HCC model by surgical injection of hepa1-6-IL-23 or hepa1-
6-vector cells intrahepatically (Fig. 1b). Measurement of tumor size
2 weeks later showed that overexpression of IL-23 led to increased
tumor volumes (Fig. 1b). To confirm this result in amore physiologically
relevant spontaneous tumormodel, we used diethylmitrosamine (DEN)
to induce HCC [34,35] and hydrodynamically injected minicircle-IL-23
every other month to express IL-23 in the liver during the development
of HCC (Fig. 1c). Eight months later, mice given minicircle-IL-23 had
more tumor nodules in the liver than did those given control vectors
(Fig. 1c). However, when control and IL-23-expressing tumorswere im-
planted in the livers of NOD-SCID mice, the tumor-promoting effect of
IL-23 disappeared (Fig. 1d). Collectively, these results show that IL-23
promoted HCC development in an immune-dependent manner in mu-
rine models.

Because T cell–mediated adaptive immune responses are important
in both chronic liver inflammation andHCC development, we examined
cytokine production by both CD4+ and CD8+ T cells on day 7 and day 21
after tumor implantation (Fig. 2). On day 7, IL-23 expression had no ef-
fect on cytokine productions by both CD4+ and CD8+ T cells (Fig. 2a;
Supplementary Fig. S3a). On day 21, IL-23 expression led to increased
IL-17-producing CD4+ and CD8+ T cells in both spleen and liver
(Fig. 2b; Supplementary Fig. S3b). Although the percentage of IFN-γ-
producing CD4+ T cells was increased in the liver, the percentages of
IFN-γ+ CD8+ T cells in both spleen and liver were not affected by IL-
23 expression. Moreover, TNF-α production by CD4+ T cells in the
liver and CD8+ T cells in both spleen and liver was decreased by IL-23
expression. We further found that IL-23 did not directly affect the ex-
pression of TNF-α or IFN-γ by either CD4+ or CD8+ T cells (Supplemen-
tary Fig. S4). As expected, increased levels of IL-17 were detected in the
serum on both day 7 and day 21 in the IL-23 group (Fig. 2c). Serum IL-6
was also increased on day 21 in the IL-23-expressing group, but serum
levels of IL-12, which shares a common subunit, p40, with IL-23, were
not affected by IL-23 expression (Fig. 2c). IL-23 has been shown to in-
hibit IL-9 production in a melanoma tumor model [36]. However, we
ent. (a) 1 × 106 hepa1–6-vector cells in 2 ml PBS were injected into C57BL/6 mice
p46−T-bet+] were detected as shown in the flow plots. (b–c) 1 × 106 hepa1–6-IL-23,
cally (n = 3 mice/group). The percent of ILC1 cells in CD45+lin− population in the liver
bearing mice and cultured in the presence of IL-12, IL-1β, IL-23, or IL-1β + IL-23 with IL-
s of the expression of IL-17, IFN-γ, RORγt, NKp46, and CD117 with or without various
ve cells (right panel), respectively. (f) IFN-γ and (g) IL-17 production in the culture
iments. ILC1 cells were sorted from CD45.1+C57BL/6 tumor-bearing mice and adoptively
. 5 days later, the phenotypes of CD45.1+ cells in the liver were analyzed. (i) The percent
an ± SEM. One-way ANOVA followed by Tukey's multiple comparisons test (c,d,e,f,g) or
.001. Data shown are the representative of two independent experiments.

http://www.oncomine.org
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did not observe any changes in IL-9 level with IL-23 overexpression in
HCC models (Fig. 2c). In summary, IL-23 enhanced IL-17 production
by both CD4+ and CD8+ T cells but inhibited TNF-α expression by
both CD4+ and CD8+ T cells indirectly in vivo, which could contribute
to reduced antitumor immunity.

