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SUMMARY

This study shows that subcutaneous administration of increasing doses of IL-12, once a week, in 21
cancer patients increased the expression of cytokine genes (interferon-gamma (IFN-g), tumour necrosis
factor-alpha (TNF-a), IP-10, MIG, IL-10, IL-4) in peripheral blood mononuclear cells even at very low
doses (30 ng/kg). Surprisingly, no circulating TNF-a or IL-4 could be detected in the plasma of patients
treated with IL-12. However, a marked increase of soluble IL-4 receptor was demonstrated in the
plasma of five of the six patients studied, which may represent an additional mechanism by which IL-12
inhibits the development of the Th2 responsein vivo. A marked decline of IFN-g and IP10 induction
was recorded after repeated cycles of IL-12. In contrast, in most patients IL-12 increased IL-10
expression with no subsequent decrease during the course of therapy, and even an earlier peak of IL-10
induction at the 6th cycle. In addition, a constant up-regulation of serum soluble IFN-g receptor levels
was observed after each cycle of IL-12 treatment with a delayed peak compared with the IFN-g peak.
The constant rise of IL-10 and soluble IFN-g receptor during IL-12 therapy may therefore contribute to
the inhibition of IFN-g activity detected after repeated cycles of IL-12. Lastly, a marked heterogeneity
of cytokine induction was observed from one patient to another, which appeared to be independent of
the dose of IL-12 administered. These data may lead to a better understanding of the biological activity
of IL-12 and thein vivo mechanisms of its regulation.
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INTRODUCTION

IL-12 is a heterodimeric cytokine originally cloned from an
Epstein–Barr virus-transformed cell line with an ability to activate
natural killer (NK) cells and induce interferon-gamma (IFN-g)
production [1,2]. The main source of IL-12 is antigen-presenting
cells (macrophages, dendritic cells), but other cells such as B
lymphocytes, neutrophils, keratinocytes, and mast cells also
produce this cytokine [3].

IL-12 has been shown to favour the development of the Th1
immune response and inhibit the differentiation of naive cells
towards Th2 cells [4,5], as IL-12 gene deletion in mice results
in markedly reduced Th1 responses [6]. Functional receptors for

IL-12 among CD4 T cells appear to be restricted to recently
activated uncommitted cells and Th1 cells, and are lost during
differentiation of Th2 cells [7,8].

It has been reported in several animal tumour models that
administration of IL-12 not only prevented the taking of grafted
tumours, but also inhibited the development of established primary
or metastatic tumours and induced anti-tumour immunity [9–11].
In humans, some clinical responses have been observed after either
intratumour injection of fibroblasts engineered to release IL-12 or
systemic administration of rhIL-12 [12,13].

Since IL-12 does not exert any direct effect on the control of
tumour cell proliferation, other mechanisms have been proposed to
explain its anti-tumour activity. Various groups have demonstrated
that anti-IFN-g MoAb abolishes the anti-tumour effect of IL-12
[14–16]. However, various studies suggest that other factors are
required to explain the therapeutic effect of IL-12, as, in nude mice,
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IL-12 induced significant levels of IFN-g without any anti-tumour
activity [9]. Zilocchi et al. showed the ability of IFN-g knock-out
mice to reject tumour cells transduced with IL-12 [17]. Recently,
Cui et al. reported that in mice only a subpopulation of NK1.1T
cells, previously characterized as potent IL-4 producers, was
responsible for the anti-tumour effect of IL-12 [18].

Various studies have also focused on IL-12-induced angiostatic
factors, such as IP-10 and MIG, which may contribute to the anti-
tumour activity of IL-12 [19].

One objective of the present study was therefore to assess the
secondary release of cytokines, chemokines and soluble cytokine
receptors in cancer patients enrolled in a phase I clinical trial of
subcutaneous administration of rIL-12. Determination of these
surrogate markers may help to define thein vivobiological activity
of IL-12.

