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Interleukin (IL)–23 is a proinflammatory cyto-
kine belonging to the IL-12 superfamily. The
antitumor activity of IL-23 is controversial,
and it is unknown whether or not the cyto-
kine can act directly on tumor cells. The aim
of this study was to investigate the potential
direct antitumor activity of IL-23 in pediatric
B-acute lymphoblastic leukemia (B-ALL)
cells and to unravel the molecular mecha-

nisms involved. Here, we show, for the first
time, that IL-23R is up-regulated in primary
B-ALL cells, compared with normal early
B lymphocytes, and that IL-23 dampens
directly tumor growth in vitro and in vivo
through the inhibition of tumor cell prolifera-
tion and induction of apoptosis. The latter
finding is related to IL-23–induced up-
regulation of miR15a expression and the

consequent down-regulation of BCL-2 pro-
tein expression in pediatric B-ALL cells.
This study demonstrates that IL-23 pos-
sesses antileukemic activity and unrav-
els the underlying mechanisms. Thus,
IL-23 may be a candidate novel drug for
the treatment of B-ALL patients unrespon-
sive to current therapeutic standards.
(Blood. 2010;116(19):3887-3898)

Introduction

Interleukin (IL)–23 is a heterodimeric cytokine composed of the
promiscuous IL-12p40 and the exclusive p19 subunits.1 The IL-23
receptor (IL-23R) is composed of the IL-12R�1 chain and the
unique IL-23R chain that are associated with Jak2 and STAT3.2 In
T lymphocytes and leukemic T cells, IL-23 induces activation of
STAT family members (ie, STAT1, 3, 4, and STAT5).2 IL-23 is
produced predominantly by myeloid dendritic cells (DCs) activated
by Toll-like receptor (TLR)–2, -4, and -8 ligands3-5 and by type
1 macrophages.6 This cytokine is now considered the master switch
in several T cell–mediated inflammatory disorders,7-10 such as
experimental autoimmune encephalomyelitis, inflammatory bowel
disease, psoriasis, and Helicobacter pylori–associated gastritis.
The antitumor activity of IL-23 is controversial. It has been shown
that proinflammatory cytokines, including IL-17A, IL-6, and
IL-23, can impair CD8� T cell–mediated immune surveillance and
promote de novo carcinogenesis and tumor neovascularization via
STAT3 signaling and additional mechanisms.11-15 In contrast, other
groups have shown that IL-23 exerts antitumor activity through the
stimulation of T and natural killer (NK) cells.16-23 So far, no
information is available on the direct activity of this cytokine on
tumor cells.

MicroRNA are small noncoding RNA with regulatory function
implicated in human tumorigenesis,24-31 since the main target
mRNA transcripts are involved in proliferation, apoptosis, and
differentiation. Moreover, recent studies demonstrated that reduced
mature microRNA expression can promote tumorigenesis.32,33 In
this study, we investigated the expression and function of IL-23R
in pediatric B-acute lymphoblastic leukemia (B-ALL) cells and in
their normal counterparts and the potential IL-23 antitumor activity

against B-ALL cells in vitro and in vivo, unraveling the mecha-
nisms involved and focusing on the ability of IL-23 to modulate
microRNA expression.

Methods

Patient samples

Bone marrow (BM) aspirates from 4 pro-B, 19 early pre-B, and 6 pre-B
pediatric ALL patients were performed for diagnostic purposes at disease
onset after informed consent from children’s parents or their legal
guardians. The main demographic, immunologic, and cytogenetic features
of the patients are shown in Table 1. Aliquots of BM aspirates performed for
diagnostic purposes from 12 age-matched individuals not affected by
oncologic disorders were obtained after informed consent. The study design
was approved by the Ethical Committee of the University of Padova,
Padova, Italy, and conformed with the principles of the Declaration of
Helsinki. Mononuclear cell suspensions of leukemic and normal BM cells
were isolated on Ficoll-Hypaque density gradients and frozen in liquid
nitrogen. Leukemic B cells were purified by positive selection of CD19�

cells using magnetic beads (Miltenyi Biotec), according to the manufactur-
er’s instructions.

Immunophenotypic characterization of B-ALL cells was carried out as
previously described.34 Normal pro-B, early pre-, and pre-B cells were
identified as CD19�CD10�CD20�, CD19�CD10�CD20�, or CD19�

CD10�CD20� cell fractions, respectively.

Cell culture, reagents, and antibodies for flow cytometry

The human RS4;11 pro-B ALL cell line, and the Nalm-6 and 697 pre-B
ALL cell lines were cultured in RPMI 1640 medium with 10% fetal calf
serum (FCS; Seromed-Biochrom KG). Human recombinant (hr)IL-23 and
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goat immunoglobulin (Ig)G anti–human IL-23R were from R&D Systems.
The concentrations of IL-23 tested in vitro ranged from 10 to 200 ng/mL.
Fluorochrome-conjugated anti-BCL2 and -Ki67 monoclonal antibodies
(mAbs) were from Dako. Fluorochrome-conjugated CD10, CD19, CD20,
and anti–phospho-STAT4 mAbs were from BD Biosciences. Phycoerythrin
(PE)–conjugated Ig swine anti–goat and nonimmune goat IgG were from
Caltag. Cells were scored by FACSCalibur analyzer (BD Biosciences), and
data were processed using CellQuest software Version 3.3 (BD Biosciences).