4.2. Enhanced development of HCC induced by IL-23 depends on IL-17
production

We previously showed that IL-17 could promote HCC development
[3]. Since IL-23 mainly enhanced IL-17 production, we examined
whether the tumor-promoting function of IL-23 was dependent on IL-
17. WT or IL-17-deficient mice were implanted with hepa-1-6-IL-23
or hepa1-6-vector tumors by hydrodynamic injection (Fig. 3) and IL-
17 production in those mice was determined by intracellular staining
(Supplementary Fig. S5). Consistent with the results shown in Fig. 1,
IL-23 significantly promoted tumor growth in WT mice but the tumor-
promoting effect of IL-23 was diminished in IL-17-deficient mice
(Fig. 3a). We confirmed this result by repeating the experiment with a
DEN-induced spontaneous HCC model (Fig. 3b) in which plasmids ex-
pressing IL-23 or vector control were hydrodynamically injected
through the tail vein every other month during tumor development.
Similarly, IL-23 promoted HCC development in WT mice, but had little
effect on tumor growth in IL-17-deficient mice. Thus, IL-23 promoted
HCC development in an IL-17-dependent manner.

4.3. IL-17-producing NCR−ILC3 cells are the initial responders to IL-23 in
the tumor microenvironment to promote HCC development

The ability of IL-23 to induce IL-17-production in Th17, Tc17, and
γδT17 cells has been established. However, the kinetics of IL-17-
producing cells in response to IL-23 in the tumor microenvironment is
not clear. The total number of CD45+ cells infiltrating into the tumor
was not affect by IL-23 (Supplementary Fig. S6a). By analyzing IL-17-
producing cells on day 7, 14 and 21 during HCC development (Fig. 4),
we found that the total number of IL-17-producing cells was increased
in the presence of IL-23 throughout the 3-week period (Fig. 4a and
4b). IL-23 increased the percentages of Th17, Tc17, and γδT17 cells,
with Th17 and Tc17 peaking on day 21 and γδT17 peaking on day 14
(Figs. 4c–4e). Most strikingly, we found that most IL-17-producing
cells on day 7 were CD3− cells (Fig. 4f and 4g), the numbers of which
peaked on day 7 and gradually dropped to levels near that of the con-
trols by day 21. Similar results were observed in the orthotopic surgical
model (Supplementary Fig. 6c and 6d). Other than Th17, Tc17, and
γδT17 cells, other reported sources of IL-17 have included iNKT cells
[37], NK cells [38], LTi cells [39], neutrophils, andmast cells [40]. To fur-
ther characterize the IL-17-expressing CD3− cells, we examined their
surface expression of CD3, CD19, CD11b, NK1.1, CD127, NKp46, CD4,
and Sca-1 as well as the transcription factor RORγt in IL-23-expressing
tumor-bearing mice (Fig. 4h, Supplementary Fig. S6b). We found that
these IL-17-producing CD3− cellswere CD19−CD11b−NK1.1−NKp46−-

CD127+CD4−Sca-1+ and RORγt+, meaning that they were NCR−ILC3
cells. Therefore, the initial responders to IL-23 to produce IL-17 in the
HCC tumor microenvironment were NCR−ILC3 cells.

Because IL-23 has also been shown to promote IL-22 production in
NCR−ILC3 cells [41], we also examined IL-22 production in NCR−ILC3s
responding to IL-23 (Supplementary Fig. S7). Although IL-23 signifi-
cantly promoted IL-17 production by NCR−ILC3, the percentages of IL-
22 single-positive and IL-22/IL-17 double-positive cells were extremely
low even in the presence of IL-23. Thus, NCR−ILC3s, as the initial re-
sponders to IL-23 during HCC development, produce mainly IL-17.

To further characterize the expansion of NCR−ILC3s in the presence
of IL-23 in the tumor microenvironment, we assessed prolifera-
tion in vivo via 5-ethynyl-2′-deoxyuridine (EdU) labeling (Fig. 5a).
The results showed that IL-23 significantly promoted the expansion of
NCR−ILC3s in the liver. Furthermore, when we adoptively transferred
NCR−ILC3 cells in the orthotopic HCC model on day 0, tumor growth
was greatly promoted compared with a phosphate-buffered saline
(PBS) control (Fig. 5b). In summary, NCR−ILC3s can be expanded by
IL-23 in the tumor microenvironment to promote HCC development.

