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The structure and T cell stimulatory effects of the recently discovered cytokine IL-23 are similar to, but distinct from, those of
IL-12. Although the antitumor activities of IL-12 are well characterized, the effect of IL-23 on tumor growth is not known. In this
study, murine CT26 colon adenocarcinoma and B16F1 melanoma cells were engineered using retroviral vectors to release single-
chain IL-23 (sclL-23) to evaluate its antitumor activity. In BALB/c mice, sclL-23-transduced CT26 cells grew progressively until
day 26 to an average size of 52% 333 mnt, then the tumors started to regress in most animals, resulting in a final 70% rate of
complete tumor rejection. sclL-23 transduction also significantly suppressed lung metastases of CT26 and B16F1 tumor cells. In
addition, mice that rejected sclL-23-transduced tumors developed a memory response against subsequent wild-type tumor chal-
lenge. Compared with sclL-12-expressing CT26 cells, sclL-23-transduced tumors lacked the early response, but achieved com-
parable antitumor and antimetastatic activity. These results demonstrated that IL-23, like IL-12, provided effective protection
against malignant diseases, but it probably acted by different antitumor mechanisms. As a first step in identifying these antitumor
mechanisms, tumor challenge studies were performed in immunocompromised hosts and in animals selectively depleted of various
lymphocyte populations. The results showed that CD8 T cells, but not CD4* T cells or NK cells, were crucial for the antitumor
activity of IL-23. The Journal of Immunology, 2003, 171: 600—-607.

he recently discovered cytokine IL-23 consists of a het-duce a single-chain IL-23 (sclL-23)and we demonstrated that
erodimer of the IL-12 p40 subunit and a novel 19-kDa local production of IL-23 inhibits s.c. and metastatic tumor growth
protein, termed p19 (1). Structurally, p19 is distantly re- in vivo. The antitumor activity of IL-23 requires CDS8T cells, but
lated to IL-6, G-CSF, and the IL-12 p35 subunit (1). Although p19 not CD4" T cells or NK cells. This is, as far as we are aware, the
is expressed in various tissues and cell types, per se it lacks bidirst report showing that IL-23 possesses potent antitumor activity.
logical activity (1) and only becomes biologically active when
complexed with p40, which is normally secreted by activated macMaterials and Methods
rophages and dendritic cells. IL-23 preferentially induces prolif-Mice

erqtion of, and IFNy production by, memory T ceIIs.as oppo;ed to Female BALB/c and C57BL/6 mice were purchased from the National
naive T cells, whereas the effects of IL-12 are mainly restricted t0_aboratory Animal Breeding and Research Center (Taipei, Taiwan). Fe-
naive T cells (1). The receptor for IL-23 is composed of the IL-12Rmale SCID (C.B17scid/scid) and SCID-beige (C.Bl&cid/beige) mice

B1 subunit and a novel IL-23R subunit (2). The differential re- Were purchased from the Laboratory Animal Center, National Taiwan Uni-

sponse of naive and memory T cells to IL-12 and IL-23 correlatesverSity College of Medicine (Taipei, Taiwan). All animal experiments were
conducted in specific pathogen-free conditions and in accordance with the

well with the preferential expression of the IL-1782 subunit on  gidelines approved by the Animal Care and Usage Committee of the
naive T cells and of the IL-23R subunit on memory T cells (2). Institute of Biomedical Sciences (Academia Sinica, Taipei, Taiwan).

IL-12 has potent antitumor activity in a variety of murine tumor .
models, causing regression of established tumors (3-5) and inhibc-eIIS and depletion Abs
iting the formation of experimental metastases (3, 4) and sponta<T26 is a colon adenocarcinoma cell line derived from BALB/c mice

neous metastases (6, 7). Whether IL-23 possesses antitumor actfl eated withN-nitrosoN-methylurethane (8). B16F1 is a metastasizing sub-
ine of the B16 melanoma that arose spontaneously and is syngeneic with

ity is unknown. In this study, we used a retroviral vector {0 cg7p /6 mice (9). 3T3 (CCL-163; American Type Culture Collection,
engineer a murine colon adenocarcinoma cell line, CT26, to propManassas, VA) is a murine fibroblast cell line derived from BALB/c mice.
Cell lines were maintained in DMEM, 10% heat-inactivated FCS, 2 mM
L-glutamine, 100 U/ml penicillin, and 10@g/ml streptomycin at 37°C in
a 5% CQ humidified incubator. Anti-CD4 (GK1.5, rat IgG2b) and anti-
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Taipei, Taiwan (Amers am Pharmacia, New 'I_'errltorles, Hong Kong). Normal rgt IgG was

