
Abstract. Interleukin (IL)-23 and IL-27 have been recently
identified as members of the IL-12 heterodimeric cytokine
family. The cytokines are released from activated dentritic cells
and play a crucial role in cell-mediated immunity. Expression
profiles of the cytokines' receptors suggest that target cells of the
cytokines are distinct depending on T cell maturation and
differentiation. We first examined whether murine colon
carcinoma cells (Colon 26) expressing IL-27 (Colon 26/IL-27)
could produce antitumor effects in syngeneic mice. The mice
developed small Colon 26/IL-27 tumors and subsequently
rejected them, whereas parent tumors continued to grow. Since
Colon 26/IL-12 and Colon 26/IL-23 cells were also rejected in
syngeneic mice, we then investigated the combinatory antitumor
effects of the cytokines. We inoculated Colon 26/IL-12, Colon
26/IL-23, Colon 26/IL-27 cells or mixed populations of the
cytokine producers into one flank of the mice that
simultaneously received parent tumors in the other flank. The
parent tumor growth influenced by the cytokine producers was
similar to each other. Combinatory antitumor effects were not
produced by the cytokine producers and application of the
cytokines did not show any synergistic effects.

Expression of cytokine gene(s) in tumor cells can induce

systemic immunity against the tumors (1). Cytokines

released from tumors possibly activate immunocompetent

cells that migrate into the tumors and localize in the

draining lymph nodes; consequently, the expression in

tumors stimulates cascade immune processes leading to

antitumor responses. Previous studies demonstrated that

cytokine, playing a role in differentiating naive T cells into

T helper type 1 (Th1) cells or in augmenting Th1 functions,

was effective in activating cell-mediated immunity (1-3).

Local production of cytokine is thereby a therapeutic

strategy for cancer treatment and has been examined for its

clinical feasibility (1,2).

Dendritic cells (DCs) are involved in an initial process of

antigen presentation to T cells, which includes antigen

capture by DCs and activation of DCs (3). Upon activation,

DCs secrete a number of cytokines that target various kinds

of T cells (3,4). Recently, novel heterodimeric cytokines,

interleukin (IL)-23 and IL-27, have been identified as being

produced from activated DCs (5,6). IL-23 consists of the

p19 subunit, which is homologous to the IL-12p35 subunit,

and the IL-12p40 subunit (5): IL-27 consists of the p28

subunit, a IL-12p35-related molecule, and the Epstein-Barr

virus-induced gene 3 (EBI3) subunit, an IL-12p40-related

protein (6). The novel cytokines together with IL-12

constitute the IL-12 family members and the cytokines

possibly contribute to coordinate Th1 development (4),

depending on their receptor expression on different T cell

subsets. IL-23 enhances proliferation of memory T cells and

production of interferon-Á (IFN-Á) from activated T cells

(5): IL-27 induces proliferation of naive but not memory

CD4+ T cells and synergizes with IL-12 in IFN-Á production

from naive T and natural killer cells (6). Since the receptors

for IL-12 and IL-27 are primarily expressed on naive T cells

and those for IL-23 on effector/memory T cells (4), the

cytokines used in combination can activate a broader

spectrum of T cells and augment cell-mediated immune

responses.

Our previous studies showed that expression of IL-12 or

IL-23 in murine colon carcinoma (Colon 26) cells produced
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antitumor responses in syngeneic mice and subsequently

induced systemic immunity against parent tumors (7,8). In

this study, we examined whether IL-27 could produce

antitumor immune responses and whether the combination

of the cytokine producers achieves better therapeutic effects.

Materials and Methods

Cells and mice. Murine undifferentiated colon carcinoma Colon 26

cells, ecotropic „2 and amphotropic PA317 packaging cells

(American Type Culture Collection, Manassas, VA, USA) were

maintained in Dulbecco's modified Eagle medium supplemented

with 10% fetal calf serum. BALB/c mice (5- to 6-week-old females)

were purchased from Japan SLC (Tokyo, Japan).

Isolation of murine p28 and EBI3 cDNA. Synthesized first-strand

cDNAs, prepared with RNA that was extracted from

lipopolysaccharide-activated bone marrow-derived macrophages,

were amplified with the following primers: for p28, 5'-

CCTGACATGGGCCAGGTGACAGGAGACC-3' (5' primer)

and 5'-TCACTCGAGTTAGGAATCCCAGGCTGAG-3' (3'

primer), for EBI3, 5’-GCCACAGAGCATGTCCAAGCTGCT

CTTC-3’ (5' primer) and 5’-TCAGGATCCTCAGGGCTTA

TGGGGTGCAC-3’ (3’ primer). Amplification was performed

according to the manufacturer's recommendation (Perkin-Elmer

Cetus, Norwalk, CT, USA) and it consisted of 30 cycles under the

following conditions: 1 min at 92ÆC for denaturation, 30 sec at

60ÆC (p28) or 62ÆC (EBI3) for primer annealing and 1 min at

72ÆC for primer extension. The sequences of the products were

confirmed to be identical to the published sequences (6,9).

