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3Facultad de Quı́mica, Conjunto E, Laboratorio 116, Paseo de la Investigación Cientı́fica, Universidad Nacional

Autónoma de México, 04510, DF.CP, México
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Abstract

Transgenic plants have been employed successfully as a low-cost system for the production of
therapeutically valuable proteins, including antibodies, antigens and hormones. Here, we report the
expression of a cytokine with immunomodulatory function, mouse interleukin-12 (IL-12), in transgenic
tomato plants. Single-chain mouse IL-12 driven by the CaMV 35S promoter, accumulates to high levels in
leaves and fruits (up to 7.3 and 3.4 lg per gram of fresh weight, respectively). Mouse IL-12 expressed in
tomato displays biological activity in vitro, as determined by interferon-c (IFN-c) secretion by T cells.
Possible uses of this plant-based cytokine involving mucosal delivery are discussed.

Introduction

The potential use of transgenic plants as
bioreactors is now well established. Plants offer
several advantages in comparison to other expres-
sion systems, including low-cost inputs, feasibility
of scaling-up, reduction of health risks deriving
from contamination with human pathogens, sim-
plification of downstream or upstream processing
and, most importantly, plant cells are able to
perform complex posttranslational modifications
(Daniell et al., 2001; Walmsley & Arntzen, 2003).

A wide variety of pharmaceutically valuable
proteins has been produced in plants and they fall
into three major categories: antibodies (Vaquero

et al., 1999; Stoger et al., 2000), antigens
(Chikwamba et al., 2002; Jani et al., 2002; Bouche
et al., 2003) and biopharmaceuticals that fully
retain their activity, as demonstrated by Magnu-
son et al. (1998), Mor et al. (2001), Zhang et al.
(2003), among others. However, with a few excep-
tions, most biopharmaceuticals have been ex-
pressed in tobacco. This represents an obstacle in
cases where therapeutic proteins are administered
as crude extracts by mucosal routes, because of the
presence in tobacco plants of alkaloids and other
compounds toxic to humans.

Interleukin-12 (IL-12), a member of the
heterodimeric cytokine family, is a 74 kDa glyco-
protein composed of a 35 kDa and a 40 kDa
subunit, now called a- and b-chain, respectively,
linked by a disulfide bridge. IL-12 was identified as
natural killer cell stimulatory factor by Kobayashi
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et al. (1989) and cytotoxic lymphocyte maturation
factor by Stern et al. (1990) and is considered to
play a central role in the interaction between the
innate and adaptive arms of immunity (Trinchieri,
2003). Its effects include promotion of Th1)type
cytokine response (Hsieh et al., 1993; Manetti
et al., 1993), enhancement of cytotoxic responses,
induction of IFN-c, IL-2 and tumor necrosis
factor (TNF)-a (Trinchieri, 2003). Furthermore,
IL-12 elicits significant anti-angiogenesis and anti-
tumor effects (Yao et al., 2000). IL-12 has also
been used as an adjuvant when co-administered
with several antigens to enhance systemic and
mucosal immunity against intracellular pathogens
(Boyaca et al., 1999; Gherardi et al., 1999; Jiang
et al., 1999b; Palendira et al., 2002).

IL-12 chains are encoded by non-related genes
(Gubler et al., 1991; Podlaski et al., 1992), whose
expression is independently regulated at the tran-
scriptional level (Carra et al., 2000). Free b-chain
is produced in large excess over the IL-12 hetero-
dimer, both as a monomer and as a homodimer,
which has the ability to block IL-12 functions
in vitro and in vivo (Ling et al., 1995; Heinzel et al.,
1997). The creation of a single-chain polypeptide
by fusion of both IL-12 chains with a linker for
therapeutic use, has allowed the synthesis and
production of active IL-12 (Lieschke et al., 1997).

Here we report the transformation of an edible
crop, the tomato, with a construct bearing a single-
chain murine IL-12 (mIL-12) gene. IL-12 is

expressed in leaves and fruit and retains its
biological activity in both tissues. This opens the
possibility of employing fruit crude extracts with-
out further purification for mucosal administra-
tion of IL-12.