) o o similarly produced from a hybridoma clone (HAA, rat IgG2a) derived from
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PCR strategy (10) was used to generate an sclL-23 cDNA in the p40-p19
orientation. Briefly, the p19 fragment was PCR amplified with the signal
sequence replaced with a sequence encoding the GSTSGSGKPGSGEG
STKG peptide linker. The forward primer was 5-GAGGGTAGTACTA
AGGGTCTGGCTGTGCCTAGGAGTAGC-3' and the reverse primer was
5'-GGGGTTTAAGCTGTTGCCACTAAGGGCTCAGTCAG-3'. The IL-12
p40 fragment was PCR amplified as described previoudy (10). The p19 and
p40 fragments were then used as templates in a second-round PCR, and the
final amplified product containing the p40-linker-p19 sequence was ligated
into pCR-Blunt (Invitrogen, Carlsbad, CA) for sequencing and subsequent
cloning. The pBlunt plasmid was digested at the Xhol and Hindlll sites to
release the DNA fragment, which was then inserted into the pLNCX2 retro-
vird vector (BD Clontech, Pdo Alto, CA) to produce the plasmid pLNCX/
clL-23 (Fig. 1A). The Sall-BamHI fragment from the plasmid psclL-12.2
(20), which encodes a functiona sclL-12 protein, was inserted into the Xhol-
BamHI sites in pLNCX2 to produce the plasmid pLNCX/sclL-12 (Fig. 1A).

Retroviral supernatant was generated by transfecting pLNCX/sclL-23 or
pLNCX/sclL-12 proviral constructs into the PT67 packaging cell line (BD
Clontech) using lipofectamine 2000 (Life Technologies, Grand Island,
NY). CT26 cells (2 x 10* cellswell in six-well plates) were infected for
24 h with 2.5 ml of sclL-23 or sclL-12 retrovira supernatant in the pres-
ence of 4 pwg/ml polybrene. After washing, the cells were incubated for
48 h in DMEM/10% FCS medium and then were selected in 0.5 mg/ml
G418 and screened for secretion of IL-23 or IL-12 (CT26/sclL-23 and
CT26/sclL-12, respectively). G418-resistant CT26 cells infected with the
pLNCX2 vector aone (CT26/LNCX) were used as controls. B16F1 cells
were similarly infected with sclL-23 or the control LNCX2 retroviral su-
pernatant and were selected in 1.2 mg/ml G418 to produce B16F1/sclL-23
and B16F1/LNCX cells, respectively.

Expression of single-chain cytokine proteins

3T3 cells (1 X 10°% were transiently transfected with 5 ug of pLNCX/
sclL-23, pLNCX/sclL-12, or the empty vector pLNCX2 using lipo-
fectamine 2000. After 24-h incubation, the supernatants were harvested for
functional analysis and the cells were metabolically labeled for an addi-
tional 18 h with 150 uCi/ml Pro-mix L-[**S] in vitro cell-labeling mix
(Amersham Pharmacia) in cysteine/methionine-free DMEM (Sigma-
Aldrich, St. Louis, MO). Proteins were immunoprecipitated by addition of
3 pg of rat anti-mouse IL-12 p40/p70 mAb (C17.8; BD PharMingen, San
Diego, CA) followed by protein G Sepharose. The precipitates were elec-
trophoresed on SDS polyacrylamide gels and visualized by autoradiogra-
phy on Kodak-MR film (Kodak, Rochester, NY).

Biofunctional assay of single-chain cytokine proteins

For the cytokine functiona assay, CD4" T cellsfrom the spleen and lymph
nodes of naive mice were enriched using nylon wool followed by selection
with a magnetically labeled anti-CD4 mAb (L3T4; Miltenyi Biotec, Au-
burn, CA) using the MACS system (Miltenyi Biotec). FACS analysis of the
purified CD4" T cells showed >95% purity (data not shown). The purified
CD4* T cells (2 X 10%well) were then cultured for 5 days in wells coated
with anti-CD3 mAb 145.2C11 (CRL-1975; American Type Culture Col-
lection) in medium containing seria dilutions of test samples. To measure
IFN-vy release, the cell-free supernatants were prepared and assayed using
a sandwich ELISA, with the capture mAb being R4-6A2 (rat 1gG1; BD
PharMingen) and the detection biotinylated mAb being XMG1.2 (rat IgG1;
BD PharMingen). The ELISA was performed according to the manufac-