In addition, an unexpected toxicity was reported after the first
phase II clinical trial of IL-12, requiring transient discontinuation
of this therapy [20]. Administration of a predose of IL-12 markedly
reduced this toxicity and was associated with a decrease of IL-12-
induced IFN-g [13,21–23]. In the course of the present study, we
tried to analyse more clearly this attenuation phenomenon and
characterize potential immunoregulators (IL-10, soluble IFN-g

receptor) possibly involved in the triggering and maintenance of
this phenomenon.

PATIENTS AND METHODS

Patients
We analysed cytokine mRNA induction in peripheral whole blood
derived from 21 cancer patients treated with increasing doses of
rhIL-12 ranging from 30 ng/kg to 1500 ng/kg, administered by
subcutaneous injection once a week until disease progression.
These patients presented with 13 renal cell carcinomas, four
melanomas, three sarcomas and one ovarian carcinoma.

Serum cytokine and soluble cytokine receptor levels were
determined in nine patients enrolled in the two highest dose levels
of IL-12 (1800 and 2100 ng/kg), corresponding to five renal cell

carcinomas and four melanomas. This protocol was approved by a
regional ethics committee and written informed consent was obtained
from each subject according to institutional rules.

Clinical results of this protocol will be published elsewhere.
All patients had metastatic disease and a Karnofsky status index
$ 70.

Methods
Semiquantitative polymerase chain reaction. Total cellular

RNA was extracted from peripheral whole blood using the
RNA-zol B method based on the technique previously described
by Chomczynski & Sacchi [24]. Total cellular RNA (2mg)
were mixed with oligo-dT primers to synthesize cDNA (First
strand cDNA synthesis kit; Boehringer-Mannheim, Mannheim,
Germany) according to the manufacturer’s protocol.

Polymerase chain reaction (PCR) was performed as previously
described [25]. Table 1 gives the sequence of cytokine primers
used in this study.

For semiquantitative analysis, gels were scanned by densito-
metry and all results were normalized tob-actin gene expression.

Quantitative PCR. Quantitative titration of the various mRNAs
was performed by reverse transcription PCR run to saturation, as
previously described [25,26]. Briefly, one-tenth of the cDNA
derived from mRNA was co-amplified to saturation with serial
dilutions of appropriate internal standard which only differed by a
4-base pair deletion from the cDNA derived from the mRNA of
interest. Amplification reactions were performed in a 50-ml mixture
containing 50 U/ml of Taq polymerase (Promega, Charbonnieres,
France), 200mM dNTP, 0·2mM of each of the two primers, 1·5 mM
Mg2þ, in Promega buffer. The reaction mixtures were overlaid
with 50ml of mineral oil. The PCR cycles were: 1 min at 948C,
1 min annealing at 558C and 1 min 30 s extension at 728C. The
reaction was performed in a Perkin-Elmer-Cetus DNA thermal
cycler for 40 cycles and ended with a 10-min step at 728C. A 2-ml
aliquot of the amplified solution was then mixed in a final reaction
volume of 10ml containing 0·1mM fluorescent primer, 20 U/ml Taq
polymerase, 200mM deoxynucleotide triphosphate and 3 mM Mg2þ in
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Table 1. Sequences of 50 and 30 primers of nine cytokine target genes