Western blot

IL-23 signal transduction was studied in 697 cells starved 4 hours in
serum-free medium and cultured for an additional 30 minutes with or
without interferon (IFN)-� (positive control, 1000 U/mL; Sigma-Aldrich)
or IL-23 (100 ng/mL). BCL-2 expression and poly(ADP-ribose)polymerase
(PARP) cleavage were analyzed in 697 cells treated or not with IL-23
(24 and 48 hours). Total protein was extracted from 107 cells using Cell
Extraction Buffer (Invitrogen) with a protease-inhibitor cocktail (Sigma-
Aldrich). Proteins were quantified with the Pierce BCA Protein Assay kit
(Thermo Scientific). Proteins (20 �g) were loaded on 12% polyacrylamide
gel, transferred to nitrocellulose membrane (Hybond-C Extra; Amersham
Biosciences), and stained with antiphosphorylated or -unphosphorylated
STAT antibodies (Phospho-STAT and STAT Antibody Sampler kits; Cell
Signaling Technology), anti–BCL-2, anti–cleaved PARP (also used by flow
cytometry), and anti–phospho-STAT4 antibodies (Zymed). Anti–BCL-2 or
PARP antibodies were used in association with anti-GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) antibody (Ab; Cell Detection kit;
Amersham).

Cell-proliferation and apoptosis assays

Five primary B-ALL cell fractions and the 697 cells were cultured 6, 24,
and 48 hours with or without 100 ng/mL hrIL-23, after titration experi-

ments. Cells were stained with anti-Ki67 or anti-BCL-2 mAb (cytofix/
cytoperm kit; BD Biosciences) and analyzed by flow cytometry. Apoptosis
was assessed using the annexin V/fluorescein isothiocyanate (FITC) kit
(Bender MedSystems). In some experiments, 2 primary B-ALL samples
and the 697 cells were cultured 30 minutes with or without 100 ng/mL
IL-23 and analyzed for AKT, p38MAPK (mitogen-activated protein
kinase), and extracellular signal-regulated protein kinase (ERK)1/2 phos-
phorylation (Cell Signaling Technology). In the latter experiments, positive
control was the Jurkat cell line stimulated 30 minutes with phorbol
myristate acetate (PMA; 20 ng/mL; Sigma-Aldrich), according to the
manufacturer’s protocol. The same B-ALL samples were cultured 24 and
48 hours with or without IL-23 and tested for caspase-3, -7, -8, and -10
activation using the ApoFluor Green Caspase activity kit (ICN Biomedi-
cals). In these experiments, positive control was the U266 cell line
stimulated 24-48 hours with 10nM bortezomib (Sigma-Aldrich). In another
set of experiments, the 697 cells were pretreated 1 hour with the N-
Benzyloxycarbonyl-Val-Ala-Asp(O-Me) fluoromethylketone (Z-VAD-
FMK) pancaspase inhibitor (100�M; Sigma-Aldrich), cultured with IL-23
for an additional 24-48 hours, and tested for apoptosis by flow cytometry.
Cell-cycle analysis was performed as previously described35 on 697 cells
cultured with or without IL-23 (24-48 hours) or after stimulation for 24, 48,
72, and 96 hours with the following: anti–human CD40 (100 ng/mL;
ImmunoTools), CpG 2395 (4 �g/mL; Coley Pharmaceutical), and anti–
human IgA-G-M, H�L chains (2 �g/mL; Jackson ImmunoResearch
Laboratories).

CAM assay

Chorioallantoic membrane (CAM) assay was performed as previously
reported.36 Sponges were loaded with the following: 1 �L of phosphate-
buffered saline (PBS; negative control); 1 �L of PBS with 250 ng of
vascular endothelial growth factor (VEGF; R&D Systems, positive

Table 1. Clinical and laboratory features of B-ALL patients

Patient
no. Sex Age, y Immunologic subtype Genetic translocation

1 F 7 Early-pre 9;22/4;11 neg*

2 F 6 Early-pre 9;22/4;11 neg

3 F 5 Early-pre 9;22/4;11 neg

4 F 4 Early-pre 9;22/4;11 neg

5 M 3 Early-pre 9;22/4;11 neg

6 M 2 Early-pre 9;22/4;11 neg

7 F 8 Early-pre 12;21

8 F 7 Early-pre 12;21

9 M 6 Early-pre 12;21

10 M 5 Early-pre Neg†

11 M 3 Early-pre 12;21

12 M 2 Early-pre 9;22 and 1;19

13 M 6 Early-pre 12;21

14 M 2 Early-pre Neg

15 M 8 Early-pre Neg

16 M 5 Early-pre Neg

17 M 4 Early-pre Neg

18 M 12 Early-pre Neg

19 F 6 Early-pre Neg

20 M 6 Pre-B 12;21

21 M 3 Pre-B Neg

22 M 2 Pre-B Down syndrome

23 F 8 Pre-B 1;19

24 F 8 Pre-B Neg

25 M 6 Pre-B Neg

26 F � 1 (infant) Pro-B 4;11

27 F 3 Pro-B Neg

28 F 5 Pro-B Neg

29 M 4 Pro-B 4;11

All data are as of diagnosis. The following genetic translocations have been tested: 9;22, 4;11, 12;21, and 1;19.
*9;22/4;11 neg indicates these patients did not show 9;22 or 4;11 translocations. Other translocations have not been tested.
†Neg indicates negative. These patients did not show any genetic translocation.
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control); 1 �L of medium from 697 cells and from primary B-ALL cells
cultured 48 hours with or without IL-23 (100 ng/mL); or 1 �L of medium
containing 100 ng/mL IL-23.

Silencing of microRNA (miR)15a and IL-23R

Silencing of miR15a in the 697 cells and in 5 primary early pre-B samples
was achieved by transfection with siPORT NeoFX solution plus 100�M
anti-miR15a or irrelevant anti-miR (negative control; reagents from Am-
bion). The 697 cells were silenced for IL-23R expression by Silencer select
predesigned si-RNA (Ambion), according to the manufacturer’s protocol.