A

FIGURE 1. Construction and expression of
sclL-23. A, Schematic diagram of pLNCX/
sclL-23 and pLNCX/sclL-12. The single-chain
proteins sclL-23 and sclL-12 were in the p40-
pl9 and p40-p35 orientation, separated by a
flexible 18-aa peptide linker. B, 3T3 fibroblasts
were transiently transfected with the provira
plasmids for 24 h, and then were metabolically
labeled with Pro-mix L-[3°S] for an additional p40
18 h. Proteins in the supernatant were immuno-
precipitated using an anti-p40 mAb and were
analyzed on an SDS polyacrylamide gel.
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turer’s instructions and has been described previously (11). To measure
proliferation, the cells were pulsed for 18 h with [*H]thymidine (1 uCi per
well) and the incorporated radioactivity was determined as described pre-
viously (11).

Tumor growth and metastasis

Exponentially growing tumor cells were harvested and used to induce s.c.
tumors or metastases only if their viability exceeded 95%, as determined by
trypan blue staining. To measure the tumorigenicity of control (CT26 cells
or CT26/LNCX cells) and sclL-12- or sclL-23-transduced CT26 cells,
groups of BALB/c mice (n = 10) were injected s.c. with 1 X 10° cells of
each tumor cell linein 100 ul of Dulbecco’s PBS (Sigma-Aldrich). Tumor
growth was measured two to three times per week, and the mean volume
in cubic millimeters and the SD for each group were calculated as de-
scribed previously (12). The mice were killed when the tumor reached
>3000 mm®. In some experiments, mice that had rejected the tumors were
rechallenged s.c. with 1 X 10° nontransduced CT26 cellsin the other flank
on day 60 after the initial tumor implantation to evaluate induction of
antitumor immunity.

Immune-deficient mice and mice deleted selectively of certain lympho-
cyte populations by in vivo Ab treatment were used to evaluate the relative
contribution of various immune cells to | L-23-mediated antitumor activity.
Groups of SCID (deficient in T cells and B cells) and SCID/beige mice
(deficient in T cells, B cells, and NK cells) were injected s.c. with 1 X 10°
CT26/sclL-23 or control CT26/LNCX cells. For in vivo Ab depletion ex-
periments, BALB/c mice were injected s.c. with 1 X 10° CT26/sclL-23
cellson day 0. CD4" and CD8" T cells were depleted by i.p. injection of
0.5 mg of anti-CD4 mAb (GK1.5) and anti-CD8 mAb (53-6.72), respec-
tively, on day —2, and then with 0.25 mg of the same mAb on days 0, 3,
5,12, 19, 26, 33, 40, and 47. NK cells were depleted by i.p. injection of 20
wl of rabbit anti-asialo GM1 antiserum using the same schedule. Mice
injected i.p. with normal rat 1gG or normal rabbit serum at the same dose
and schedule were used as controls. Tumor growth and the number of
survivors in each group were monitored as described above.

In the lung metastasis model, BALB/c mice were given 2 X 10° CT26/
LNCX, CT26/sclL-23, or CT26/sclL-12 cells, and C57BL/6 mice were
given 2 X 10° B16FL/LNCX or B16F1/sclL-23 cellsin 0.1 ml of PBS by
tail vein injection. Experimental metastases were evaluated 21 days after
tumor inoculation. The tumor nodules were contrasted using black india
ink before counting under a dissecting microscope.

Cytotoxicity assays

Spleen cells (2 X 10° per well) from mice that were tumor free at 60 days
after initial tumor injection or from age-matched naive mice were incu-
bated for 5 days with mitomycin C-treated CT26 cells (5 X 10° per well)
in the presence of 5 U/ml recombinant human IL-2 in 24-well plates. Tar-
get cells (CT26 cells or peptide-pulsed P815 cells) were radiolabeled with
chromium-51 (Amersham Pharmacia). The H2-L%restricted AH1 peptide
(SPSYVYHQF) (13) and the QL9 peptide (QLSPFPFDL) (14) were pur-
chased from Kelowna (Taipei, Taiwan) and used at 40 pg/ml to pulse cells.
The previously described chromium release assay was used to measure the
ability of in vitro-stimulated responder cells to lyse target cells (11).