Size of
mRNA species PCR products

b-actin 50 TCG TCG ACA ACG GCT CCG GCA TGT GC 688
30 TTCTGCAGGGAGGAGCTGGAAGCAGC

IFN-g 50 GGT TCT CTT GGC TGT TAC TGC C 340
IFN-g 30 GTT GGA CAT TCA AGT CAG TTA CCG A

TNF-a 50 GCG AAT TCC CTC CTG GCC AAT GGC GTG G 507
TNF-a 30 CTA AGC TTG GGT TCC GAC CCT AAG CCC CC

IP-10 50 GTA CCT CTC TCT AGA ACC GTA CG 229
IP-10 30 GAG ATC TTT TAG ACA TTT CC

MIG 50 AGT GGT GTT CTT TTC CTC TTG 360
MIG 30 AGT CTT CTT TTG ACG AGA ACG

IL-4 50 GTA AGC TTC TCC TGA TAA ACT AAT TGC CTC AC 470
IL-4 30 AAG AAT TCC AAC GTA CTC TGG TTG GCT TCC TT

IL-10 50 AGT CTG AGA ACA GCT GCA CCC AC 335
IL-10 30 CAC TCA TGG CTT TGT AGA TGC C



Promega buffer and submitted to one PCR cycle (run-off (RO)
reaction). The sequences of IFN-g andb-actin RO oligonucleotide
primers were as follows: IFN-g RO (TTGAAGTAAAAGGAGA
CAATTTGGCTC),b-actin RO (AGGATGCCTCTCTTGCTC TG).

The RO reaction products were mixed with an equal volume
of a 20-mM EDTA–95% formamide solution, heat-denatured at
808C for 10 min and 2ml of the resulting mixture were loaded
on a 4% acrylamide–8M urea gel and electrophoresed for 4 h on
an automated DNA sequence analysis machine (373A DNA
sequence; PE Applied Biosystem, Foster City, CA). Software
was used to measure the length and area of each peak detected.
The peak area ratio between known concentrations of standard
DNA and target cDNA was used to determine the concentration
of target cDNA derived from the mRNA to be quantified
(Fig. 1).

Negative controls consisting of buffer alone (without cDNA)
and a non-reverse transcribed sample RNA were included in each
experiment.

To avoid PCR artefacts, aerosol-resistant pipette tips were used
and distinguished pipettes dedicated to pre-PCR and post-PCR
products.

In every case, the 50 and 30 primers had to span at least one
intron in the genomic DNA sequence so that any amplification of
contaminating genomic DNA would be easily identified.

Immunoassays. Levels of soluble IFN-g receptor were deter-
mined using IFN-g-R-specific ELISA developed by D. Novick
(Rehovot, Israel) [27]. Briefly, 96 break-away, flat-bottomed
wells (Nunc, Rochester, NY) microtitre plates were coated with
100ml of anti-IFN-g-R MoAb 177.10 (10mg/ml) diluted in
carbonate buffer (0·1M Na2CO3/NaHCO3, pH 9·6) overnight at
48C. The plates were then saturated with 200ml of PBS containing
0·5% bovine serum albumin (BSA) and 0·05% Tween 20 (Merck,
Schuchardt, Germany) for 1 h at room temperature. After washes
with PBS–0·05% Tween 20, 100ml of purified natural soluble
IFN-g receptor (provided by D. Novick) diluted in PBS–0·1%
NP40 or serum were added and incubated for 3 h at 378C. After
washes, the plates were then incubated with 100ml of anti-IFN-g
receptor polyclonal antibody—previously adsorbed by addition of

1% normal murine serum and human IgG (5mg/ml)—overnight at
48C. After washes, 100ml of goat anti-rabbit polyclonal antibodies
conjugated to horseradish peroxidase (Jackson Immunoresearch,
West Grove, PA) diluted to 1:10 000 in PBS–0·05% Tween 20
were added for 2 h at room temperature. The reaction was revealed
by addition of the peroxidase substrate (o-phenylenediamine
dihydrochloride) and the optical density (OD) was read at a
wavelength of 492 nm. The lowest concentration of human soluble
IFN-g receptor detected was 0·05 ng/ml. This test is not influenced
by the presence of excess IFN-g (D. Novick, data not shown).

Serum IFN-g and tumour necrosis factor-alpha (TNF-a),
levels were determined with a commercially available ELISA kit
from Genzyme (Cambridge, MA.) and Endogen (Boston, MA),
respectively.