Materials and methods

IL-12 vector construction and tomato
transformation

A NcoI/BglII fragment corresponding to the
murine IL-12 fusion gene (Jiang et al., 1999a)
was cloned into pMECA (Thomson & Parrot,
1998). A KpnI/XbaI fragment containing the IL-12
fusion gene was inserted between the CaMV 35S
promoter and the 3¢ UTR of CaMV 35S. The
resulting plasmid was designated p35SMIL12. The
expression cassette was excised with HindIII and
inserted into the binary Ti plasmid pCAMBIA
2300 to obtain the p35SMIL12-2300 plasmid
(Figure 1a). NPTII was employed as the selective
marker. The p35SMIL12-2300 construct was
transferred by electroporation into Agrobacterium
tumefaciens strain LBA4404, which was subse-
quently employed for transformation of
Lycopersicon esculentum cultivar Tanksley as pre-
viously described (Frary & Earle, 1996), with only
two modifications: acetosyringone was added to
the Agrobacterium culture medium to a final

Figure 1. (a) Map showing the Ti region of plasmid p35SMIL12-2300, which was used to generate transgenic tomato plants.
Mouse IL-12 expression was driven by the enhanced double CaMV 35S promoter (35S2X). The bold line represents the fragment
employed as probe for both Southern and northern blot analysis. Left and right borders are indicated as LB, RB, respectively. (b)
Southern blot analysis of the transgenic lines. Genomic DNA isolated from the lines was digested with BamHI, fractionated by gel
electrophoresis, transferred to nylon membrane, and hybridized with the radiolabeled probe. WT: non-transformed wild-type
tomato plant.
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concentration of 100 lM and co-culture took
place at 19�C for two days in the dark.

Putative transformants selected by kanamycin
resistance were transferred to soil and grown in the
greenhouse. Subsequently, these plants were
screened for their NPTII content with the NPTII
ELISA Kit (Agdia) according to the manufac-
turer’s protocol. Seeds from selected plants were
collected, surface sterilized with 20% commercial
bleach and 0.1% Tween-20 for 15 min and germi-
nated on MS medium supplemented with
100 mg l)1 kanamycin. Transformed plantlets
(T1) were grown in the greenhouse and utilized
for further experiments.

Southern and northern blot analysis

For Southern analysis, genomic DNA was isolated
from young leaves according to Wilke (1996).
Twenty micrograms of DNA were digested with
BamHI and resolved by agarose electrophoresis
and blotted to Hybond-N+ nylon membrane
(Amersham Pharmacia Biotech) as described by
Sambrook et al. (1989). The membrane was
hybridized to a radioactively labeled probe syn-
thesized with the Rediprime II kit (Amersham
Pharmacia Biotech) using as template a NcoI/SstI
fragment excised from the p35SMIL12 plasmid,
corresponding to the murine IL)12 fusion gene
(Figure 1a). Hybridization was performed in the
Rapid-hyb buffer (Amersham Pharmacia Biotech)
and the membrane was exposed to Kodak Biomax
Film (Kodak) at )70�C. For northern analysis,
leaf and fruit RNA was extracted with the Concert
Plant RNA Reagent (Invitrogen) and fractionated
by denaturing formaldehyde gel electrophoresis
(Sambrook et al., 1989). Blotting, hybridization
and exposure were done as described above. The
probe was the same as that used for Southern
analysis. After northern hybridization, the probe
was removed and the membrane was hybridized to
a ribosomal 28S probe as loading control.

Sample preparation, western blot analysis and
ELISA assay

Tomato fruits were ground in liquid nitrogen
and homogenized in 4 volumes of ice-cold extrac-
tion buffer (0.01 M Na2HPO4, 0.003 M KH2PO4,
0.1 M NaCl and 0.025 M sodium ascorbate).
Cleared supernatants were collected after

centrifugation at 13,000 rpm for 10 min at 4�C
and employed for western blot analysis and mouse
IL-12 determination. Forty micrograms of total
soluble protein aliquots, as determined by Brad-
ford (1976), were lyophilized, resuspended in
loading buffer (0.1 M Tris pH 8.0, 2% SDS and
0.75 M b-mercaptoethanol), boiled for 5 min,
resolved by 7.5% SDS-PAGE and electrotrans-
ferred onto polyvinylidene difluoride (PVDF)
membrane. The membrane was subsequently
blocked with 8% non-fat milk, 0.1% Tween-20
in TBS for 1 h at room temperature. Biotinylated
rat anti-mouse IL-12 monoclonal antibody C17.8
(BD Pharmingen) at 1:1000 and avidine-horserad-
ish peroxidase conjugate (BD Pharmingen) at
1:2500 were used for IL-12 detection, which was
carried out by chemiluminescence (ECL Reagent,
Amersham Pharmacia Biotech). For IL-12 quan-
titation, cleared supernatants were assayed by
sandwich ELISA, using antibodies 9A5 and
C17.8 from BD Pharmingen, as capture and
detection antibodies, respectively (lower limit of
detection: 30 pg/ml).