Immunohistochemistry

Tumor specimens were fixed in periodate-lysine-paraformaldehyde for 3 h
and then were transferred to 20% sucrose for 3—4 h. The fixed tissues were
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embedded in OCT compound (Sakura Finetek, Torrance, CA), snap frozen
in liquid nitrogen, and stored at —80°C. Cryostat cut sections (5 wm) were
fixed in cold acetone and blocked with 2% BSA for 30 min. After two
washes in Tris buffer, the slides were incubated overnight at 4°C with
biotinylated rat mAbs (1/100) directed against mouse CD4 (CT-CD4; Se-
rotec, Oxford, U.K.) or CD8 (KT-15; Immunotech, Marseille, France).
|sotype-matched biotinylated rat 1gGs were used as negative controls. En-
dogenous peroxidase activity was quenched with 0.6% (v/v) H,O, in meth-
anol, then streptavidin peroxidase (DAKO, Carpinteria, Denmark) and 3,3'-
diaminobenzidine substrate-chromogen solution (DAKO) were added. After a
thorough wash in distilled water, the dides were counterstained with hema-
toxylin and analyzed by light microscopy at <200 magnification.

Satistics

The statistical significance of differences between experimental groups of
animals was determined using Student’s t test. Findings were regarded as
significant if the two-tailed p value was =0.05.

Results
Construction and expression of the retroviral vector encoding
sclL-23

The sclL-12 and sclL-23 gene fragments were constructed as de-
scribed in Materials and Methods and subcloned into the retroviral
vector pLNCX2. The resulting proviral constructs, pLNCX/
sclL-12 and pLNCX/sclL-23, encode, respectively, the p40-linker-
p35 and p40-linker-p19 fusion proteins (Fig. 1A). 3T3 cells were
transiently transfected with pLNCX/sclL-12, pLNCX/sclL-23, or
the parental pLNCX2 plasmid, and the protein products in the
supernatant were analyzed by immunoprecipitation with p40-spe-
cific mAb. Plasmid pLNCX/sclL-23 generated two proteins of 73
and 69 kDa, whereas pLNCX/sclL-12 gave two proteins of 75 and
71 kDa (Fig. 1B). The double bands in both cases are probably due
to glycosylation (1, 15). The control vector did not produce pro-
teins recognized by the anti-p40 mAb.

To investigate the functional activities of the fusion cytokines,
the conditioned medium from pLNCX2-, pLNCX/sclL-12-, or
pLNCX/sclL-23-transfected 3T3 fibroblasts was tested for its abil-
ity to stimulate purified CD4™ T cells in the presence of plate-
bound anti-CD3 mAb. As shown in Fig. 2A, the sclL-23-contain-
ing supernatant stimulated the proliferation of CD4" T cellsin a
dose-dependent manner and to the same degree as the sclL-12-
containing supernatant. In contrast, the sclL-23-containing super-
natant failed to induce IFN-y production, whereas the sclL-12-
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FIGURE 2. Functional assay of sclL-23. 3T3 cells were transfected
with various proviral plasmids for 48 h, and then the culture supernatants
were collected for the functional assay. Purified mouse CD4" T cells were
cultured for 5 days with serial dilutions of transfected cell culture super-
natants in the presence of plate-bound anti-CD3 mAb, and then cell pro-
liferation was assessed by [*H]thymidine incorporation (A) and the IFN-y
content was determined by ELISA (B). The values are presented as the
mean *+ SD for triplicate wells. The data are representative results of three
independent experiments.
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containing supernatant strongly stimulated IFN-y secretion (Fig.
2B). The pLNCX2 plasmid failed to stimulate the proliferation of
CD4*" T cells and IFN-vy secretion.

Local IL-23 secretion reduces CT26 tumorigenicity and
metastatic ability

To analyze the effect of 1L-23 on tumor growth, CT26 cells were
infected with retrovira supernatant generated by transfecting
pLNCX/sclL-23 into packaging cells. The G418-resistant CT26
bulk culture was established and designated as CT26/sclL-23.
G418-resistant CT26 cells generated by infection with retroviral
supernatants produced by pLNCX2 or pLNCX/sclL-12 were des-
ignated as CT26/LNCX and CT26/sclL-12, respectively, and were
used as controls. The amount of sclL-12 released by CT26/sclL-12
cells was determined by a sandwich ELISA for murine IL-12 p70.
In 72 h of culture, 2 X 10° CT26/sclL-12 cells produced 730 + 47
ng/ml of murine IL-12. Because no ELISA system was available
for IL-23, the relative amounts of IL-23 and IL-12 in CT26/
sclL-23 and CT26/sclL-12 cell supernatants were determined by
dot blot analysis using Ab against the common p40 subunit of the
two cytokines. CT26/sclL-12 cells produced roughly fourfold
more protein than did CT26/sclL-23 cells (data not shown). The
biological activity of sclL-12 and sclL-23 produced by the trans-
duced tumor cells was confirmed by the T cell proliferation assay
as described above (data not shown).