IL-10, IP-10, IL-4 and soluble IL-4 receptor were measured
using ELISA kits purchased from R&D (Minneapolis, MN). IL-4
at concentrations<15 ng/ml did not interfere with soluble IL-4
receptor immunoassay and soluble IL-4 receptor did not interfere
with IL-4 determination (R&D data).

RESULTS

Profile of cytokines induced after rhIL-12 administration
Induction of cytokines with potential anti-tumour activity. IL-12

did not exert its anti-tumour effect via direct interaction with tumour
cells, but its activity may be mediated by cytotoxic factors such as
IFN-g and TNF-a. IL-12 induced an increase (more than two-fold) of
IFN-g and TNF-a mRNA expression in peripheral whole blood in 16
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Fig. 1. Fluorescence peak of wild-type cDNA and internal DNA standard
for tumour necrosis factor-alpha (TNF-a), IFN-g and b-actin. For each
parameter, internal standard and target cDNA were co-amplified with the
same specific primers. A run-off reaction with a third nested specific
fluorescent primer was then performed and the polymerase chain reaction
(PCR) product was loaded on an automated sequencer. The fluorescent
profiles were recorded after electrophoresis. The peak area ratio between
known concentrations of standard DNA and target DNA can be used to
determine concentrations of wild-type cDNA.

Table 2. Induction of cytokine mRNA in peripheral whole blood after the
first cycle of IL-12 administration

Patient (IL-12 dose) IFN-g TNF-a IP-10 MIG IL-10 IL-4

1 (30 ng/kg) þþ* þþ þ þ þ ND
2 (30 ng/kg) þþ þ þþ þþ þþ þ

3 (100 ng/kg) þþ þ þþ ND þþ ND
4 (100 ng/kg) þþ þ þþ þþ þ ¹

5 (300 ng/kg) þþ þ þþ ND ¹ ND
6 (300 ng/kg) ¹ þþ þ þþ þþ þ

7 (300 ng/kg) þ þþ ¹ þþ þ þ

8 (450 ng/kg) ¹ ¹ ¹ þþ þþ ¹

9 (450 ng/kg) þþ ¹ þþ þþ ND ¹

10 (600 ng/kg) ¹ þ ¹ þþ ¹ þþ

11 (600 ng/kg) þþ ¹ þ þ þ þþ

12 (750 ng/kg) þ ¹ þþ ¹ þ ¹

13 (750 ng/kg) þ ¹ þ þþ þþ ND
14 (900 ng/kg) þ þ þ þ þ ND
15 (900 ng/kg) ¹ þ þþ þþ þ þþ

16 (900 ng/kg) þþ þ þ þþ þ þþ

17 (1200 ng/kg) ¹ þþ þþ þþ þþ ¹

18 (1200 ng/kg) þ þ þþ þþ þþ ND
19 (1500 ng/kg) þþ ¹ þþ þþ ¹ þ

20 (1500 ng/kg) þþ ¹ þ ND ¹ ¹

21 (1500 ng/kg) þ ¹ þþ þ þþ ¹

Polymerase chain reaction (PCR) was performed on samples collected
before and 4, 12, 24, 48, 72 and 96 h after IL-12 administration.

*The relative increase of cytokine mRNA was determined from the
ratio of specific cytokine mRNA/b-actin normalized densitometric values
deduced from reverse transcriptase-PCR-amplified products obtained
before and after IL-12 therapy. The maximum increase, regardless of the
time after IL-12 administration, was selected.

þ, Increase ranging between two-fold and five-fold;þþ, greater than
five-fold increase;¹, less than two-fold increase; ND, not done.



and 13 out of 21 patients, respectively (Table 2 and Fig. 1). Induction
of these cytokines did not appear to be co-regulated. The increase in
IFN-g was often greater than five-fold and was sometimes more than
20-fold, while TNF-a induction was less intense (Table 2). The peak
of IFN-g induction was often observed early, before 24 h after IL-12
administration and a second peak was observed after a decline
(Fig. 2). This second peak was observed in 13 of the 16 patients
who exhibited a significant increase of IFN-g mRNA after IL-12
administration. However, in most cases (12/13), the second peak was
lower than the first peak (data not shown).