Overexpression of miR15a

The Nalm-6 cells were stably transfected with pEP-hsa-miR15a or pEP-miR-
null vector by electroporation. Briefly, 107 cells were suspended in 400 �L
of medium and pulsed by an Electro Cell Manipulator (BTX Instrument
Division; Harvard Apparatus) in the following conditions: low voltage,
1050 �F capacitance, 260 V voltage, and 30-ms pulse length. Next, cells
were cultured in antibiotic-free medium for 48 hours and then for an
additional 7 days with puromycin (0.5 �g/mL; Invitrogen). The 697 cells
were induced to overexpress miR-15a using siPORT NeoFX solution plus
100�M hsa-miR15a precursor or irrelevant miR precursor (negative
control; reagents from Ambion). miR15a expression was tested by quantita-
tive polymerase chain reaction (PCR) in transfected cells.

Real-time PCR and miR PCR array

Twenty-nine primary B-ALL samples and 4 CD19� cell samples from
normal BM were studied for IL-23R expression by quantitative PCR, as
previously reported.37 Real-time PCR was performed using human GAPDH
and IL-23R primers from SABiosciences (proprietary primers, sequence
not disclosed), following the experimental conditions suggested by the
manufacturer.

MiR were extracted by quantitative real-time reverse transcription
PCR-grade miRNA Isolation kit (SABiosciences), reverse-transcribed by a
real-time reverse transcription miRNA First Strand kit (SABiosciences),
and subjected to real-time PCR (Human Cancer MiRNA RT2 Profiler
PCRArray; SABiosciences) as previously described.37 The MiR PCR Array
assays were performed on mature miR extracted from 6 B-ALL cell
samples cultured 24 hours with or without IL-23 and from tumors explanted
from hrIL-23– and PBS-treated mice injected with the 697 cells. MiR15a
expression was tested by quantitative PCR in the following: (1) 697 cells
cultured 48 hours with or without IL-23, (2) 697 cells transfected with
anti-miR15a or irrelevant anti-miR and cultured 48 hours with or without
IL-23, (3) 697 cells transfected with hsa-miR15a precursor or irrelevant
miR precursor, (4) tumors from IL-23– and PBS-treated animals injected
with wild-type 697 cells and transfected 697 cells with anti-miR15a or
irrelevant anti-miR, (5) tumors from PBS-treated mice injected with
697 cells transfected with hsa-miR15a precursor or irrelevant miR precur-
sor, and (6) wild-type Nalm-6 cells and transfected Nalm-6 cells with
pEP-has–miR15a or p-EP–miR-null. Real-time PCR was performed using
human U6 and miR15a primers from SABiosciences (proprietary primers,
sequence not disclosed), following the experimental conditions suggested
by the manufacturer. Relative quantification of miR15a was calculated by
the 2�(��Ct) � SD) method.

Mouse studies

Four- to 6-week-old severe combined immunodeficient–nonobese diabetic
(SCID/NOD) mice (Harlan Laboratories) were housed under specific
pathogen–free conditions. All procedures involving animals were per-
formed in the respect of the national and international regulations (D.l.vo
27/01/1992, n.116, European Economic Community Council Directive
86/609, OJL 358, December 1, 1987).

All in vivo experiments were performed using the following schedule:
mice were treated intravenously with PBS or hrIL-23 (1 �g/mouse per
dose) with 3 weekly doses starting 8 hours after tumor cell inoculation.

First, 2 groups of 10 animals each were injected intravenously with
5 	 106 697 cells. One group of mice was treated intravenously with
hrIL-23, the other group with PBS.

Next, groups of 5 mice each were injected intravenously with
5 	 106 of the following: (1) 697 cells and treated with PBS, (2) 697 cells
and treated with hrIL-23, (3) 697 cells transfected with anti-miR15a or
hsa-miR15a precursor or irrelevant miR precursor and treated with PBS,
(4) 697 cells transfected with anti-miR15a and treated with hrIL-23, and
(5) 697 cells transfected with irrelevant anti-miR and treated with
hrIL-23. Transfected cells were injected into SCID/NOD mice 24 hours
after transfection. Fourteen days after tumor cell inoculation, mice were
killed when signs of poor health became evident, autopsies were carried
out, and tumor masses were measured.38

Tumorigenicity of RS4;11 and Nalm-6 cells was tested by subcutaneous
(s.c.), intraperitoneum and intravenous injection using 5-10 	 106 cells.
Finally, 4 groups of 5 mice each were injected intravenously with 5 	 106 of
the following: (1) Nalm-6 cells and treated with PBS, (2) Nalm-6 cells and
treated with hrIL-23, (3) Nalm-6 cells transfected with pEP-hsa-miR15a
and treated with PBS, and (4) Nalm-6 cells transfected with pEP-miR-null
and treated with PBS. Mice were killed 5 weeks later when signs of poor
health became evident. The Nalm-6 cells were searched in the peripheral
blood (PB) collected from the retro-orbital sinus, in BM obtained from
flushing femoral bones and in the spleen from all animals. Nalm-6 cells
were identified as human CD10�/CD19� cells.

Morphologic and immunohistochemical analyses

Tissue samples were fixed in 4% neutral buffered formalin, embedded in
paraffin, sectioned at 4 �m, and stained with hematoxylin and eosin (H&E).
For immunohistochemistry, paraffin-embedded sections were immuno-
stained with anti-PCNA (Dako), anti-Cyclin D1 (Thermo Fisher Scientific),
and anti-CD31 (BD Biosciences) antibodies. DNA fragmentation associ-
ated with apoptosis was detected by TUNEL staining with the ApopTag
Plus Peroxidase In Situ Apoptosis kit (Millipore). Microvessels were
counted in 8 randomly chosen fields under a microscope 400	 field (40	
objective and 10	 ocular lens; 0.180 mm2/field). The rates of proliferating
cells and of apoptotic cells were determined by counting the number of
positive cells/number of total cells in the viable neoplastic tissue under a
microscope 600	 field (60	 objective and 10	 ocular lens; 0.120 mm2/
field). Histologic and immunohistochemical analyses were performed
under a Zeiss LSM 510 meta laser scanning confocal microscope.