Transduction of tumor cells. Retrovirus vector LXSN (provided by

Dr. A.D. Miller, Fred Hutchinson Cancer Research Center, Seattle,

WA, USA) (7) was used to harbor p28-linked EBI3 cDNA. Subunit

cDNAs were linked with an internal ribosomal entry site (10). The

retroviral DNA was transfected into „2 cells using lipofectin

reagent (Invitrogen, Carlsbad, CA, USA) and, after the drug

selection with G418 (600 Ìg/ml, Invitrogen), cell-free supernatants
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Figure 1. Northern blot analysis of the expressed EBI3 and p28 genes in
Colon 26/IL-27, parent and vector-transduced cells. The same filter was
also hybridized with EF-1· cDNA.

Figure 2. Expression of the class I molecules of the major
histocompatibility complex (H-2Kd and H-2Dd). Parent and Colon 26/IL-
27 cells were stained with isotype-matched antibody (shaded) or with anti-
H-2Kd and anti-H-2Dd antibody (thick line).

Figure 3. Growth of parent and Colon 26/IL-27 tumors (1x106)
inoculated into syngeneic mice (n=7). Standard error bars are also shown.

Table I. Tumorigenesis of cytokine producers and parent cells that were
injected into different flanks of the same mice and survival days of the
mice.

Mice inoculated Tumorigenesis Survival days2

with Colon 26 Cytokine Parent 

cells producing1 producers tumors

(total: 1x106) (day 30) (day 120)

IL-12 0/6 3/6 41, 68, 71, >120, >120, >120

IL-23 1/6 5/6 14, 27, 44, 57, 67, >120

IL-27 0/7 6/7 27, 41, 47, 50, 54, 68, >120

IL-12+IL-23 2/6 5/6 40, 57, 65, 85, 101, >120

IL-12+IL-27 0/6 4/6 28, 57, 59, 82, >120, >120

IL-23+IL-27 2/7 7/7 25, 45, 55, 61, 66, 91, 114

IL-12+IL-23+IL-27 0/6 6/7 20, 34, 34, 66, 66, 74, >120

None (parent 6/6 6/6 18, 26, 27, 28, 31, 32

tumor cells)

1Equal cell numbers were mixed in each group.
2Statistical analysis are as follows:

None versus IL-12 (¯2=12.1, p<0.01), IL-23 (¯2=3.75, p=0.05), IL-27

(¯2=9.34, p<0.01), IL-12+IL-23 (¯2=12.1, p<0.01), IL-12+IL-27

(¯2=8.46, p<0.01), IL-23+IL-27 (¯2=8.30, p<0.01), IL-12+IL-23+IL-

27 (¯2=8.30, p<0.01).



of G418-resistant clones were used as a retrovirus stock. The culture

supernatants containing retrovirus were incubated with amphotropic

PA317 cells in the presence of 8 Ìg/ml polybrene (Aldrich,

Milwaukee, WI, USA) for infection. Among the G418-resistant

PA317 cells, a clone that produced the largest amount of cytokine

mRNA was selected and the culture supernatants were used for

infecting Colon 26 cells. G418 (800 Ìg/ml)-resistant Colon 26 cells

were used for experiments. Colon 26 cells transduced with LXSN

vector, p35-linked p40 cDNA (Colon 26/IL-12) or with p19-linked

p40 cDNA (Colon 26/IL-23) have been previously described (7,8).

Northern blot analysis. RNA (15 Ìg) was subjected to electrophoresis

on a formaldehyde-agarose gel and was transferred to a nylon filter.

The filter was hybridized with [·-32P]dCTP-labelled EBI3 or p28

cDNA in a PerfectHyb solution (Toyobo, Osaka, Japan) at 68ÆC for

1 h, and then washed with a solution of 0.2 X SSC/0.1%SDS several

times at 65ÆC. The filter was rehybridized with murine elongation

factor-1· (EF-1·) cDNA as a control. 

Flow cytometry. Parent or transduced cells were incubated with

fluorescein isothiocyanate-conjugated monoclonal H-2Kd or H-2Dd

antibody (PharMingen, San Diego, CA, USA), or fluorescein

isothiocyanate-conjugated rabbit anti-mouse immunoglobulin

antibody as a control at room temperature for 20 min in the

presence of 0.1% (w/v) sodium azide. The stained cells were

analyzed by FACScan (Becton Dickinson, Mountain View, CA,

USA) with CellQuest software (Becton Dickinson).

Animal experiments. Parent or transduced cells were subcutaneously

inoculated into syngeneic BALB/c mice. Mice were also injected

simultaneously with parent cells (1 x 106) in the right flank and with

either cytokine producers or parent cells (1 x 106) in the left flank

of the same mice. Tumor volume was calculated according to the

formula [1/2 x length x width2]. Statistical analysis of the tumor

volume was performed by one-way analysis of variance and the

survival was analyzed with the Kaplan-Meier method and the log-

rank test.

