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ABSTRACT

Previous studies demonstrated that injecting mice with the cytokine
interleukin 12 (IL-12) could significantly suppress the growth of a number

of tumors, including murine B16 melanoma. In this report, the persistence
of the antitumor effects of IL-12 is investigated. The i.p. injection of IL-12

(0.1 /(.g) on days 14,16,18, 20, and 22 was found to significantly suppress
the growth of s.c. inoculated B16 melanoma for up to 2 weeks after the last
injection of IL-12. Interestingly, the IL-12 serum level 4 days after the last
injection of IL-12 was significantly elevated in tumor-bearing mice com
pared with that of IL-12-treated normal mice. The in vivo depletion of
either CD4+ or CD8+ T cells abrogated the antitumor activity of IL-12

and diminished the apparent autocrine stimulation of IL-12 release seen
after IL-12 treatment. Resection of the tumor-draining lymph nodes (LNs)
but not of the spleen abrogated the antitumor effect of IL-12 treatment as
well as the elevation of serum IL-12. Expression of mRNA encoding IL-12
as well as CD40 ligand (CD40L) was detected in the tumor-draining LNs
but not in the spleen of tumor-bearing mice after IL-12 treatment. Fur
thermore, the antitumor activity observed after IL-12 treatment was
diminished by the in vivo administration of either anti-IL-12 or ariti-

CD40L monoclonal antibodies. Collectively, these results suggest that the
endogenous production of IL-12 resulting from the CD40-CD40L inter
action between antigen-presenting cells and CD4+ T cells in the tumor-

draining LNs may play a role in the persistence of the antitumor effects
seen after IL-12 treatment.

INTRODUCTION

IL-122 was originally identified as a stimulatory factor for natural

killer cells (1) and a maturation factor for CTLs (2). This cytokine has
been shown to enhance the cytolytic activity of both natural killer
cells and CTLs (1, 3) and to induce the secretion of cytokines,
particularly IFN--y (4). IL-12 has also been shown to promote the
development of Thl-type T cells while inhibiting the differentiation of
Th2-type T cells (5, 6). Studies carried out by a number of investi
gators have indicated that IL-12 can enhance in vivo antitumor im
mune responses (7-11).

The interaction of CD40L on activated T cells with CD40 on APCs
has recently been shown to be involved in the production of IL-12 in

vivo (12, 13), and this interaction may play an important role in the
induction of cellular immunity (14, 15). The interaction of CD40 with
CD40L seems to play a critical role in the induction of antitumor
cellular immune responses seen after vaccination with tumor cells
(16). Endogenous production of IL-12 may be required for the rejec

tion of highly immunogenic tumor variants (17) and may participate
in antitumor activity induced by vaccination with dendritic cells
pulsed with a class I tumor peptide (18). Together, these results
suggest that IL-12 production, as a result of the CD40-CD40L inter
action, may be involved in in vivo antitumor T-cell responses. Nev-
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ertheless, the mechanisms involved in the antitumor effects of IL-12

have not been thoroughly investigated.
Investigations of the effect of systemic administration of IL-12 on

tumor-draining LNs (19) revealed that antitumor activity against s.c.
established B16 melanoma lasted for several weeks after IL-12 ther

apy. The present study was therefore undertaken to investigate the
mechanism involved with the persistence of antitumor activity seen
after systemic administration of IL-12. The results indicate that en
dogenous production of IL-12 resulting from the CD40-CD40L inter
action between APCs and CD4+ T cells in the tumor-draining LNs

may be responsible for the antitumor activity seen up to 2 weeks after
the injection of IL-12.

MATERIALS AND METHODS

Mice and a Tumor Line. Female C57BL/6 (B6) mice (7 weeks of age)
were purchased from Japan SLC, Inc. (Shizuoka, Japan). All of the mice were
kept in a specific pathogen-free animal facility in our institution and were used

for experiments at 8 weeks of age. B16, a melanoma of B6 origin, was
maintained in vitro in complete medium consisting of RPMI 1640 (Life
Technologies, Inc., Grand Island. NY) supplemented with 10% heat-inacti
vated PCS (HyClone Laboratories, Logan, UT), 5 X IO"5 M 2-ME. 20 min

HEPES, 30 /Â¿g/mlgentacin (Schering, Kenilworth, NJ), and 0.2% sodium
bicarbonate.