Statistical analysis

Results were calculated with a 99% confidence interval. Differences in
tumor volume were evaluated by the Mann-Whitney U test. Quantitative
studies of stained sections were performed independently by 2 pathologists
in a blind fashion. Differences in the number of proliferating cell nuclear
antigen (PCNA)–positive cells, apoptotic cells, and tumor microvessels in
immunohistologic studies were evaluated by the Student t test. A P value
less than .05 was considered statistically significant.

Results

IL-23R expression in pediatric B-ALL cells and normal
counterparts

IL-23R expression was investigated in 29 pediatric B-ALL cell
samples and in their normal counterparts (n 
 12). Figure 1A (top
panels) shows IL-23R expression in pro-B ALL cells (mean
percentage IL-23R� cells 
 70%, range 48%-90%), early pre-B
ALL cells (mean percentage IL-23R� cells 
 66.3%, range
54%-82%), and pre-B ALL cells (mean percentage IL-23R�

cells 
 64%, range 35%-97%). Four-color staining of normal BM
mononuclear cells for CD19, CD10, CD20, and IL-23R showed a
mean percentage of 1.2% IL-23R� normal pro-B lymphocytes,
2.6% IL-23R� early pre-B cells, and 3.8% IL-23R� pre-B cells
(Figure 1B). Quantitative PCR analysis of IL-23R mRNA in
B-ALL samples (n 
 29) and normal counterparts (n 
 4) revealed
that IL-23R transcript was up-regulated in neoplastic cells
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(Figure 1C). Due to the paucity of IL-23R expressing early normal
B lymphocytes, we investigated the functional activity of IL-23R in
neoplastic B cells only.

IL-23 induces apoptosis and inhibits proliferation of primary
B-ALL cells

Five different B-ALL cell suspensions (patients 2, 3, and 16 early pre-B
ALL; patients 20 and 23 pre-BALL) were cultured 24 and 48 hours with
or without IL-23 at different concentrations (range 10-200 ng/mL) and
tested for proliferation and apoptosis. At both time points, B-ALL cell
proliferation was significantly inhibited at 100 ng/mL (Figure 2A) or
200 ng/mL (not shown) IL-23. The percentage of apoptotic cells was
significantly increased by 100 ng/mL IL-23 treatment (Figure 2B) at
24 and 48 hours. These apoptotic cells were mostly annexin V/

propidium iodide (PI) double-positive. Six-hour treatment with IL-23 or
concentrations lower than 100 ng/mL did not affect apoptosis or
proliferation in primary B-ALL cells (not shown). IL-23 did not affect
the angiogenic potential of primary B-ALL cells, as assessed by CAM
assay (IL-23, mean number of vessels 
 21.6 � 4; medium, mean
number of vessels 
 24.6 � 3; data not shown).

IL-23 modulates miR expression in pediatric B-ALL cells

MiRs regulate tumor cell proliferation and apoptosis.24-31 Thus, we
investigated the ability of IL-23 to modulate miR expression in primary
B-ALL cells. To this end, 6 B-ALL samples (patients 2, 3, 11, and
12 early pre-B ALL; patients 16 and 22 pre-B ALL) were cultured
24 hours with or without IL-23 and tested by human cancer miRNA
PCR array, that allows detection of 84 different mature miRs implicated

Figure 1. IL-23R expression in pediatric B-ALL cells
and their normal counterparts. (A) IL-23R surface
expression in B-ALL cells from BM patients, as assessed
by flow cytometry. Open profile: IL-23R staining; dark
profile: isotype matched mAb staining. (B) IL-23R expres-
sion on normal early B cells from 12 healthy individuals,
by flow cytometry. Left panel: percentage of IL-23R
expression in each cell sample. Histograms on the right:
IL-23R staining in one representative normal pro-B (top
panel), early pre-B (middle panel), and pre-B sample
(bottom panel) is shown. Open profile: IL-23R staining;
dark profile: isotype-matched mAb staining. (C) Relative
quantification of IL-23R mRNA in 29 primary B-ALL
samples, compared with their normal counterparts, by
real-time PCR. Histograms represent fold differences of
IL-23R expression between B-ALL and normal early
B cells. The copy number of IL-23R mRNA was normal-
ized on the endogenous reference (GAPDH gene) and
expressed relative to a calibrator sample (mean value of
4 normal early B-cell samples) using the 2�(��Ct) � SD
method.
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in tumorigenesis. Figure 2C shows the pooled results from the 6 B-ALL
samples analyzed. IL-23 treatment down-regulated miR96 and up-
regulated miR122, 15a, 18b, let7g, let7c, let7e, 100, 155, let7i, 149, 23b,
and 203. Some of these up-regulated miRs (ie, let7 family members and
miR15a) function as a tumor suppressor in different malignancies.28,31,39

Analysis of single miR in each primary B-ALL sample revealed that
miR15a only was consistently up-regulated in all samples, whereas all
the other miR were regulated by IL-23 in 4 or 5 of the 6 samples.

IL-23 induces apoptosis of pediatric B-ALL cells through
up-regulation of miR15a and consequent BCL-2
down-regulation

We next focused on the functional role of miR15a in B-ALL cells.
MiR15a is involved in the control of apoptosis, since one of its targets is
BCL-2.39 Therefore, 5 B-ALL samples (patients 15-19) of the 6 tested
for miR expression were cultured 48 hours with or without IL-23 and
tested for BCL-2 expression. Figure 3A shows that, consistently with
previous results,40,41 BCL-2 was expressed in B-ALL cells and that
IL-23 reduced significantly (P 
 .0017) BCL-2 expression. In order to
establish a cause-and-effect link between IL-23 stimulation, miR15a
up-regulation, BCL-2 down-regulation, and induction of apoptosis, the

same B-ALL samples were transfected with anti-miR15a and treated
with IL-23. After 48 hours, cells were tested for BCL-2 expression, by
flow cytometry. These experiments demonstrated that primary B-ALL
cells treated with IL-23 and transfected with anti-miR15a showed
significantly (P 
 .0034) higher BCL-2 expression, compared with
cells treated with IL-23 only or treated with IL-23 and transfected with
irrelevant anti-miR (Figure 3A). The same B-ALL samples untrans-
fected or transfected with irrelevant anti-miR and cultured with medium
alone did not differ significantly in terms of BCL-2 expression (data not
shown). Finally, 3 of the 5 samples tested in the above experiments
were tested for apoptosis. As shown in Figure 3B, IL-23 alone
induced apoptosis of primary B-ALL cells (P 
 .0248) whereas
inhibition of miR15a caused a significant reduction (P 
 .032) of
apoptotic cell number at basal level (cells cultured with medium
alone). Transfection of primary B-ALL cells with irrelevant
anti-miR did not affect apoptosis driven by IL-23. The same cell
samples cultured with medium and transfected with irrelevant
anti-miR did not differ significantly in terms of number of
apoptotic cells (not shown).