For IL-12 biological activity assays, samples
were prepared as follows: 10 g of leaf or fruit
samples were ground in liquid nitrogen and 20 ml
of cold extraction buffer (0.01 M Na2HPO4,
0.003 M KH2PO4, 0.1 M NaCl, 0.025 M sodium
ascorbate, 0.5% Polyvinyl-pyrrolidone 40,000)
and a plant protease inhibitor cocktail (Sigma)
were added. Crude extracts were centrifuged at
10,000 rpm for 10 min at 4�C, and cleared super-
natants were filtered through sieve cloth and
dialyzed against PBS using 12,000–14,000 dialysis
tubing (Spectra-Por). Dialyzed extracts were
lyophilized, reconstituted in 2 ml of deionized
water and filter-sterilized with 0.2 lm membranes
(Millipore).

Biological activity assay

Biological activity was assessed by measuring
production of IFN-c by T cells (Holland et al.,
1998; Losana et al., 2002). T lymphocytes were
purified by panning as described by Sandoval-
Montes and Santos-Argumedo (2005). Briefly,
total splenocytes obtained from BALB/c mice
were incubated 2 h at 37�C and 5% CO2 in a
tissue culture plate previously coated with 20 lg/
ml mAb B220 (BD Pharmingen). After incubation,
the unbound T lymphocytes were removed and the
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procedure was repeated once again with a new
plate. The T cells obtained after the two rounds of
panning were cultured in RPMI 1640 medium
(Gibco) supplemented with 1% nonessential ami-
no acids (Gibco), 5�10)5 M 2-mercaptoethanol
(Sigma) 1 mM sodium pyruvate (Sigma), 2 mM
glutamine (Sigma), and 10% (v/v) fetal calf serum
(Gibco), in 24-well plates (Corning) at 1�106 cells/
well. The T lymphocytes were stimulated with
10 lg/ml phytohemagglutinin A (Sigma) with the
addition of 5 ng/ml of recombinant mouse IL-12
(Pharmingen BD) or dilutions (1:10,000 and
1:20,000) of tomato extracts expressing mouse
IL-12. As negative controls, T cells were incubated
without recombinant IL-12 or with non-trans-
formed tomato plant extracts. Where indicated,
anti-mouse IL-12 antibodies (BD Pharmingen)
were added at a 10 lg/ml concentration. After
two days of culture, supernatants were collected
and their IFN-c concentration quantified by a
sandwich ELISA. The ELISA kit was purchased
from BD Pharmingen (lower limit of detection:
5 pg/ml).

Results

Tomato plant transformation with mIL-12 fusion
gene construct

We transformed tomato cotyledons with the
construct p35SMIL12–2300 via Agrobacterium
tumefaciens infection. In this construct, the mIL-
12 fusion gene expression was driven by the
constitutive, enhanced CaMV 35S. We recovered
seven plants on selective medium after transfor-
mation, from which three tested positive for
NPTII (data not shown). These plants, designated

as mIL12-1, -2 and -3, were grown in the green-
house to maturity and selfed. Their progeny was
employed for subsequent experiments. Constitu-
tive expression of mIL-12 in transgenic tomatoes
did not seem to cause any apparent phenotypic
alteration in the plants. The plants looked normal
and flowered at the same time than non-trans-
formed plants (data not shown).

Mouse IL-12 expression at the transcriptional
and translational level

Integration of mIL-12 fusion gene in the three lines
was confirmed by Southern blot hybridization. We
found that a single copy of the transgene was
inserted in the genome of all three lines
(Figure 1b). DNA from wild type plants did not
hybridize with the probe.

Total RNA isolated from wild type and mIL12
lines was used to determine IL-12 mRNA expres-
sion by northern blotting. Figure 2a reveals that
IL-12 mRNA is accumulated to similar levels in all
lines. Also, IL-12 transcripts are present both in
leaves and fruits as expected, since the promoter
employed drives constitutive expression. There
was no detectable signal when using RNA from
wild type plants.

Western blot analysis showed a 70–75 kDa
band present in fruit extracts from all lines and
reacting with specific antibodies against mouse
IL-12 (Figure 2b). The band was not detectable in
protein extracts from non-transformed fruit. In
addition, this band displays a similar molecular
weight to that reported by Lieschke et al. (1997).