Induction of cytokines with anti-angiogenesis activities. It has
been claimed that the anti-tumour efficacy of IL-12 is dependent on
its ability to inhibit angiogenesis [19]. In addition to the induction

of IFN-g, which is a potent angiostatic factor, we therefore focused
on MIG and IP-10 ,which belong to a chemokine family with
potent anti-angiogenesis features. We found that rIL-12 induced
mRNA expression of IP-10 in 18 out of 21 patients and MIG
mRNA in 17 out of 18 patients (Table 2). The long-lasting IP-10
mRNA expression contrasted with MIG mRNA induction, which
was generally very transient, as illustrated in Fig. 2.

Induction of Th2 cytokines and soluble IL-4 receptor. Although
IL-12 was considered to favour the development of Th1 immune
response and to inhibit Th2 T cell differentiation, marked induction
of IL-10 and IL-4 was observed in 80% (16/20) and 53% (8/15)
of patients treated with rhIL-12, respectively (Table 2). In contrast
to IFN-g, the IL-10 mRNA peak was often delayed and never
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Fig. 2. Profile of cytokine gene induction in peripheral whole blood of patients after rhIL-12 administration. rhIL-12 was administered by
subcutaneous injection on day 0.b-actin, IFN-g, tumour necrosis factor-alpha (TNF-a), IL-10, IL-4, IP-10 and MIG mRNA expression were
assessed by semiquantitative reverse transcriptase-polymerase chain reaction (RT-PCR). Amplified products were loaded onto 2% agarose gel
and stained with ethidium bromide. Gels were scanned by densitometry for semiquantitative analysis of mRNA induction. These results were
derived from various illustrative patients treated with rhIL-12. See Table 2 for individual analysis.



occurred before 40 h after the start of IL-12 injection (Fig. 2), which
supports its role as a negative regulator of IL-12 activity.

IL-10 induction was confirmed at the protein level (see below),
while no IL-4 could be detected by ELISA in the plasma of six
cancer patients treated with high-dose IL-12 (Fig. 3). Surprisingly,
we found a marked increase of soluble IL-4 receptor in the plasma
of five of the six patients in whom no IL-4 was detected (Fig. 3).
Peak induction generally occurred 72 h after IL-12 administration
(Fig. 3). Soluble IL-4 receptor did not interfere with IL-4
determination by the ELISA kit used (data not shown).

We did not find any significant change of IL-11 and transform-
ing growth factor-beta 1 (TGF-b1) mRNA, known to act as
negative regulators of IL-12 activity [28,29], in peripheral whole
blood of IL-12-treated patients (data not shown).

Minimal dose of rhIL-12 required to inducein vivo changes in
cytokine gene expression
The lowest dose of subcutaneous administered IL-12 (30 ng/kg)
was sufficient to induce gene expression of cytokines such as
IFN-g, TNF-a, IP-10 or IL-10 from peripheral whole blood of the
two patients tested (Table 2). Induction of cytokine gene expres-
sion therefore appeared to be a sensitive marker to assessin vivo
biological activities of rhIL-12, as, for example, no modification of
peripheral blood mononuclear cells (PBMC) was observed in the
same patient (data not shown).

Lack of relationship between IL-12 dose levels and IFN-g mRNA
and protein induction
Semiquantitative PCR failed to demonstrate any clear correlation

between the increase of cytokine gene expression in peripheral
whole blood and the dose of IL-12 administered (100 ng/kg to
1500 ng/kg) (Table 1). To confirm this observation, we measured
cytokine mRNA by a quantitative PCR assay in 10 patients in whom
mRNA was still available and in whom an increase of IFN-g mRNA
was detected by semiquantitative PCR. The time of analysis chosen
for each patient corresponded to peak induction of IFN-g mRNA, as
observed on semiquantitative PCR (Fig. 4a). The number ofb-actin
transcripts was also quantified and subsequently used to normalize
IFN-g. As shown in Fig. 4a, no linear relationship was demonstrated
between IFN-g mRNA copies in peripheral whole blood after IL-12
administration and the dose of cytokine administered. IFN-g mRNA
values after IL-12 administration ranged between 0·5 and 90 copies
per 106 mRNA b-actin copies.