IL-12 transduction has been shown to delay or completely abol-
ish the in vivo growth of CT26 tumors (16). To evauate the an-
titumor response induced by local secretion of 1L-23, groups of 10
BALB/c mice wereimplanted s.c. with 1 X 10° live CT26/sclL-23
cells and were monitored for tumor development and survival.
Mice receiving CT26/sclL-12 served as positive controls, and
those injected with CT26/LNCX or wild-type CT26 cells were
negative controls. CT26/sclL-23 cellsand the control CT26/LNCX
and CT26 cellsinitialy showed the same tumor take, and all mice
in these groups developed tumors by day 13 (Fig. 3A). The tumors
in the CT26 and CT26/LNCX groups grew progressively, and by
day 48 all animals either died or had been euthanized because the
tumor size had reached the allowed limit. sclL-23-transduced
CT26 cells showed a slightly slower growth rate than did the con-
trol tumors, but al CT26/sclL-23 tumors continued growing until
day 26, when the mean tumor volume reached 521 + 333 mm?®.
Interestingly, after this initial growth, most tumors in the CT26/
sclL-23 group started to regress, and 70% of the mice displayed
complete tumor rejection by day 61 (Fig. 3B). In comparison, im-
plantation of CT26/sclL-12 cells produced only palpable tumorsin
80% of animals, and all of these tumors were quickly rejected by
day 18 (Fig. 3).

To evaluate the antimetastatic effect of IL-23, groups of
BALB/c mice (n = 5) were given CT26/LNCX, CT26/sclL-12, or
CT26/sclL-23 cells by tail vein injection, and the number of pul-
monary metastases in the different groups was counted on day 21
after injection. All animals receiving CT26/LNCX presented a
large number (range 258—-390) of metastatic foci in their lungs
(Fig. 4A). Transduction of sclL-23 significantly reduced metasta-
sis, with the number of lung foci ranging from zero to six (p <
0.000001 vs CT26/LNCX group). All mice injected with CT26/
sclL-12 showed a complete absence of metastatic lung foci (p <
0.000001 vs CT26/LNCX group). We used an additional murine
tumor model, B16F1 melanoma, to further evaluate the antimeta-
static effect of 1L-23. B16F1 cells secreting |L-23 (B16F1/sclL-23)
were similarly produced by infection of B16F1 cells with sclL-23
retroviral supernatant and were selected in G418. B16F1/LNCX
cells, generated by infection with retroviral supernatant produced
by pLNCX2, were used as negative controls. C57BL/6 mice (n =
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6) were inoculated with B16F1/sclL-23 or B16F1/LNCX by tail
vein injection and were analyzed for lung metastasis. As shown in
Fig. 4B, local expression of |1L-23 significantly reduced the number
of lung foci (range 1-11) compared with that of the control B16F1/
LNCX cells (range 221-520; p < 0.00001). These results demon-
strate that |L-23 was effective against metastatic tumors of differ-
ent organ origins.

Induction of antitumor immune memory by CT26/sclL-23

To investigate whether a memory response developed in those an-
imals that survived s.c. challenge with CT26/sclL-12 or CT26/

A CT26/LNCX

CT26/scIL-23

CT26/scIL-12

sclL-23 cells, the tumor-free mice were subjected to s.c. rechal-
lenge with parental CT26 cells. As shown in Fig. 5A, all animals
in the CT26/sclL-12 and CT26/sclL-23 groups that had rejected tu-
morswere resistant to CT26 chalenge. In contrast, age-matched naive
mice were uniformly susceptible to CT26 challenge. We aso deter-
mined whether CTLs were present in animals that had rejected CT26/
sclL-23 tumors. As shown in Fig. 5B, splenocytes from mice that had
previoudly rejected CT26/sclL-23 tumors showed significant lytic ac-
tivity against CT26 cells. The cytolytic activity induced by CT26/
sclL-23 appeared to be tumor specific, because the splenocytes did not
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FIGURE 4. Lung metastases after i.v. injection of tumor cells. BALB/c (n = 5) (A) and C57BL/6 (n = 6) (B) mice were injected i.v. with 2 X 10° of
the indicated tumor cells. The animals were killed on day 21 and tumor nodules in the lungs were counted. Data are presented as mean = SD (right).
Photographs of the lung of each group are also shown (left). The experiment was repeated twice with similar results. *, p < 0.000001, compared with the
control CT26/LNCX group; *#, p < 0.00001, compared with the control B16F1/LNCX group.
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FIGURE 5. Induction of antitumor immunity after rejection of |L-23-transduced tumor cells. A, Animals that had previously rejected s.c. injected