In Vivo Administration of IL-12. Murine recombinant IL-12 was kindly

provided by the Genetics Institute (Cambridge. MA). B6 mice were inoculated
s.c. in the right lateral flank with 1 X IO6 B16 melanoma cells at a volume of

100 /il. On days 14, 16, 18, 20, and 22, these mice were injected i.p. with 0.1
Â¡Jigof IL-12 at a volume of 200 /Â¿I.As a control, the same volume of complete

medium was injected i.p. Two tumor diameters at right angles were measured
with calipers, and the product of the two values is shown as the tumor size (in
square millimeters).

Dissection of Tumor-draining LNs and Splenectomy. Three days after
the last injection of IL-12, either the ipsilateral draining axillary and inguinal

LNs or the spleen was surgically dissected while the mice were under anes
thesia, and the surgical incision was sutured. As a control, some mice were
treated with both procedures without dissecting the draining LNs or the spleen,
and these mice were designated as sham-operated.

Measurement of Serum IL-12. On the indicated days, blood was individ

ually collected from the orbital vein while the mice were under anesthesia, and
the serum was prepared. The serum level of IL-12 was determined using an
ELISA that detects the p40 subset of murine IL-12 (purchased from the

BioSource International. Camarillo, CA).
In Vivo Administration of inAbs. Mice were injected i.v. with the fol

lowing mAbs. In one experiment, mice were injected i.v. with 400 /Agof either
anti-CD4 mAb (GK1.5; rat IgG2b) or anti-CD8 mAb (2.43; rat IgG2b) 3 days
after the last injection of IL-12. Selective depletion was confirmed by flow

cytometric analysis. In the other experiment, mice were injected i.v. with 200
Â¡jigof either anti-IL-12 p35 mAb (Genzyme, Cambridge, MA), anti-CD40L

mAb (PharMingen, San Diego, CA), or a control hamster IgG (Dainihon
Pharmaceuticals, Osaka, Japan) 3 days after the last injection of IL-12.

In Vitro Depletion of Either CD4+ or CDS* T Cells. To deplete either
CD4+ or CD8+ T cells, the draining LN cells were incubated with the

supernatant of either anti-CD4 mAb-producing hybridoma (GK1.5; rat IgG2b)
or anti-CD8 mAb-producing hybridoma (2.43; rat IgG2b) for 40 min at 4Â°C.

After three washes with complete medium, the cells were placed in contact
with Dynabeads coated with sheep anti-rat IgG (Dynal, Oslo, Norway) by
centrifuging at 200 x g for 10 min at 4Â°C.After magnetic separation, unbound

cells were collected and used for the experiments. Selective depletion was
confirmed by flow cytometric analysis.
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RT-PCR. Total RNA isolated from either LNs or the spleen was prepared

by using TRIzol agent (Life Technologies. Inc.. Gaithersburg, MD). The RNA
samples were reverse-transcribed using Superscript reverse transcriptase (Life

Technologies, Inc.), random hexamers, and deoxynucleotide triphosphate ac
cording to the manufacturer's instructions. The synthesized cDNAs were

amplified by PCR (36, 36, and 30 cycles for IL-12, CD40L, and ÃŸ-actin,
respectively) with Taq DNA polymerase (Perkin-Elmer Corp., Branchburg,

NJ) in the presence of both deoxynucleotide triphosphate and an appropriate
pair of primers. The following sense and antisense primers were used: (a)
IL-12 p40 sense primer, 5'-CGTGCTCATGGCTGGTGCAAAG-3'; (b) IL-12
p40 antisense primer, 5'-CTTCATCTGCAAGTTCTTGGGC-3'; (e) CD40L
sense primer, 5'-CGGAATTCAGTCAGCATGATAGAAAC-3': (d) CD40L
antisense primer, S'-AAGTCGACAGCGCACTGTTCAGAGT-S'; (e) ÃŸ-actin
sense primer, 5'-TGGAATCCAGTGGCATCCATGAAAC-3'; and (/) ÃŸ-actin
antisense primer, 5'-TAAAACGCAGCTCAGTAACAGTCCG-3'.