For the last two patient groups (1800 ng/kg and 2100 ng/kg
dose levels), plasma IFN-g was measured by ELISA. As previously
reported for IFN-g mRNA induction, the intensity of the IFN-g

peaks was very variable, ranging from 420 pg/ml to>10 000 pg/ml
(Fig. 4b). No direct relationship between the dose of IL-12 and the
peak IFN-g value was demonstrated, as low IFN-g induction
(<500 pg/ml) and high IFN-g induction (> 10 000 pg/ml) were
observed for the two dose levels (Fig. 4b).

Analysis of the attenuation phenomenon after repeated cycles of
IL-12 administration
The peak plasma IFN-g concentration decreased during the 6th
cycle of high-dose IL-12 administration (1800 and 2100 ng/kg) in
all six patients analysed, compared with the first cycle (Fig. 5). To
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assess the biological relevance of these findings, we studied plasma
levels of IP-10, an IFN-g-inducible protein. A decrease of IP-10
induction was also recorded after repeated cycles of IL-12 in the
same group of patients (Fig. 5). These results therefore suggest that
the decrease in IFN-g concentration was also associated with a
reduction of its biological activity.

To investigate the mechanisms possibly contributing to this
phenomenon, we analysed the plasma concentrations of two
potential inhibitors of IFN-g production and activity: IL-10 and
soluble IFN-g receptor.

In the same group of six patients, IL-12 always increased the
plasma IL-10 concentration with no decrease during therapy
(Fig. 5). As expected during the first cycle, the peak serum IL-10
level generally occurred 72 h after IL-12 administration, in line
with kinetic results obtained for mRNA levels. In contrast,
the maximal increase appeared earlier (24 h) in 5/6 patients
during the 6th cycle of IL-12 administration. We also observed
up-regulation of basal plasma IL-10 levels before the 6th cycle of
IL-12 administration compared with pretreatment IL-10 values
(Fig. 5).

A constant rise of serum soluble IFN-g receptor levels was also
observed in the same group of six patients with a delayed peak
compared with the IFN-g peak (Fig. 5). The intensity of induction
of soluble IFN-g receptor after repeated cycles of IL-12 was not
attenuated in four out of six patients. Basal serum soluble IFN-g

receptor levels just before the 6th cycle of IL-12 administration
were increased in four out of six patients tested compared with
pretreatment values (Fig. 5).

To assess whether this state of desensitization to IL-12-induced
IFN-g also occurred at the mRNA level, we analysed IFN-g

mRNA induction in peripheral whole blood derived from 12
cancer patients during the 6th cycle of IL-12 administration. A
marked induction (more than two-fold increase) of IFN-g mRNA
was observed in only 5/12 (40%) patients compared with 76% of
patients during the first cycle (data not shown).

DISCUSSION

In this study, we show that rIL-12 administration in humans
induces an increase of various cytokine mRNAs (IFN-g, IP-10,
TNF-a...) which could constitute surrogate markers to assess the
in vivo biological activity of IL-12, as a dose of IL-12 as low as
30 ng/kg was sufficient to induce cytokine mRNAs in peripheral
whole blood (Table 2). This increased IFN-g mRNA was expected,
as IL-12 is considered to be one of the main regulators of IFN-g

mRNA expression [6]. We found an early peak of mRNA only 4 h
after IL-12 administration (Fig. 1) in line with Tannenbaum’s
results in mice, showing that intratumour induction of IFN-g could
be detected only 4 h after IL-12 administration [30]. Since T
lymphocytes and NK cells are considered to be the main sources
of IFN-g, the lymphocytopenia occurring at the beginning of
IL-12 therapy could explain the failure to detect mRNA in
peripheral whole blood in a few cases (Table 2). This transient
lymphocytopenia may therefore introduce bias in the analysis
of surrogate markers produced by T lymphocytes.