To assess whether alternative apoptosis pathways should be
involved in IL-23-driven apoptosis, we cultured 2 primary B-ALL

Figure 2. IL-23 activity on pediatric B-ALL cell prolif-
eration and apoptosis. (A) Flow cytometric analysis of
proliferating cells in primary B-ALL cells cultured 24 or
48 hours with or without IL-23. Left panel: whisker lines
represent highest and lowest values, horizontal lines
represent median values. One representative staining is
shown in the right panel. Open profile: Ki67 staining in
B-ALL cells cultured in medium alone (med); dashed
profile: Ki67 staining in B-ALL cells treated with IL-23;
dark profile: isotype-matched mAb staining in B-ALL cells
treated with IL-23. (B) Flow cytometric analysis of apopto-
tic (annexin V�/PI�) cells in primary B-ALL cells cultured
24 or 48 hours with or without IL-23. Results represent
the mean percentage of annexin V/PI–positive cells � SD
from 5 samples. One representative experiment is shown
in the right panel. (C) MiRNA expression profile of
6 pooled primary B-ALL samples cultured with or without
IL-23. Histograms represent fold differences of individual
miRNA (miR) expression between B-ALL cells cultured
with and without IL-23.
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samples with or without IL-23 for 30 minutes and 24 or 48 hours.
Cells were subsequently analyzed for AKT or ERK1/2 phosphory-
lation (30 minutes of incubation) and activation of caspase-3, -7,
-8, and -10 (24-48 hours), by flow cytometry. All these experiments
gave negative results (not shown).

In vitro IL-23 antitumor activity against B-ALL cell lines

IL-23R was expressed in RS4;11 (18%), Nalm-6 (20%), and 697 (32%)
cells, as assessed by flow cytometry (Figure 4A). The activity of IL-23
on 697 cells was tested in terms of (1) induction of signal transduction
through the STAT pathway,2 (2) modulation of cell proliferation and cell
cycle, (3) induction of apoptosis and pathways involved, and (4)
angiogenesis.

Unphosphorylated STAT1, 3, 5, and 6 were constitutively
expressed in the 697 cells. STAT3 phosphorylation in serine 727
and tyrosine 705 residues was detected after IL-23 or IFN-�
incubation. STAT1 or 5 phosphorylation was not induced by IL-23,
but upon IFN-� incubation (Figure 4B). Phosphorylated STAT6
was expressed constitutively and not up-regulated by IL-23 or
IFN-�. Constitutive STAT4 phosphorylation was visible in 697 cells
and not increased by IL-23 or IFN-�, as assessed by Western blot
(Figure 4B) and flow cytometry (Figure 4C).

IL-23 (100 ng/mL, but not lower concentrations) inhibited cell
proliferation by 9 � 2% (Ki67 staining, not shown) and reduced the
percentage of cells in the G2/M (mean percentage medium vs IL-23

treatment: 11% vs 6%) and G0/G1 phases (mean percentage medium vs
IL-23 treatment: 36% vs 28%; Figure 4D). Furthermore, IL-23 induced
apoptosis by 13% in the 697 cells (Figure 4D). Mitogens, including
antihuman CD40, CpG2395, and antihuman Ig, did not affect signifi-
cantly the 697-cell proliferation or cell cycle (not shown).

Similarly to primary B-ALL cells, IL-23 up-regulated miR15a
(Figure 5A) and induced apoptosis (Figure 5B) in the 697 cells, through
down-regulation of BCL-2 expression (Figure 5C-D). Silencing of
miR15a (Figure 5A-D) or of IL-23R (not shown) abolished such effects
in the 697 cells. Transfection with irrelevant anti-miR did not affect the
ability of IL-23 to induce apoptosis (Figure 5B) and to reduce BCL-2
expression (Figure 5C). Alternative apoptosis pathways by IL-23 were
investigated, including caspase activation,AKTor ERK1/2 or p38MAPK
phosphorylation, and PARP cleavage. Figure 5E shows that IL-23 did
not induce the activation of caspase-3, -7, -8, and -10 or phosphorylation
of AKT, ERK1/2, and p38MAPK in the 697 cells. In addition, the
Z-VAD-FMK pancaspase inhibitor did not affect the apoptosis driven
by IL-23 (Figure 5F). By contrast, IL-23 induced PARP cleavage in the
697 cells, as assessed by flow cytometry and Western blot (Figure 5G).
Taken together, these results demonstrated that the IL-23-driven apopto-
sis in the 697 cells was dependent on BCL-2 down-regulation and PARP
cleavage, but not by caspase activation.

Finally, IL-23 did not change the angiogenic potential of the
697 cells (mean number of vessels IL-23 
 20 � 3, me-
dium 
 24 � 2, not shown).