Statistics. The statistical significance of the data was determined by the
Mann-Whitney U test. P < 0.05 was considered to be statistically significant.

RESULTS

Elevation of Serum IL-12 in the Tumor-bearing and IL-12-

treated Mice. Previous results indicated that the antitumor activity of
IL-12 persisted for several weeks after the last injection of IL-12 ( 19).
Fig. I shows the individual growth of B16 melanoma after IL-12

therapy. B6 mice were inoculated s.c. with B16 melanoma, and some
of them were injected i.p. with 0.1 /xg of IL-12 on days 14, 16, 18, 20,

and 22. The mean Â±SD of tumor size on day 35 was 205.5 Â±132.0
mm2 in the IL-12-treated mice and 622.8 Â± 141.1 mm2 in the

nontreated mice (P < 0.05). These results indicated that the systemic
administration of IL-12 suppressed the outgrowth of s.c. inoculated
B16 melanoma, even 2 weeks after the final injection of IL-12.

The mechanism of the antitumor activity of IL-12 was then further

examined. One possible explanation for this finding was that treat
ment with exogenous IL-12 resulted in the endogenous production of
IL-12, and this led to the long-lasting antitumor effects seen. To test
this possibility, the serum level of IL-12 in the tumor-bearing mice 4
days after the last injection of IL-12 was examined. The serum level
of IL-12 was slightly elevated in the IL-12-treated normal mice, but a
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Fig. I. Persistence of the effects of IL-12 therapy. B6 mice were inoculated s.c. in the
right lateral flank with 1 X 10" B16 melanoma cells. On days 14, 16. 18, 20, and 22

(arrowheads), these mice were injected i.p. with 0.1 p.g of IL-12. Two tumor diameters

at right angles were measured with calipers twice weekly, and the product of the two
values is shown as the tumor size (in square millimeters). Each line represents the tumor
growth of individual mice, but some of the tumor-bearing mice died before 35 days.
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Fig. 2. Elevation of serum IL-12 after IL-12 therapy. B6 mice were inoculated s.c. in
the right lateral flank with 1 X IO6 B16 melanoma cells. On days 14, 16, 18, 20, and 22,

these mice were injected i.p. with 0.1 /xg of IL-12. On day 26, 4 days after the last
injection of IL-12, blood was collected from the individual mice and assayed for the level
of IL-12 p40by ELISA. Each group consisted of five or six mice. *. P < 0.05, significant
difference from groups 1. 2. and 4. **, P < 0.01, significant difference from the other
groups.

more significant increase was found in the tumor-bearing IL-12-

treated mice (Fig. 2). These results support the hypothesis that the
lasting antitumor activity after IL-12 therapy results from the endog
enous production of IL-12 in the tumor-bearing mice.

Essential Roles of CD4+ and CDS ' T Cells in Lasting Antitu-

mor Activity and the Elevation of Serum IL-12. The T-cell subsets
responsible for the antitumor activity and the elevation of serum IL-12
after IL-12 therapy were then examined. Tumor-bearing and IL-12-

treated mice were given an i.v. injection of antibody to CD4 or CDS
on day 25, 3 days after the last injection of IL-12. The results
indicated that depletion of either CD4+ or CD8+ T cells diminished

the lasting antitumor activity after the IL-12 therapy (Fig. 3A). The
elevation in serum IL-12 in the tumor-bearing and IL-12-treated mice
was also decreased by the depletion of either CD4+ or CD8+ T cells
(Fig. 3ÃŸ).These results indicate that both CD4+ and CD8+ T cells are

essential for both the antitumor activity and the elevation of serum
IL-12 after IL-12 therapy.