As determined by ELISA, IL-12 production in
our lines varied from 1 to 3.4 and from 2.7 to
7.3 lg/g of fresh weight in fruit and leaves,
respectively (Figure 3). When we determined by

Figure 2. Mouse IL-12 expression at the transcriptional and translational level in transgenic tomato plants. (a) Northern blot anal-
ysis of the recovered tomato lines. Total RNA (20 lg) from leaves and fruits was probed with mouse IL-12 gene (mIL-12) or a
ribosomal 28S gene (28S) as loading control. (b) Immunoblot analysis of fruit crude extracts from mouse IL-12 transgenic lines.
Forty micrograms of total soluble protein from the transgenic lines and non-transformed tomato plant (wt) were separated by
7.5% SDS-PAGE and transferred to PVDF membrane. Biotinylated anti-mouse IL-12 monoclonal antibody and avidin-horserad-
ish peroxidase conjugate were used for chemiluminescence detection. The sizes of the molecular weight markers (mw) are indicated
on the left in kDa. The numbers at the top refer to the different tomato lines tested. wt: non-transformed, wild type plants.
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ELISA the expression of IL-12 in T2 plants from
one of our lines, we found that the levels in the
fruit and leaves were similar to the parent plant
(data not shown), indicating that expression of the
transgene is stable through generations.

Biological activity of plant expressed mouse IL-12

Biological activity of mIL-12 was assessed by
induction of IFN-c secretion in T cells (Holland
et al., 1998; Losana et al., 2002; Rosenzweig &

Holland, 2005). Figure 4 shows that extracts from
transformed tomato plants (leaf and fruit) were
able to induce IFN-c production. In addition,
crude extracts from a non-transformed plant did
not induce IFN-c production. In order to confirm
that the plant-derived mIL-12 was causing IFN-c
production and secretion, anti-mouse IL-12 anti-
bodies were added together with the plant extracts.
As shown in Figure 4, in the presence of the
specific antibodies against mIL-12, IFN-c
production was drastically reduced.

Figure 3. Quantitation of mIL-12 levels in transgenic tomato plants. Mouse IL-12 levels present in leaf (gray bars) and fruit (black
bars) crude extracts from the transgenic lines were assessed by ELISA as described in the Materials and methods section. Each bar
represents the mean±SD (expressed in micrograms per gram of fresh weight) of three separate determinations for a particular line.
wt: extracts from non-transformed, wild-type tomato plant.

Figure 4. Bioactivity assay of the plant-derived mouse IL-12. Secretion of IFN-c by T cells induced with recombinant mouse IL-12
(rIL12), dilutions of wild-type (wt) and transformed (tIL12) tomato extracts in the absence (white bars) or presence (black bars) of
anti-mouse IL-12 antibodies. As negative controls, T cells were grown in the presence of medium alone (m) and phytohemaggluti-
nin A (pha). The assay was performed in triplicate.
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Discussion

In this work we report the expression of a key
immunomodulatory protein, IL-12 from mouse, in
tomato plants. Since IL-12 had been successfully
administered as adjuvant via mucosal surfaces
(Belyakov et al., 1998; Boyaca et al., 1999), it
seemed appropriate to evaluate a plant-expressed
IL-12 as adjuvant and as therapeutic agent by
mucosal administration. To this aim, we had
previously express human IL-12 in tobacco plants
to be tested in mice and subsequently in human
cells, but two factors prevented us from achieving
this goal. First, the expression levels in tobacco
were very low in comparison to the levels attained
in this work (see below). Second, human IL-12 is
not functional in mice cells. Even though there is a
60–70% homology in amino acid sequence
between the murine and the human IL-12 proteins,
human IL-12 is only active in human cells, whereas
murine IL-12 is active in mouse and human cells
(Schoenhaut et al., 1992). For these reasons, we
decided to express the murine gene in an edible
plant, tomato. Complementary DNAs coding for
other cytokines (IL-2 and IL-4) had been ex-
pressed previously in tobacco cell suspension
cultures (Magnuson et al., 1998).

Analysis of the three tomato lines obtained
showed that they contained only one copy of the
transgene, whereas the mRNA of mIL-12 accu-
mulated to similar levels in leaves and fruits in all
lines. A band displaying the same size as that
reported in the original article of the single-chain
mouse IL-12 was detectable by specific antibodies
in fruit from all lines indicating successful expres-
sion in tomato. A positive control (recombinant
mIL-12) could not be included in the gel, because
the proteins were separated under reducing condi-
tions, which dissociates IL-12 into the a and b
subunits, and the monoclonal antibody employed
reacts only with mIL-12 in its heterodimeric form.
The western blot also revealed the presence of a
second band just slightly above the putative mIL-
12 band. We do not know the identity of this band,
which is also present in the non-transformed line,
but we hypothesize that it corresponds to a plant
protein recognized by the antibodies. This is not
an uncommon result when using antibodies raised
against animal proteins for detection in plants.
However, this band did not interfere with IL-12
quantitation by ELISA, because values from

untransformed plants were closer to zero. This is
explained by the high sensitivity of the sandwich
ELISA employed, in which we used two antibodies
that recognized two different epitopes of the same
molecule, making the assay much more specific.
Even though the putative mIL-12 appeared to
accumulate to similar levels in all lines, ELISA
indicated that the production was variable. We do
not know the reason, but expression of an antigen
in fruit and leaves of the same tomato plant can be
variable (Walmsley et al., 2003).