CT26/sclL-12 (n = 10) or CT26/scIL23 cells (n = 6) or age-matched naive controls (n = 10) were rechallenged s.c. with 1 X 10° parental CT26 cells,
and the mean tumor volume in each group was monitored. B, CTL activity induced by CT26/sclL-23 cells. Splenocytes were collected from two animals
(#1 and #2) that had previously rejected CT26/sclL 23 cells or from an age-matched naive mouse, and they were restimulated in vitro for 5 days with CT26
cells. The specific cytolytic activity of the stimulated splenocytes was then tested on 5*Cr-labeled CT26 cells (left panel) and on 5*Cr-labeled P815 cells
pulsed with 40 wg/ml peptide AH1 or QL9 (right panel). The values are presented as the mean + SD of triplicate cultures. The CTL assays were repeated

twice with similar results.

lyse P815 cells (data not shown). CT26 cells express an H-2L%re-
stricted rejection epitope (AH1) derived from an endogenous retrovi-
ral gene product (13). AH1-specific cytolytic activity was induced in
mice that had rejected CT26/sclL-23 cells, because splenocytes from
these animals lysed P815 cdlls pulsed with AH1 peptide, but not with
an irrdlevant H-2L%-binding peptide, QL9 (Fig. 5B).

Antitumor mechanisms of |L-23

We then analyzed the underlying cellular mechanisms contributing
to the antitumor effect of IL-23. In the first series of experiments,
immune-deficient SCID mice (deficient in B and T cells) and
SCID/beige mice (deficient in B cells, T cells, and NK cells; n =
5-6) were injected s.c. with CT26/sclL-23 or CT26/LNCX cells,
and the number of survivors was monitored. No antitumor activity
of IL-23 was seen in either group, with all animals receiving CT26/
sclL-23 cells developing tumors and dying by day 55 (Fig. 6).
Compared with CT26/LNCX, CT26/sclL-23 cells showed the
same tumor growth rate (data not shown) and resulted in the same
mean survival time in these immune-deficient mice (42 = 7 days
vs 43 * 4 days for the control group in SCID mice, p > 0.05; and
44 + 8 daysvs 44 + 2 days for the control group in SCID/beige

mice, p > 0.05). To further assess the role of CD4" and CD8" T
cells and NK cells in the IL-23-mediated antitumor activity,
BALB/c mice (n = 5) were depleted of these groups of cells by
injection of anti-CD4 or anti-CD8 mAb or anti-asiadlo GM1 anti-
serum before and after CT26/sclL-23 inoculation. Mice treated
with an irrelevant rat monoclonal 1gG or normal rabbit serum at
the same dose and schedule were included as controls. Flow cy-
tometry showed that the treatments used depleted the appropriate
cell population by 95% (data not shown). Depletion of CD8" T
cells, but not of CD4™ T cells, impaired the ability of naive mice
to reject CT26/sclL-23 tumors. By day 48, the mean tumor volume
in the CD8" T cell-depleted group was 2026 + 690 mm?®, com-
pared with 267 + 287 mm?®inthe CD4™" T cell-depleted group and
769 + 570 mm?® in the control 1gG-treated group (Fig. 7A). In
addition, al animals in the CD8" T cell-depleted group suc-
cumbed to CT26/sclL-23 tumor challenge, with a mean survival
time of 56 = 6 days, whereas 80% of mice in the CD4" T cell-
depleted group and 60% in the control |gG-treated group were free
of CT26/sclL-23 tumors and survived for the whole observation
period of 120 days (data not shown). Depletion of NK cells had no
effect on the antitumor activity of IL-23; CT26/sclL-23 cells

B
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FIGURE 7. Effect of selective depletion of dif- A B

ferent lymphocyte populations on s.c. tumor - q —
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showed the same tumor growth rate in mice treated with anti-asialo
GM1 antiserum or control rabbit serum (Fig. 7B), and the percent-
age of long-term survivors was the same (60%) in both groups.

We have aso examined the phenotype of antitumor effector
cells by immunohistochemical analysis of tumor tissue resected at
various time points after injection of BALB/c mice with CT26/
sclL-23. No CD4" or CD8* T cell infiltration was seen on days 12
(Fig. 8, Aand E) and 20 (Fig. 8, B and F) after tumor injection, at
which time the tumor cells were still growing progressively. On
day 31, when tumors began to regress, moderate numbers of CD4™
(Fig. 8C) and CD8™" (Fig. 8G) T cells were present in the tumor
tissues. On day 47, when tumors were in the later phase of regres-
sion, the number of infiltrating CD8" T cells was dramatically
increased (Fig. 8H) and the number of CD4™ T cells was slightly
increased (Fig. 8D). Taken together, these data suggest that the
predominant antitumor effector cellsin the IL-23-mediated antitu-
mor activity are CD8" T cells.