Figure 3. IL-23 driven apoptosis and BCL-2 modula-
tion in pediatric B-ALL cells. (A) Left panel: flow
cytometric analysis of BCL-2 expression in 5 B-ALL
samples transfected or not with anti-miR15a or irrelevant
(irr) anti-miR cultured 48 hours with or without IL-23. Left
panel: whisker lines represent highest and lowest values,
horizontal lines represent median values. Histograms on
the right: BCL-2 intracellular staining of one representa-
tive experiment is shown. (B) Left panel: analysis of
apoptotic cells in 3 B-ALL samples transfected or not with
anti-miR15a or irrelevant anti-miR cultured 48 hours with
or without IL-23. Left panel: whisker lines represent
highest and lowest values, horizontal lines represent
median values. Dot plots on the right: annexin V/PI
double staining in 1 representative experiment.
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hrIL-23 strongly inhibits tumorigenicity of the 697 B-ALL cells
in SCID/NOD mice

Since the 697 cells were previously shown to be tumorigenic
upon intravenous injection into SCID/NOD mice,42 they were
selected for further studies. The 697 cell line was a suitable
model for in vivo studies, because it shows functional similari-
ties to the primary B-ALL cells (see above). Thus, 2 groups of

10 animals each were injected intravenously with 5 	 106 697 cells,
treated with hrIL-23 or PBS (controls) intravenously, and killed
after 14 days. Under these conditions, 697 cells give rise to bulky
abdominal tumor masses.42 Mice treated with hrIL-23 developed
tumors significantly smaller (P 
 .0001) than mice receiving PBS
(n 
 10 for both groups; IL-23 treated, mean volume 24.8 mm3;
range 18.2-29 mm3; controls, mean volume 40.8 mm3; range
29-53 mm3; Figure 6A). The abdominal tumor masses in PBS-
treated mice consisted of proliferating lymphoblastoid cells (Figure
6B top left). Tumors from hrIL-23–treated mice showed more
frequent apoptotic figures (Figure 6B top right), as confirmed by
TUNEL assay (apoptotic indexes: controls, 7.5% � 3.0% vs IL-23–
treated mice, 15.2% � 3.9%; P � .005), and a lower proliferation
index, as revealed by PCNA immunostaining (proliferation in-
dexes: controls, 91.4% � 5.8% vs IL-23–treated mice,
70.3% � 7.6%; P � .005; Figure 6B second row). Microvessel
counts, as assessed by anti-CD31 immunostaining, were similar in
tumors from PBS- and hrIL-23–treated mice (controls, 6.9 � 2.2;
hrIL-23–treated mice, 6.1 � 1.8; Figure 6B third row). Tumors
from controls displayed a distinct expression of cyclin D1 (Figure
6B bottom left), whereas such expression was strongly reduced in
tumors from hrIL-23–treated mice (Figure 6B bottom right).
Tumor infiltration with host mononuclear or polymorphonuclear
cells was virtually undetectable in hrIL-23– and PBS-treated
animals (not shown).

We next investigated, by PCR array, the expression of mature miR in
tumors from hrIL-23– versus PBS-treated animals. In 2 different
experiments performed with superimposable results, the expression of
the following miRs were up-regulated by IL-23 (Figure 6C): miR222,
92a, 181a, 15a, 138, 29b, 29a, let7f, 181b, 34a, 27a, 372, and 181c.
Conversely, miR10b and 32 were found to be down-regulated in tumors
from hrIL-23– versus PBS-treated animals.

MiR15a knockdown abolishes the IL-23 antitumor
activity in vivo

Next, the 697 cells were silenced for miR15a expression and tested
for tumorigenicity in SCID/NOD mice upon hrIL-23 and PBS
treatment. The 697 cells transfected with irrelevant anti-miR were
used as controls. The experimental design was the following: 1 group
of 5 animals was injected intravenously with 5 	 106 697 cells and
treated with PBS; 1 group (n 
 5) was injected with 5 	 106 697 cells
and treated with hrIL-23; 1 group (n 
 5) was injected with
5 	 106 697 cells transfected with anti-miR15a and treated with
PBS; 1 group (n 
 5) was injected with the latter cells and treated
with hrIL-23; and the last group (n 
 5) was injected with 5 	 106

697 cells transfected with irrelevant anti-miR and treated with
hrIL-23. These experiments, repeated twice with similar results,
demonstrated unambiguously that miR15a is necessary for IL-23
antitumor activity in vivo, since, according to our in vitro results,
transfection with miR15a inhibitor, but not with irrelevant anti-
miR, abolished the reduction of tumor growth driven by IL-23
(Figure 7A left panel). Quantitative PCR of miR15a expression
from explanted tumors showed that IL-23 treatment up-regulated in
vivo miR15a in wild-type 697 cells and in 697 cells transfected
with irrelevant anti-miR, but not in 697 cells transfected with
anti-miR15a (Figure 7A right panel).

MiR15a overexpression reduces the Nalm-6 cell spreading and
cell growth of the 697 cell line in vivo

To investigate whether forced expression of miR15a had similar
antitumor activity to hrIL-23 treatment in vivo, Nalm-6 cells

Figure 4. Expression of IL-23R and activity of IL-23 in B-ALL cell lines.
(A) IL-23R surface expression in human B-ALL cell lines as assessed by flow
cytometry. Open profile: IL-23R staining; dark profile: isotype-matched mAb staining.
(B-C) Analysis of STAT pathway in 697 cells stimulated 30 minutes with IL-23 or of
IFN-� (positive control), as assessed by Western blot (B) and flow cytometry (C).
(D) Flow cytometric analysis of cell cycle in 697 cells cultured 48 hours with or without
IL-23. Unbroken profile: 697 cells cultured with medium alone; dashed profile:
697 cells cultured in the presence of IL-23.
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transfected with pEP-hsa-miR15a and the 697 cells transfected
with hsa-miR15a precursor were tested for their tumorigenicity in
SCID/NOD mice. Nalm-6 cells transfected with pEP-miR-null
vector and 697 cells transfected with irrelevant miR precursor were
used as controls. Quantitative PCR showed that (1) pEP-hsa-
miR15a transfectants overexpressed miR15a, compared with
pEP-miR-null transfectants or wild-type cells, and (2) miR15a
697 transfectants overexpressed miR15a, compared with irrel-
evant miR precursor transfectants or wild-type 697 cells (Figure
7B). Two groups of 5 animals each were injected intravenously
with 5 	 106 wild-type Nalm-6 cells and treated with hrIL-23 or
PBS. Two additional groups of 5 mice each were injected
intravenously with 5 	 106 pEP-hsa-miR15a or pEP-miR-null
vector cells. No tumor masses were grown, thus we searched
leukemic cells in the peripheral blood (PB), spleens, and BM from
each animal using the human CD10 and CD19 markers (expressed
by wild-type Nalm-6 cells) and flow cytometric analysis. As shown