In contrast, we observed induction of TNF-a and IL-4 mRNA
in the peripheral whole blood of 13/21 (62%) and 8/15 (53%)
patients treated with IL-12 (Table 2), but no TNF-a or IL-4 protein
could be detected in the serum of patients treated with high-dose
IL-12 (Fig. 3 and data not shown). IL-12 administration in mice
stimulates the production of TNF-a mRNA and protein, but

inhibits IL-4 gene expression [22,31]. However, even when
TNF-a induction was demonstrated in mice, it was weak and
often failed to reach twice the background levels [22]. In previous
clinical trials, most teams failed to detect TNF-a in serum [13,32].
Interference of soluble TNF-a and IL-4 receptors on serum TNF-a

and IL-4 assays could account for the discrepancies between
cytokine mRNA and protein expression. However, neither soluble
TNF-a nor IL-4 receptor were shown to interfere with the test used
to detect TNF-a or IL-4 (R&D data). In addition, during clinical
follow up of patients, the absence of toxicity possibly related to
circulating serum TNF-a did not suggest the presence of high
serum TNF-a concentrations in patients treated with IL-12. Our
results obviously do not exclude the possible synthesis of TNF-a as
a precursor protein not cleaved by metalloproteases and released
into serum [33,34].

It is noteworthy that these opposite results for mRNA and
protein determination have been previously reported for IL-4 and
other cytokines [35,36].

We found a significant induction of chemokines (IP-10, MIG)
regulated by IFN-g with known angiostatic effects. Up-regulation
of IP-10 was confirmed at both the mRNA and protein levels
(Table 2, Fig. 5), supporting the role of IL-12 in inhibiting
angiogenesis, observed in murine models. A direct effect of IP-
10 and MIG to control the growth of human tumours transplanted
into nude mice was also recently demonstrated [37–39].

Although the MIG and IP-10 genes are highly homologous
IFN-inducible proteins, the difference observed in the kinetics of
IP-10 and MIG mRNA induction after IL-12 administration could
be explained by the difference in their pattern of expression and
their response to inducers, as MIG is selectively and exclusively
induced by IFN-g, whereas IP-10 could be up-regulated by agents
other than IFN-g (TNF-a, IL-1a) [40–42] which may contribute to
its sustained expression after IL-12 administration, as observed by
other authors [38].

An original observation drawn from these results concerns
the marked increase of soluble IL-4 receptor in patients treated by
IL-12. Although many cell types are able to constitutionally
produce low levels of sIL-4R, sIL-4R production has been
shown to be significantly up-regulatedin vitro by T cell activation
and IL-4 [43]. Although anti-IL-4 MoAb antibodies reduced
sIL-4R induction after T cell activation, suggesting a role of
endogenous IL-4 in the regulation of sIL-4R, Blumet al. clearly
demonstrated the ability of IL-4 knock-out mice to release sIL-4R
following anti-CD3 or phorbol myristate acetate (PMA) activation
[44]. Even in the absence of IL-4 detected in the serum of IL-12-
treated patients, other putative regulators of sIL-4R could
therefore mediate this induction. The role of IFN-g in the regula-
tion of sIL-4R is open to debate, as in one model IFN-g had no
significant effect on either the basal or rIL-4-induced sIL-4R
production in whole spleen, while in mature bone marrow-derived
macrophages sIL-4R expression was induced by exposure to IFN-g

[43,45]. Since sIL-4R behaves like a natural antagonist of IL-4
when present in a large excess over IL-4 [46], as observed after
IL-12 treatment, induction of sIL-4R may represent an additional
mechanism by which IL-12 inhibits development of the Th2
responsein vivo.