Discussion

In animal tumor models, IL-12 treatment has been reported to have
potent antitumor activity against transplantable tumors, causing
regression of established tumors and inhibiting tumor induction by
chemical carcinogens and spontaneous arising of tumors in genet-
ically modified mice (17). Unfortunately, the use of IL-12 in the
clinic islimited by its considerable toxicity (18). The recently dis-
covered cytokine IL-23 has a heterodimeric structure similar to
that of IL-12, but it has a different immune cell-stimulating profile,
raising the hope that it might be more useful in cancer treatment.
In the present report, using IL-23-transduced tumor cells, we
showed for thefirst time that IL-23 was very effective in inhibiting
the growth of s.c. injected tumors and lung metastases. |n addition,
IL-23-secreting tumor cells elicited a strong CTL memory re-
sponse against subsequent wild-type tumor challenge.

To investigate the antitumor effect of IL-23, we produced a ret-
roviral vector encoding an sclL-23 fusion protein in the p40-p19
orientation connected by a flexible 18-aa peptide linker (Fig. 1A).
Using the same peptide linker, a previously described sclL-12 fu-
sion protein showed comparable biological activity to that of the
native heterodimeric 1L-12 (10). sclL-23 stimulated the prolifera-
tion of CD4™ T cells as effectively as did sclL-12 (Fig. 2A), but in
contrast to sclL-12, it did not induce IFN-y production by CD4" T
cels(Fig. 2B). Inthemouse, IL-12 and IL-23 preferentially stimulate,
respectively, the proliferation of naive (CD4 " CD45Rb™9") and mem-
ory (CD4*CD45R0'™) T cells (1). The CD4™ T cells used in this
study were shown by FACS analysis to contain both CD45Rb"9" and
CD45Rb'™" cdlls (data not shown), and thus they could respond to
both I1L-12 and IL-23. Human IL-23 causes a moderate increase in
IFN-vy production in human phytohemagglutinin blasts and activated

Days after tumor challenge

Days after tumor challenge

memory T cells (CD45RO0), but the level is significantly less than that
induced by IL-12 trestment (1). The falure of scIL-23 to stimulate
IFN-vy production in our study may be due to the presence of only a
few memory cellsin the CD4" T cell population, which was purified
from naive wild-type mice, and/or the weak ahility of IL-23 to stim-
ulate IFN-+y production.

In this study, we showed that 1L-23 had potent antitumor and
antimetastatic activity in the murine CT26 carcinoma and B16F1
melanoma models. Most animals (70%, 7 of 10 mice) completely
rejected sclL-23-transduced tumors and remained tumor free for
the entire 120-day observation period (Fig. 3). This antitumor ac-
tivity of 1L-23 is remarkable when compared with that of I1L-2 or
GM-CSF, because transduction of these two cytokines into CT26
tumor cellsresultsin few or no long-term tumor-free animals (19).
In fact, we found that the antitumor activity of 1L-23 was almost
as great asthat of 1L-12, which is considered to be one of the most
potent antitumor cytokines. However, the antitumor responses me-
diated by IL-12 and IL-23 were apparently different, the most
striking difference being that IL-23-mediated tumor suppression
was only evident at |ater time points after tumor injection. Whereas
CT26/sclL-12 cells produced palpable tumors that were quickly
rejected, all CT26/sclL-23 tumors grew progressively to a much
larger size, and then regression was seen over a 2- to 3-wk period
in most animals (Fig. 3A). The lack of an early response against
sclL-23-transduced tumors was not due to differences in the in-
trinsic growth rate of CT26/sclL-23 cells, which have a similar in
vitro doubling time to that of CT26/sclL-12 cells (data not shown).
CT26/sclL-23 cells produced approximately fourfold less cytokine
than did CT26/sclL-12 cells. However, differences in the cytokine
production levels of the IL-23- and IL-12-secreting tumor cells
cannot explain their distinctive antitumor responses, because we
observed similar in vivo growth patterns with several cloned sclL-
23-transduced CT26 tumor cells that secrete comparable amounts
of cytokines to those produced by CT26/sclL-12 cells (data not
shown).