An Essential Role of the Tumor-draining LNs in Lasting Anti-
tumor Activity and the Elevation of Serum IL-12. Previous results
indicated that IL-12-induced systemic antitumor activity was pre
ceded by the restoration of an antitumor response in tumor-draining
LNs (19). Accordingly, we next determined whether the tumor-drain

ing LNs play a role in both lasting antitumor activity and the elevation
of serum IL-12 after IL-12 therapy. The tumor-bearing mice were
injected i.p. with IL-12 on days 14, 16, 18, 20, and 22, and on day 25,
either the tumor-draining LNs or the spleen was dissected from these

mice. Fig. 4/4 shows that although the lasting antitumor activity
decreased slightly but significantly in the sham-operated mice or the
splenectomized mice from days 25-37, the dissection of the draining

LNs permitted the striking outgrowth of B16 melanoma from days
25-37 compared with that of the other two groups. The serum levels
of IL-12 in treated mice were then examined. Dissection of the

draining LNs, but not of the spleen, seemed to abolish the elevation of
serum IL-12 after IL-12 therapy (Fig. 4ÃŸ).These results indicate that
the tumor-draining LNs play an essential role in lasting antitumor
activity and in the elevation of serum IL-12 after IL-12 therapy.

The niRNA Expression of IL-12 and CD40L in the Tumor-
draining LNs. The above-mentioned results indicate that the tumor-
draining LNs are necessary for the endogenous production of IL-12
after IL-12 therapy. However, they do not directly demonstrate that
IL-12 was produced in the tumor-draining LNs. Therefore, we
examined the expression of IL-12 in spleen cells as well as in LN
cells from normal and IL-12-treated mice through the use of
RT-PCR. The expression of IL-12 was detected in tumor-draining
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Fig. 3. Participation of both CD4+ and CD8+ T cells in the in vivo antitumor activity

and the elevation of serum IL-12 after IL-12 therapy. B6 mice were inoculated s.c. in the
right lateral flank with 1 X IO6 B16 melanoma cells. On days 14, 16, 18,20, and 22, these

mice were injected i.p. with 0.1 /ig of IL-12. On day 25, 3 days after the last injection of
IL-12, these mice were injected i.v. with 400 (Â¿gof either anti-CD4 mAb or anti-CD8
mAb through the tail vein. A, tumor sizes on days 25, 32, and 39 are shown. *, P < 0.05,
significant difference from the tumor size on day 25. **, P < 0.01, significant difference
from the tumor size on day 25. B, on day 26, 4 days after the last injection of IL-12, blood
was collected from the individual mice, and the levels of IL-12 p40 were determined by
ELISA. Each group consisted of five or six mice. *, P < 0.05, significant difference from
the other groups.

ined. Tumor-bearing and IL-12-treated mice were given either anti-
IL-12, anti-CD40L, or control mAb i.v. 3 days after the last injection
of IL-12, and subsequent tumor growth was examined. Fig. 7 shows
that the antitumor activity of IL-12 therapy was diminished by the
administration of either anti-IL-12 or anti-CD40L mAb.

DISCUSSION

The present study examines the mechanism involved in the antitu-
mor effects of IL-12 seen up to 2 weeks after the injection of this

cytokine. The results seem to indicate that this effect is dependent on
the endogenous production of IL-12. The endogenous production of
IL-12 and the interaction between CD40 and CD40L seem to take

place primarily in LNs that drain the tumor site.
IL-12 has previously been shown to elicit potent in vivo antitumor

immune responses (7-11). The systemic administration of IL-12 may
enhance antitumor immune responses in tumor-bearing mice, result
ing in the endogenous production of IL-12. In support of this idea, the
serum level of IL-12 seen 4 days after the last injection of IL-12 was

D onday25
onday32
onday 37

sham LN(-) SPL (-)

B

LN cells but not in spleen cells isolated from IL-12-treated tumor-
bearing mice (Fig. 5). No clear expression of IL-12 was observed
in either LN cells or spleen cells isolated from non-IL-12-treated
tumor-bearing mice. These results support the idea that the IL-12-
producing site after IL-12 therapy is the tumor-draining LNs.

Recent reports revealed that the CD40-CD40L interaction is im
portant for the in vivo production of IL-12 (12, 13). CD40 molecules

are constitutively expressed on APCs, such as dendritic cells, macro
phages, and B cells; on the other hand, CD40L molecules are ex
pressed on the activated T cells (14, 15, 20). Therefore, the site where
CD40L molecules were expressed after IL-12 therapy was examined
using RT-PCR. As observed with IL-12, Fig. 6A shows that CD40L
seemed to be expressed only in the draining LNs from the tumor-
bearing and IL-12-treated mice. We also examined T-cell subsets for

the expression of CD40L mRNA. Fig. 6B shows that the selective
depletion of CD4+ T cells resulted in a loss of CD40L mRNA

expression. Collectively, these results indicate that CD40L is ex
pressed on CD4+ T cells in the draining LNs after IL-12 therapy.