The plasma IFN-g peak decreased during the 6th cycle of IL-12
therapy. This attenuated IFN-g response after previous exposure to
IL-12 has been previously reported by various groups [13,23,32].
Interestingly, in clinical trials including a predose of IL-12,
corresponding to sensitization of the patient to this cytokine, the
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decline in IFN-g concentration seemed to be associated with the
absence of toxicity of IL-12 [21]. It is unlikely that the attenuated
response is solely due to changes in IL-12 receptor expression, as
IFN-g production in response to the T cell mitogen concanavalin A
(Con A) was also decreased by IL-12 pretreatment [21]. In addi-
tion, other IL-12-inducible molecules, such as corticosterone or
neopterin, were not attenuated after multiple cycles of IL-12
[21,22]. In order to provide some clues to explain this pheno-
menon, we first showed that the decrease of IFN-g also occurred at
the mRNA level and that IFN-g-regulated molecules such as IP-10
were also inhibited after repeated cycles of IL-12. These data
suggest that an early event in a specific pathway leading to IFN-g

induction is blocked after chronic IL-12 administration. In
contrast, the plasma concentration of IL-10, a known inhibitor of
IFN-g production and IL-12 activity [47,48], did not decrease
during IL-12 therapy (Fig. 5). In humans, Bajettaet al. also
revealed increased IL-10 production after IL-12 administration,
with peak serum IL-10 levels observed during the second cycle of
treatment [32]. However, up-regulation of basal plasma IL-10
levels before the 6th cycle of IL-12 administration compared
with pretreatment IL-10 values, and the earlier peak of plasma
IL-10 levels after the 6th cycle of administration, provide new
arguments in favour of the role of IL-10 in this attenuation
phenomenon. It must be emphasized that anti-IL-10 antibodies
reduced the protective effect of a predose of IL-12 in mice [22].

In our study, an increase of serum soluble IFN-g receptor levels
was observed after IL-12 treatment, with a delayed peak compared
with the IFN-g peak and no clear attenuation after repeated cycles.
This potential inhibitor of IFN-g could therefore contribute to the
down-regulation of IFN-g activity. The increase of sIFN-g

receptor despite down-regulation of serum IFN-g levels after
chronic IL-12 administration suggests that, like other soluble
cytokine receptors, sIFN-g release may be regulated by agents
other than its own ligand [45,49].

Lastly, a striking result of this study concerns the marked
heterogeneity of cytokine induction from one patient to another,
which appeared to be independent of the dose of IL-12. These
results were confirmed both in terms of mRNA and protein, as
IFN-g mRNA copies after IL-12 treatment ranged between 0·5
and 90 copies per 106 b-actin mRNA copies (Fig. 4). The
intensity of the plasma IFN-g peak was very variable, ranging
from 420 pg/ml to>10 000 pg/ml for the same dose level (Fig. 4b).
This absence of correlation between the dose of IL-12 adminis-
tered and thein vivo biological activity of IL-12 indicates that, in
contrast with chemotherapy or conventional drugs, the highest
dose did not always correspond to the highest activity.

Various factors could contribute to this heterogeneity. First, it
has been reported that the genetic background, such as cytokine
gene polymorphism, is correlated with thein vitro level of cytokine
production [50–52]. Second, the patient’s immunological status
may interfere with the host response to immunoregulators. For
instance,in vitro, IL-12 prevents the generation of IL-4-producing
cells from naive cells derived from wild-type mice, but in various
murine models IL-12 accentuates an established Th2 response
[53–56].

Although the secondary induction of cytokines participates in
the antitumour activity of IL-12 or other immunomodulators, the
heterogeneity of the biological response after their administration
without a markedin vivo dose effect, may explain the absence of
a clear relationship between clinical response and the dose
of cytokine administered in previous clinical trials [57–59].

Determination of cytokine levels may sometimes be helpful to
select patients most likely to respond to these treatments [60–62].
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