4.4. NCR−ILC3 can directly regulate T-cell responses

IL-17has been shown to have immunosuppressive effects inHCCde-
velopment through the recruitment and enhancement of MDSCs [3]. In
addition to producing IL-17, ILC3s have also been shown to express
MHC II [42] and MHCII+ILC3s can directly induce commensal bacteria-
specific T-cell apoptosis [43]. Thus, we performed co-culture experi-
ments to determine whether NCR−ILC3s could directly affect T-cell
apoptosis and proliferation (Fig. 6). The results showed that the
presence of NCR−ILC3s did not affect the apoptosis and prolifera-
tion of CD4+ T cells (Fig. 6a and 6b). To our surprise, the presence of
NCR−ILC3s significantly increased apoptosis of CD8+ T cells (Fig. 6c)
and inhibited their proliferation (Fig. 6d). We further found in other
co-culture experiments that NCR−ILC3s did not directly affect γδT-cell
proliferation, apoptosis, or cytokine production (Supplementary
Fig. S8). When anti-IL-17 blocking antibodies were added at different
concentrations (Supplementary Fig. S9a), the effect of ILC3 cells induc-
ing CD8+ T cell apoptosis was not affect (Fig. 6e). However, when the
co-cultures were separated in the transwell system, this effect dimin-
ished (Fig. 6f). Therefore, cell-cell interaction is required for the direct
regulatory effect of ILC3 on CD8+ T cells. We further detected both
MHC I and MHC II expression on ILC3 (Supplementary Fig. S9b), and
this apoptosis-inducing effect is dose-dependent when we performed
the co-culture experiments at different ILC3:CD8+ T cell ratios (Supple-
mentary Fig. S9c–e). Collectively, these findings suggest that NCR−ILC3s
can directly regulate CD8+T-cell responses through cell-cell interaction.

4.5. IL-23 promotes differentiation of ILC1 to ILC3 in the tumor
microenvironment

Recently, Bernink et al. showed that IL-23 could drive differentiation
of human ILC1s into the ILC3 subset [44]. Thus, we examined whether
the expansion of NCR−ILC3s in response to IL-23 could be partially dif-
ferentiated from ILC1s. First, we examined the percentages of ILC1s
(i.e., CD3−CD19−CD11b−NK1.1−NKp46−CD117− and T-bet+) in the
presence of IL-23 in our murine HCC model (Fig. 7a) and found that
the percentages of ILC1 cells were increased in the livers of tumor-
bearingmice comparedwith the PBS control (Fig. 7b and 7c). However,
the percentages of ILC1s were significantly decreased in the presence of
IL-23 in the tumor microenvironment.

To further determine whether ILC1s could differentiate to ILC3s in
the presence of IL-23 in vitro, we sorted ILC1 cells and cultured them
in the presence of different cytokines (Fig. 7d and 7e). The cellular
yield was similar except a slight increase in the culture with IL-1β plus
IL-23. Culture with IL-12 maintained the ILC1 phenotype and enhanced
IFN-γ production. However, when IL-1β, IL-23 or IL-1β plus IL-23 were
added to the culture, most ILC1 cells differentiated to ILC3 phenotypes
of expressing IL-17 and RORγt. The ILC1s and differentiated ILC3s
were also double-negative for both NKp46 and CD117 and thus were
of NCR− phenotype. Moreover, the increased production of IL-17 and
reduced production of IFN-γ were also confirmed in differentiated
ILC3s by enzyme-linked immunosorbent assay (ELISA) of the cell cul-
ture supernatant, suggesting that IL-23 could promote ILC1 differentia-
tion to ILC3 in vitro (Fig. 7f and 7g).

To further explore whether IL-23 could drive ILC1 differentiation to
ILC3 in vivo, we sorted ILC1s from CD45.1 mice and transferred them
into CD45.2 mice via tail vein together with implantation of hepa1-6-
vector or hepa1-6-IL-23 tumors (Fig. 7h). Five days after transfer, the
CD45.1+ cells from the liver were examined for expression of T-bet
and RORγt. As shown in Fig. 7i, about 20% of the transferred cells be-
came RORγt single-positive and 10% became RORγt and T-bet double-
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positive in the tumor-bearing mice. Furthermore, in the presence of
IL-23, the percentage of RORγt single-positive cells was significantly in-
creased to about 30%. Thus, IL-23 is able to induce the differentiation of
ILC1s to ILC3s in the tumor microenvironment in vivo.