The Role of IL-12 and CD40-CD40L Interaction in IL-12 Ther
apy. The effect of the in vivo neutralization of IL-12 or the in vivo
blockage of CD40-CD40L interaction on IL-12 therapy was exam-

group B16 IL-12 treatment

1 (+) (-)

2 (+) (+) sham

3 (+) (+) LN(-)

4 (+) M SPL(-)

IL-12 P40(pg/ml)

200 400

Fig. 4. Role of the draining LNs in the lasting antitumor activity and elevation of serum
IL-12 after IL-12 therapy. B6 mice were inoculated s.c. in the right lateral flank with
1 X IO6 B16 melanoma cells. On days 14, 16, 18, 20, and 22, these mice were injected

i.p. with 0.1 fig of IL-12. On day 25, 3 days after the last injection of IL-12, either the
ipsilateral draining axially and inguinal LNs or the spleen was surgically dissected. As a
control, some mice were treated using similar procedures, but the draining LNs or spleens
were not resected, and they were designated as sham-operated. A, tumor sizes on days 25,
32, and 37 are shown. *, P < 0.05, significant difference from the tumor size on day 25.
**, P < 0.01, significant difference from the tumor size on day 25. B, on day 26. 4 days
after the last injection of IL-12, blood was collected from the individual mice, and the
levels of IL-12 p40 were determined by ELISA. Each group consisted of five or six mice.
*, P < 0.05, significant difference from groups 1 and 3.
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IL-12p40
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Fig. 5. mRNA expression of IL-12 in the draining LNs after IL-12 therapy. B6 mice
were inoculated s.c. in the right lateral flank with 1 x 10* B16 melanoma cells. On days

14. 16, 18, 20, and 22, these mice were injected i.p. with 0.1 Â¿igof IL-12. On day 25, 3
days after the last injection of IL-12. the expression of IL-12 p40 was examined in either
draining LNs or spleen, as described in "Materials and Methods." Lanes 1â€”3,IL-12

expression in the LNs of naive mice, tumor-hearing mice, and tumor-bearing and IL-12-
treated mice, respectively. Leines 4~6, IL-12 expression in the spleen of naive mice,
tumor-bearing mice, and tumor-bearing and IL-12-treated mice, respectively.
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ÃŸ-actin
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Fig. 6. mRNA expression of CD40L on CD4* T cells in Ihe draining LNs after IL-12
therapy. B6 mice were inoculated s.c. in the right lateral flank with I X IO*1B16

melanoma cells. On days 14, 16, 18, 20. and 22, these mice were injected i.p. with 0.1 ^g
of IL-12. On day 25, 3 days after the last injection of IL-12, the total RNA of either
draining LNs or the spleen was isolated, and the mRNA expression of CD40L was
examined, as described in "Materials and Methods." A. each lane is the same as that
described in the Fig. 5 legend. B. Lunes 1-3, CD40L expression in whole LN cells, CD4*
T-cell-depleted LN cells, and CDS4 T-cell-depleted LN cells, respectively.

significantly elevated in IL-12-treated tumor-bearing mice relative to
the levels found in untreated tumor-bearing mice as well as IL-12-

treated normal mice. It is difficult to rule out the possibility that
clearance of exogenous IL-12 is delayed in the tumor-bearing mice.
However, the expression of mRNA encoding IL-12 in the tumor-
draining LNs of tumor-bearing and IL-12-treated mice indicates that
at least some of the increase in IL-12 levels seen in these mice may

result from the endogenous production of this cytokine.
The expression of IL-12 mRNA was detected in the tumor-draining

LNs, but not in the spleen. This result was unexpected, considering

that the spleen is believed to contain more APCs than do the LNs. In
addition, resection of the tumor-draining LNs, but not of the spleen,
diminished the elevation of serum IL-12 in the tumor-bearing mice
after IL-12 therapy. These results strongly suggest that IL-12 is
produced in the draining LNs of tumor-bearing and IL-12-treated

mice. In addition, the expression of CD40L mRNA was detected in
CD4+ T cells isolated from the draining LNs, but not in spleen cells.