Results

Establishment of Colon 26 cells expressing IL-27. We

retrovirally transduced Colon 26 cells with the p28-linked

EBI3 cDNA and selected G418-resistant cells (Colon 26/IL-

27). Northern blot analysis showed the expression of the p28

and EBI3 genes in Colon 26/IL-27 but not in parent or

vector DNA-transduced cells (Figure 1). The proliferation

rate in vitro of Colon 26/IL-27 cells was not different from

that of parent or vector DNA-transduced cells (data not

shown) and the expression level of class I molecules of the

major histocompatibility complex (H-2Kd and H-2Dd) on

Colon 26/IL-27 cells was comparable to that on parent cells

(Figure 2).

Antitumor effects by IL-27-expressing cells. We inoculated

parent or transduced Colon 26/IL-27 cells into

immunocompetent syngeneic mice (Figure 3). All the mice

inoculated with Colon 26/IL-27 cells developed small tumors

but the tumors regressed spontaneously, while parent tumors

grew progressively. The mice that rejected Colon 26/IL-27

tumors did not develop the tumors again (Table I).

Antitumor effects by mixed populations of cytokine producers.
Since syngeneic mice also rejected Colon 26/IL-12 and

Colon 26/IL-23 cells (7,8), we examined whether immune

responses induced by inoculating the cytokine producers in

a flank could affect the growth of parent tumors developed

in the other flank of the same mice. Mice were inoculated

with parent tumors in both flanks as a control. All the mice,

except one injected with Colon 26/IL-23 cells, rejected the

cytokine producers (Table I) and the growth of parent

tumors in the other flank was also retarded compared with

that of parent tumors in mice bearing parent tumors in both

flanks (Figure 4, p<0.01); consequently, survival of the mice

injected with cytokine producers was prolonged (Table I,

IL-12 p<0.01, IL-23 p=0.05, IL-27 p<0.01). All the mice in

any groups that survived more than 120 days rejected the

parent tumors as well as cytokine producers.
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Figure 4. Growth of parent tumors (1x106) developed in the mice (n=6-
7) that were injected in the opposite flank with either parent, Colon 26/IL-
12, Colon 26/IL-23, Colon 26/IL-27, or mixed populations as indicated
(total cell number: 1x106). Standard error bars are also shown.



When mixed populations of the cytokine producers were

inoculated, all the mice, except two inoculated with Colon

26/IL-12+Colon 26/IL-23 and two with Colon 26/IL-

23+Colon 26/IL-27, rejected the mixed cytokine producers

(Table I). The growth of parent tumors in the other flank

was also significantly retarded compared with that of parent

tumors developed in both flanks (Figure 4, p<0.01). The

survival of the mice was prolonged compared to that of mice

that received parent tumors in both flanks (Table I,

p<0.01). However, additive or synergistic antitumor effects

on the parent tumor growth and on the survival of mice

were not produced by any combination of cytokine

producers.

Discussion

In this study, we showed that a novel heterodimeric cytokine

IL-27, secreted from tumors, produced antitumor effects in

inoculated mice. Recently Hisada et al. (11) also

demonstrated that IL-27 secreted from tumors produced

CD8+ T cell-mediated antitumor effects. However, they

used a single chain form of IL-27, which has a (Gly4Ser3)

linker between p28 and EBI3 cDNA, but not a native form

of IL-27. The present study thereby confirmed the IL-27-

mediated antitumor responses and implied that a

combination of heterodimeric cytokines did not produce any

additive or synergistic antitumor effects.

When Colon 26/IL-12, Colon 26/IL-23 or Colon 26/IL-27

cells were inoculated into syngeneic mice, all the producers

were completely rejected (7,8). However, some of the mice

that were simultaneously inoculated with parent tumors in

the other flank did not reject the cytokine producers. This

could be attributed to immune suppression induced by

parent tumors in the other flank, as reported in our

previous study. We observed accelerated growth of parent

tumors in the mice that had another parent tumor in the

other flank (12). 

Although these heterodimeric cytokines were released

from activated DCs, no additive effects were produced in

any combination of cytokine producers. Target cells of the

heterodimeric cytokines may not work coordinately to

induce antitumor immune responses or may be inhibitory to

each other. Recent studies on IL-27 receptor (WSX-1)

gene-deficient mice suggested that IL-27 could inhibit the

inflammatory responses and T cell-mediated immune

hyperactivity in Th polarizing conditions (13,14), although

IL-27 promotes Th1 differentiation and plays a crucial role

in preventing infections in an early phase of immune

responses (15,16). IL-27 thereby functions as a positive and

negative regulator in immune responses. IL-23 is involved

in autoimmune diseases by inducing inflammation, which

could be attributable to a direct action of IL-23 to

macrophages (17). Macrophages can secrete a number of

cytokines that mediate immune suppression and promote

tumor growth, possibly by enhancing angiogenesis (18,19),

although IL-23-mediated immune suppression has not been

reported. Combination of the heterodimeric cytokines,

therefore, may not augment systemic immunity because of

their multiple functions. In our present study, Colon 26/IL-

12 cells were the most able to eradicate parent tumors on

the other flank (3 out of 6 mice rejected parent tumors);

however, the biological properties of the cytokines used in

this study were different and the amounts of the cytokines

may not be optimal. Further investigation is required to

determine the potency of producing antitumor effects

among the cytokines.
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