5. Discussion

IL-23 can promote the differentiation of IL-17-producing cells
(e.g., Th17, Tc17, γδT17) which are important for tumor development
in many tumor models [3–5,16,45,46]. Antibody blocking IL-23 signal
pathway can enhance the efficacy of anti-tumor therapy [17,47]. We
previously demonstrated that γδT17 cells could promote HCC develop-
ment by recruiting MDSCs and enhancing their functions. Interestingly,
IL-17 produced by γδT17 cells facilitates IL-23 production by myeloid
cells to further enhance IL-17 production. Therefore, the IL-17-rich im-
munosuppressive microenvironment could be established by this posi-
tive feedback loop. However, it was not clear which cells are the initial
responders to the inflammatory cue to start building this immunosup-
pressive environment. For the first time, we identified NCR−ILC3 cells
as the tissue-resident population to respond to inflammatory cytokines
in the early stages of tumor development. The production of IL-17 by
ILC3 could set the stage for the differentiation of other IL-17-
producing cells, and thus generate an IL-17-rich immunosuppressive
tumor microenvironment.

NCR−ILC3s are a subset of ILC3s that were first identified in intesti-
nal tissues in 2010 [41]. Initially named cILC, this subset has been
shown to sustain colon cancer development [23]. However, the pres-
ence of this population in the liver and its role in HCC development
have been controversial. ILC3s were initially found in the liver in 2014
[48]. In a subsequent study, Robinette et al. showed that ILC3s are pres-
ent mostly in the small intestine but are rare in the liver [49]. The dis-
crepancy of these two studies could reflect the different methods used
to identify ILC3s. The first study used PMA/ionomycin stimulation and
analyzed the percentage of ILC3s in CD3− cells [48], whereas the second
study involved analysis of ILC3s by staining RORγt expression without
any stimulation [49]. In the current study, by overexpressing IL-23, we
could clearly detect the expansion of the IL-17-producing ILC3 cells in
the liver, which were identified by RORγt expression without PMA/
ionomycin stimulation. Therefore, we confirmed the presence of ILC3s
in the liver. Further analysis showed that the expanded ILC3s in re-
sponse to IL-23 was NCR−ILC3 cells. As a newly identified population,
the role of ILC3s in tumor development has been controversial. Al-
though many studies have suggested an antitumor function [25–27],
ILC3s have also been shown to contribute to colon cancer development
[23,24] and promote lymph nodemetastasis of breast cancer [50]. In the
current study, we found that ILC3s could promote HCC development by
producing IL-17 in response to IL-23. Therefore, the tissue microenvi-
ronment could be a key factor determining the function of ILC3s.

IL-17 production could be the most important aspect of the immu-
nosuppressive mechanism of ILC3. We showed previously that IL-17
could promote HCC development by recruiting and promoting the sup-
pressive function of MDSCs [3]. In addition to this indirect immunosup-
pressive function through IL-17 production and MDSCs, we explored
here the direct effect of ILC3 cells on T-cell proliferation and apoptosis
in in vitro co-culture experiments. Although ILC3 cells did not directly
affect CD4+ T-cell proliferation and apoptosis, they inhibited CD8+

T-cell proliferation, and promoted their apoptosis (Fig. 6). This provides
the first evidence that ILC3s could directly affect CD8+ T-cell homeosta-
sis and response.MHC II has been implicated in the role of ILC3s regulat-
ing CD4+ T-cell function [42]. We also detected both MHC I and MHC II
expressions on the isolated ILCs from tumor-bearing mice. The high
MHC I expression could be the reason why ILC3s have more potent ef-
fects on CD8+ T-cells than on CD4+ T-cells. Nevertheless, the mecha-
nism of their direct effect on T cells needs further investigation.

The plasticity of the ILC subsets has been shown previously in other
models. In one study, ILC3s could develop into ILC1 under the influence
of IL-12 [51]; in another, ILC1s could become ILC3s in the presence of IL-
1β and IL-23 in human intestinal lamina propria [44]. Therefore, IL-23 in
the tumormicroenvironment could not only promote the conversion of
ILC1s to ILC3s, but also enhance the proliferation of ILC3s. Through these
two mechanisms, IL-23 could expand the ILC3 population in the liver
within a short period before the rise of IL-17-producing T cells.

In summary, we demonstrated here that NCR−ILC3s were the initial
responders to IL-23 to promote HCC development in murine HCC
models. Their presence and function are yet to be determined in other
HCC models involving different carcinogenesis conditions, as well as in
HCC patients. Nevertheless, their role in establishing the IL-17-rich im-
munosuppressive tumor microenvironment suggests that they could
be targeted for early prevention or therapeutic modulation of HCC.
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