Collectively, these lines of evidence may suggest the following mech
anism underlying the lasting antitumor activity after IL-12 therapy.
IL-12 treatment may result in the activation of tumor-specific IL-12
receptor-expressing CD4+ T cells and CD8+ T cells. Tumor-specific
CD4+ T cells that have been stimulated by exogenous IL-12 may then

activate APCs that present tumor antigens through a CD40-CD40L

interaction. Activation of APCs may then result in the stimulation of
additional IL-12 release. In support of this idea, the systemic admin
istration of either anti-IL-12 or anti-CD40L mAb substantially abro
gated the effects of IL-12 therapy. Depletion of CD8+ T cells abro

gated the antitumor effects of IL-12 therapy, indicating that they

function as final antitumor effector cells.
In addressing the mechanism by which the depletion of CD8+ T

cells diminished the elevation of serum IL-12, several possible expla
nations could be proposed: (a) the cytolytic activity of CD8+ T cells

directed against tumor cells as well as the production of cytokines
such as IFN-y by these cells may enhance the CD40-CD40L interac
tion between APCs and CD4+ T cells; and (b) tumor-specific CD8+

T cells may directly interact with APCs in tumor-draining LNs.
Recent reports have indicated that bone marrow-derived APCs can
present class I tumor antigens to tumor-specific CD8+ T cells, an

effect that has been termed cross-priming (21, 22). If so, such APCs
could interact with tumor-specific CD8+ T cells through a CD40-

CD40L interaction. However, this explanation seems to be contradic
tory to the finding that CD40L mRNA was not detected on CD8+ T

cells in the draining LNs. Additional investigations are needed to
elucidate the role of CDS* T cells in the endogenous production of

IL-12 in immunotherapy.

Research in antiviral immunity has contributed to progress in
antitumor immunity, because antigen-specific CD8+ T cells recognize

endogenous class I antigens in both fields. Interestingly, it has been
reported that CD4+ T cells are required to sustain CD8+ T-cell

300

200 -

100 -

D on day 25

â€¢¿�on day 31

â€¢¿�on day 38

none Ham IgG anti-IL-12 anti-CD40L

Fig. 7. The essential roles of IL-12 and CD40-CD40L interaction in lasting antitumor
activity after IL-12 therapy. B6 mice were inoculated s.c. in the right lateral flank with
1 X IO6 B16 melanoma cells. On days 14, 16, 18. 20. and 22. these mice were injected
i.p. with 0.1 ^g of IL-12. On day 25, 3 days after the last injection of IL-12, these mice
were injected i.v. with 200 jig of either anti-IL-12 mAb, anti-CD40L mAb, or control
hamster IgG through the tail vein. The tumor sizes on days 25, 31. and 38 are shown. *.
P < 0.05. significant difference from the tumor size on day 25.
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response during chronic viral infection (23). In addition, CD4-defi-

cient mice were reported to have reduced levels of memory CTLs
after viral infection (24). Furthermore, Borrow et al. (25) reported that
memory CD8+ CTL responses are impaired in CD40L-deficient mice.
Thus, CD4f T cells may play a crucial role in sustaining tumor-
specific CD8+ T-cell responses in tumor-bearing mice, probably

through the CD40-CD40L interaction with APCs.
The slight but significant elevation in the serum level of IL-12

observed in IL-12-treated normal mice may have a number of possible
explanations: (a) the systemic administration of IL-12 may have

activated autoreactive T cells in the normal mice. Indeed, there are
several reports that autoreactive T cells exist in normal mice (26, 27);
and (b) PCS in complete medium may have stimulated xenoantigen-
reactive T cells in normal mice in combination with IL-12. Although

we could not exclude these possibilities, they do not seem to account
for the observation that the serum levels of IL-12 were significantly
elevated in the tumor-bearing and IL-12-treated mice compared with

the other groups.
In conclusion, these results indicate that IL-12 therapy results in an

interaction between tumor APCs and tumor-specific CD4+ T cells in

the tumor-draining LNs. This interaction then leads to the endogenous
production of IL-12 as a result of the CD40-CD40L interaction.

However, additional experiment are needed to identify the mecha
nisms with a greater degree of certainty.
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