The antitumor mechanisms of IL-12 have been extensively studied
and involve both innate and adaptive immunity. The effector cells
stimulated by 1L-12 treatment include CD8" T cells, NK cells, and
NKT cells (17). IFN-vy, which is mainly produced by T cells and NK
cdls, playsamagjor role in the antitumor activity of IL-12 (4, 20, 21).
IFN-y mediates tumor regression by stimulation of macrophages, up-
regulation of the expresson of MHC proteins on tumor cells, and
induction of the chemokine IFN-inducible protein 10, with conse-
quent inhibition of angiogenesis (22). The lack of an early antitumor
response in the presence of IL-23, seenin our study, may be dueto its
intrinsic lower ability to stimulate |FN-vy production, as shown in this
study (Fig. 1C) and by Oppmann et a. (1). A recent study aso
showed that 1L-23 overexpression in transgenic mice does not dways
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FIGURE 8. Immunohistochemical
evaluation of CT26/sclL-23 tumor tis-
sues. CT26/sclL-23 tumors at days 12 (A
and E), 20 (B and F), 31 (C and G), and
47 (D and H) were stained with anti-CD4
(A-D) or anti-CD8 (E-H) mAbs. Sec-
tions were then incubated with streptavi-
din peroxidase and counterstained with
hematoxylin.

result in increased in vivo IFN-y production (23). In line with these
findings, our unpublished data showed that the antitumor activity of
IL-23 was not affected in mice depleted of IFN-y. In regard to the
cellular antitumor mechanisms of 1L-23, our experiments in immu-
nocompromised hosts and in animals selectively depleted of various
lymphocyte populations strongly suggest that CD8" T cells play a
crucia rolein 1L-23-mediated antitumor activity, because the protec-
tive effect was completely lost in T cell-deficient SCID mice (Fig. 6)
and in wild-type mice depleted of CD8™ T cdlls (Fig. 7A). Immuno-
histochemical analysis confirmed infiltration by CD8" T cells when
tumor started to regress (Fig. 8G, day 31), and the number of infil-
trating CD8™ T cells was further increased at the later phase of tumor
regression (Fig. 8H, day 47). We aso observed moderate infiltration
by CD4™ T cells(Fig. 8, C and D), but these cells were apparently not
required for the antitumor activity of 1L-23 (Fig. 7A). In fact, we
consistently observed a dower tumor growth rate of CT26/sclL-23

ANTITUMOR EFFECTS OF IL-23

cellsin CD4™ T cell-depleted mice than in control mice, indicating
that CD4™" T cells might inhibit the IL-23-induced antitumor activity.
A similar inhibitory effect of CD4* T cells on infiltration of CD8" T
cdls and NK cdlls into the tumor has been reported in mice chal-
lenged with |L-12-transduced CT26 cells (24). Because of technica
difficulties, we have been unable to study NK cell infiltration in the
CT26/sclL-23 tumors. However, the fact that NK cell depletion did
not affect either the growth rate of CT26/sclL-23 cells (Fig. 7B) or the
percentage of tumor-free animals strongly suggests that NK cells are
not required for the antitumor activity of IL-23 in this CT26 tumor
model.

Immunization of irradiated CT26 cells was known to induce low
or nonprotective immunity (25, 26). In contrast, our results showed
that local secretion of IL-23 resulted in strong antitumor immune
memory against subsequent wild-type tumor challenge (Fig. 5A).
A CT26 tumor-specific CTL response was induced in mice that
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had rejected sclL-23-transduced tumors (Fig. 5B). This enhance-
ment of the immune response by CT26/sclL-23 may be due to the
effect of 1L-23 on APCs, including dendritic cells and macro-
phages. Recent reports have shown that |FN-y induces mouse bone
marrow-derived macrophages to express the IL-23R (2) and that
IL-23 can activate macrophages to produce proinflammatory cy-
tokines (27). IL-23 aso acts directly on dendritic cells to promote
tumor peptide presentation to T cells (28). Furthermore, T cell
responses may be amplified by the potent effect of 1L-23 on mem-
ory-activated T cells (1). Together, these results suggest that IL-
23-transduced tumors may function as an effective cancer vaccine
for activating cellular immune responses. This is currently under
investigation in our laboratory.

In summary, in this study, we show that 1L-23, like IL-12, pos-
sesses potent antitumor and antimetastatic activity, but that it acts
through a unique antitumor mechanism. The clinical use of IL-12
for cancer treatment is hampered by its associated toxic side effects
(18), mostly due to the induction of high levels of IFN-y. The
unique action of IL-23, which resultsin less IFN-vy production, and
its ability to activate APCs may provide an alternative and safer
therapy for malignant diseases.
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