The levels of expression obtained are within the
range of expression of other biopharmaceuticals
that have been expressed in plants before (Daniell
et al., 2001). However, these values were much
higher than those that we had previously obtained
for human IL-12 expressed in tobacco plants
(Gutiérrez-Ortega et al., 2004). This was some-
what surprising if one considers that both the
human and murine genes were driven by the same
promoter, the enhanced 35S CaMV. There is a
high degree of homology between human and
murine IL-12 and they both cross-hybridize, how-
ever, this does not necessarily mean that they
should perform similarly as indicated by the fact
the human IL 12 is not active in murine cells,
whereas murine IL-12 is active in human cells. In
addition, a different plant system was employed in
either case and the two genes, although similar in
function, were of different origin. All these facts
might explain the difference in expression level. We
employed the native genes in both cases and thus
they were not optimized for plant expression.
Perhaps there were differences in translatability of
both genes in the plant cells, something that may
have also contributed to the difference in expres-
sion.

The plant-produced mIL-12 was able to induce
the secretion of IFN-c by T cells, which is a
conventional assay to evaluate IL-12 activity. This
effect was obtained by using crude extracts from
fruits, and no purification of the cytokine was
necessary. Increasing amounts of the plant-based
mIL-12 induced the secretion of higher amounts of
IFN-c as expected. Incubation of mIL-12 with the
monoclonal antibodies inhibited activity, which
demonstrated that IFN-c induced by bona fide
mIL-12 produced by the plant. It should be noted,
however, that in the lower dilution of transformed
leaf extract, IFN-c production was not fully abol-
ished in the presence of antibodies. This might have
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been caused by the use of insufficient antibody.
Further experiments to compare the specific activity
of this plant-produced molecule with the commer-
cially available cytokine need to be carried out.

As mentioned earlier, native mIL-12 is a
glycoprotein. Several studies had demonstrated
that plant recombinant glycoproteins are present
in multiple glycoforms (Magnuson et al., 1998;
James et al., 2000). This is what we had detected
previously with human IL-12 in which more than
one band was detected in transgenic tobacco by
western blot (Gutiérrez-Ortega et al., 2004).
Apparently, no different mouse IL-12 glycoforms
were generated in our transgenic tomato lines.
Glycosylation in plants differs slightly from that
in mammals (Bardor et al., 1999) and these
differences may affect bioactivity, as is the case
of erythropoietin expressed in tobacco cells
(Matsumoto et al., 1995). Glycosylation is essen-
tial for secretion of a- and b-IL-12 chains (Carra
et al., 2000; Murphy et al., 2000; Ha et al., 2002),
but there are no data linking IL-12 glycosylation
with bioactivity. However, a more detailed char-
acterization needs to be carried out of bioactivity
of tomato-derived IL-12 in comparison to com-
mercial IL-12. Further biochemical characteriza-
tion, mainly focused on the extent of
glycosylation, is also needed.

Since IL-12, (human and murine), is composed
of two separate chains encoded by different genes,
several strategies to deliver equal amounts of both
chains, an important requirement for activity,
have been designed. Our results clearly indicate
that synthesis of a single-chain polypeptide fused
by a linker sequence is an excellent option to
produce a functional IL-12 in heterologous sys-
tems such as plants.

IL-12 has been administered effectively via
mucosal routes in previous works. It will be very
interesting to test the efficacy of the plant-pro-
duced mIL-12 as an adjuvant in oral immunization
with different antigens. An important finding in
this respect is that mucosal (intranasal) delivery of
IL-12 reduces toxicity without altering its efficacy
(Huber et al., 2003). Preliminary results using
plant-based mIL-12 in a tuberculosis-mouse model
indicate that IL-12 present in these extracts dis-
plays biological activity in vivo when delivered
intranasally (Gutierrez-Ortega, A., Hernandez-
Pando, R, and Gómez Lim, M.A., unpublished
results).
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