in Figure 7C (top panels), CD10�CD19� Nalm-6 cells were found
in the PB (mean 22%), BM (mean 48%), and at low percentage in
the spleens (mean 1.4%) of PBS-treated mice. IL-23 reduced the
presence of Nalm-6 in the PB (mean 2.4%) and their spreading into
the spleens (mean 0.4%) and BM (mean 14%; Figure 7C middle
panels). Nalm-6 cells overexpressing miR15a were undetectable in
the PB (mean 0.36%), spleens (mean 0.14%), and BM
(mean � 0.05%; Figure 7C bottom panels). PeP–miR-null trans-
fected Nalm-6 cells were found in PB, spleen, and BM at similar
percentages to wild-type Nalm-6 cells (not shown).

Accordingly, enforced expression of miR15a in the 697 cells
caused a significant reduction of tumor cell growth in vivo (Figure
7A) compared with the wild-type 697 cells or to cells transfected
with irrelevant miR. Finally, the volume of tumors from IL-23–
treated mice injected with the wild-type 697 cells was similar to
those formed in PBS-treated mice injected with the 697 cells
overexpressing miR15a (Figure 7A).

Figure 5. Apoptosis pathway driven by IL-23 in
697 cells. (A) Relative quantification of miR15a in wild-
type 697 cells and 697 cells transfected with anti-miR15a
or irrelevant (irr) anti-miR cultured 48 hours with or
without IL-23, as assessed by real-time PCR. MiR15a
expression was normalized to an endogenous reference
(miRU6) and expressed relative to a calibrator sample
(primary B-ALL sample). (B) Left panel: flow cytometric
analysis of apoptosis in wild-type 697 and in 697 cells
transfected with anti-miR15a or irrelevant anti-miR cul-
tured 48 hours with or without IL-23 (med). Whisker lines
represent highest and lowest values, horizontal lines
represent median values (n 
 3). Dot plots on the right:
annexin V/PI double staining in one representative experi-
ment is shown. (C) Left panel: flow cytometric analysis of
BCL-2 expression in wild-type 697 cells and 697 cells
transfected with anti-miR15a or irrelevant (irr) anti-miR
cultured with medium (med) or IL-23 (48 hours). Whisker
lines represent highest and lowest values; horizontal
lines represent median values (n 
 3). Histograms on
the right: one representative experiment of BCL-2 stain-
ing is shown. (D) Western blot of BCL-2 expression in
wild-type 697 cells and 697 cells transfected with anti-
miR15a or irrelevant (irr) anti-miR upon incubation with
medium (med) or IL-23 (48 hours). (E) Flow cytometric
analysis of caspase activation and AKT, ERK/1, and
p38MAPK phosphorylation in 697 cells upon incubation
for 48 hours with medium or IL-23 (bottom panels).
Positive controls are shown in top panels. Open profile:
caspase-3, -7, -8, and -10, and phosphorylated AKT,
ERK1/2, and p38MAPK staining in stimulated cells; dark
profile: caspase-3, -7, -8, and -10 and phosphorylated
AKT, ERK1/2, and p38MAPK staining in untreated cells.
(F) Flow cytometric analysis of apoptosis of 697 cells
pretreated 1 hour with the Z-VAD-FMK pancaspase
inhibitor and then cultured for an additional 48 hours with
medium (Z-VAD-FMK) or with IL-23 (Z-VAD-FMK�IL23).
One representative experiment is shown. (G) PARP
cleavage in 697 cells cultured 48 hours with medium
(med) or with IL-23, as assessed by flow cytometry
(histograms on the left) and by Western blot (right panel).
Histogram plots: staining with anti-cleaved PARP Ab of
cells cultured with IL-23 (open profile) or with medium
(dark profile). Jurkat cells treated 5 hours with etoposide
represent the positive control.
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Discussion

IL-23 belongs to a cytokine superfamily, including IL-12, that
exerts direct antitumor activity in hematologic and nonhematologic
malignancies.37,38,42,43 In this study, we addressed the question of
whether IL-23 could target pediatric B-ALL cells and inhibit
directly their growth. The IL-12R�1 chain, shared by IL-12R and
IL-23 receptor, was expressed in B-ALL cells and in their normal
counterparts.42 Here, we show that the other subunit of the IL-23
receptor, the IL-23R, was functional in primary B-ALL cells and

strikingly up-regulated at the transcriptional level, compared with
normal early B cells. We demonstrate that IL-23 damped directly
B-ALL cell growth both in vitro and in vivo by inhibiting
proliferation and inducing apoptosis through the modulation of
miR15a and BCL-2. Tumorigenicity of B-ALL cell lines was
studied in SCID/NOD mice to evaluate the antitumor activity of
IL-23 in the absence of immune responses. Human IL-23 is active
also on murine cells,2 but the following findings support the
conclusion that, in our model, the cytokine targeted directly human
leukemic cells: (1) the in vivo antitumor mechanisms operated by
IL-23 were overlapping with those detected in vitro, and (2) tumor

Figure 6. In vivo antitumor activity of IL-23. (A) Volume of tumors grown
in PBS and hrIL-23–treated SCID/NOD mice 14 days after 697 cell
intravenous inoculation. The differences in size between tumors removed
from PBS- and hrIL-23–treated mice were evaluated by the Mann-Whitney
U test. Boxes indicate values between the 25th and 75th percentiles, and
whisker lines represent highest and lowest values for each group.
Horizontal lines represent median values. (B) Morphologic and immunohis-
tochemical analyses of tumors developed in PBS- and hrIL-23–treated
mice after 697 cell intravenous inoculation. Arrows in top 2 images indicate
apoptotic figures, as revealed by the aspect of chromatin condensation,
cell shrinkage, and scattered apoptotic bodies. Anti-PCNA (images in
second row), anti-CD31 (images in third row), and anti-cyclinD1 (images in
fourth row) immunostaining results are shown. H&E and PCNA staining:
magnification 	600 field (60	 objective and 10	 ocular lens; 0.120 mm2

per field), CD31, and cyclin D1 staining: magnification 	400 field (40	 ob-
jective and 10	 ocular lens; 0.180 mm2 per field. (C) miRNA gene
expression profile in tumors explanted from hrIL-23– vs PBS-treated
animals 14 days after 697 tumor cell inoculation. Histograms represent
fold differences of individual miR expression between tumors formed in
hrIL-23– vs PBS-treated animals.
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infiltration with host mononuclear or polymorphonuclear cells was
virtually undetectable. To gain more insight into the molecular
mechanisms underlying the antitumor activity of IL-23, we investi-
gated the modulation of mature miRNA expression induced by the
cytokine both in vivo and in vitro. In this study, most miRNA
modulated by IL-23 in primary B-ALL cells were different from
miRNA regulated by the cytokine in tumors formed in vivo by the
697 cell line. These differences may depend on intrinsic character-
istics of leukemic cells from patients versus the 697 cell line or the
in vivo relationships established by the latter cells with the tumor
microenvironment. The only miRNA up-regulated by IL-23 both in
vitro and in vivo was miR15a; therefore, we focused on investigat-
ing whether up-regulation of miR15a was sufficient and necessary
for IL-23 antitumor activity against leukemic cells. To this end, we
analyzed the IL-23 effects on B-ALL cells in which miR15a was
silenced. In addition, we investigated whether forced expression of
miR15a had a similar antitumor activity to the treatment of IL-23.

Taken together, these experiments allowed us to demonstrate that
knockdown of miR15a rendered B-ALL cells unresponsive to
IL-23 in vitro and in vivo, and that enforced expression of miR15a
inhibited leukemic cell growth in vivo. Studies on the mechanisms
underlying the proapoptotic effect of IL-23 showed that the
cytokine down-regulated the antiapoptotic BCL-2 and induced
PARP cleavage in the absence of caspase activation. Although
PARP represents a main cleavage target of caspases,44 alternative
pathways may activate PARP as reported in T lymphocytes treated
with methotrexate, lung cancer cells transduced for MBP-1, and
breast cancer cells treated with PI3K/mTOR inhibitor.45-48

Here, we show that IL-23 exerted also antiproliferative effects
on B-ALL cells that may be ascribed to 2 different mechanisms.
First, we demonstrated that IL-23 treatment damped in vivo
expression of cyclin D1, another target of miR15a,49 whose
functions are directly associated with cancer progression and
invasion.49,50 Second, IL-23 treatment induced up-regulation of

Figure 7. Effects of miR15a silencing and overexpres-
sion on tumorigenicity of B-ALL cells. (A) Left panel:
volume of tumors grown in PBS- and hrIL-23–treated
animals 14 days after intravenous injection of 697 cells
transfected or not with anti-miR15a, irrelevant (irr) anti-
miR, miR15a, or irrelevant pre-miR precursor (irr miR).
Differences in tumors size were evaluated by the Mann-
Whitney U test. Whisker lines represent highest and
lowest values, horizontal lines represent median values.
Right panel: relative quantification of miR15a expression
in tumors explanted from PBS- or hrIL-23–treated ani-
mals injected with 697 cells transfected or not with
anti-miR15a, irrelevant (irr) anti-miR, miR15a, or irrel-
evant pre-miR precursor. (B) Relative quantification of
miR15a in wild-type and transfected Nalm-6 or 697 cells
before injection. (C) Analysis of leukemic cell spreading
in peripheral blood, spleen, and BM from hrIL-23– or
PBS-treated mice injected intravenously with Nalm-6
cells transfected or not with pEP-has–-miR15a or pEP–
miR-null (not shown). Analysis was performed 5 weeks
after tumor cell inoculation. Nalm-6 cells were identified
as human CD10�/CD19� cells. One representative stain-
ing is shown.
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miR let7-g, -c, -e, and -i in primary B-ALL samples. The let-7
family miRNA negatively regulated the RAS family oncogenes,
and inhibition of let-7g and -e caused growth acceleration of lung
adenocarcinoma cells.32 It is therefore conceivable that modulation
of miRNA let-7g, -c, -e, and -i may be involved in the antiprolifera-
tive activity of IL-23 on B-ALL cells. We42 have previously
demonstrated that childhood B-ALL cells display methylation of a
CpG island in the noncoding exon 1 of the IL-12RB2 gene. This
epigenetic event prevents expression of the IL-12R�2 protein and,
consequently, the assembly of the functional heterodimeric IL-12R.
In other models,38 we have shown that reexpression of the
IL-12RB2 gene, achieved by treating malignant cells with a
demethylating agent, renders the latter cells sensitive to the
antiproliferative and proapoptotic effects of IL-12. Transfer of
these findings to the clinical setting is not an easy task. The results
of this study delineate a completely different situation for IL-23R
that is highly expressed in pediatric B-ALL cells and mediates
IL-23-driven, direct inhibition of tumor growth. Therefore, in
principle, IL-23 may be a good candidate drug to be tested in a
phase I trial in childhood B-ALL patients otherwise unresponsive
to current therapeutic standards. An additional argument in favor of
this proposal is the low toxicity shown by IL-23 in animal models,
likely in relation to the low induction of IFN-� in vivo.19
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