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Inhibition of immunoglobulin E response to Japanese cedar pollen allergen (Cry j 1)
in mice by DNA immunization: different outcomes dependent on the plasmid DNA
inoculation method

M. TODA,* H. SATO,T Y. TAKEBE,T Y. TANIGUCHL( S. SAITO,§8 S. INOUYE,Y T. TAKEMORTI* &
M. SAKAGUCHI* *Department of Immunology, +AIDS Research Center and Y Infectious Disease Surveillance Center, National
Institute of Infectious Diseases, Tokyo, Japan, I Hayashibara Biochemical Laboratories, Inc., Okayama, Japan, and 8 Division of
Molecular Immunology, Institute of DNA Medicine, The Jikei University School of Medicine, Tokyo, Japan

SUMMARY

To develop a new immunotherapy for Japanese cedar (Cryptomeria japonica; CJ) pollinosis, we
evaluated the use of DNA immunization by inoculating mice with plasmid DNA encoding Cryj 1 as
a CJ pollen major allergen (pCACJ1). Repeated intramuscular (i.m.) inoculation of BALB/c mice
with pCACJ1 produced anti-Cry j 1 antibody responses, which were predominately of the
immunoglobulin G2a (IgG2a) type. Furthermore, this inoculation suppressed immunoglobulin E
(IgE) and IgG1 antibody responses to subsequent alum-precipitated Cry j 1 injections. Splenic
T cells isolated from mice inoculated with pCACJ1 i.m. secreted interferon-y (IFN-y), but not
interleukin (IL)-4, in vitro upon stimulation with Cry j 1 as well as with p277-288, a peptide
corresponding to the T-cell epitope of Cry j 1. In contrast, inoculation of BALB/c mice with
pCACIJ1 by gene gun injection caused response predominantly of the IgG1 type, and enhanced
production of anti-Cry j 1 IgE antibodies to subsequent alum-precipitated Cry j 1 injections. Splenic
T cells isolated from pCACJ1-innoculated mice by gene gun injection secreted both IFN-y and IL-4
in vitro, upon stimulation with Cry j 1 as well as with p277-288. These findings suggest that i.m.
inoculation with pCACIJ1 effectively elicits Cry j 1-specific T helper 1 (Th1)-type immune responses,

resulting in inhibition of the IgE response to Cry j 1.

INTRODUCTION

Japanese cedar (Cryptomeria japonica; CJ) pollinosis is one of
the most common immediate-type allergic diseases in Japan,
with more than 10% of the population being affected. Two
major allergens, Cry j 1 and Cry j 2, have been isolated from
CJ pollen."? Patients with CJ pollinosis have high levels
of specific immunoglobulin E (IgE) antibodies and T-cell
reactivity to Cry j 1 and/or Cry j 2.%*

Cry j 1 is a basic glycoprotein with a molecular weight
(MW) of 41-45000." The five amino acid residues of the N-
terminus of Cry j 1 are reported to be identical to those of the
North American mountain cedar that belongs to the same
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plant order (Pines) as Japanese cedar.’ The cDNA of Cry j 1
has been cloned and the Cry j 1 sequences show some
homology to the Amb a 1 and 2 family of genes for ragweed
pollen allergens.®’

At present, desensitization treatment for type-I allergic
diseases is used as immunotherapy. This treatment involves the
stepwise subcutaneous (s.c.) injection of the specific allergen in
an escalating dose, such that the patients reach a state of
immunological tolerance. The repeated injection of allergen
over a long time-period is laborious and inconvenient, and it
is therefore of great importance to establish a convenient,
effective protocol for the prevention and treatment of
CJ pollinosis.

DNA immunization is an attractive approach for the
prevention and treatment of allergic diseases.® !> Inoculation
with plasmid DNA encoding an allergen induces long-lasting
expression of recombinant allergens. The protein is processed
and presented to CD8* or CD4"% T cells in the context of
major histocompatibility class I and class II molecules,
respectively. CD4* T cells can be polarized into T helper 1
(Thl) cells producing interferon-y (IFN-y) and interleukin
(IL)-2, or into T helper 2 (Th2) cells producing IL-4, IL-5 and
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IL-10."* The allergic reaction characterized by IgE responses to
the allergen and activation of inflammatory cells is dependent
on the help of allergen-specific Th2 cells. In general, IFN-y
produced by Thl cells selectively inhibits the development and
activation of Th2 cells.!>!® B-cell switching to IgE production
is also prevented by IFN-y.!” Induction of allergen-specific Th1
cells by inoculation with plasmid DNA suppresses the activity
of Th2 cells, which could be promising for interfering with the
allergic reaction.

To establish a convenient and effective protocol for the
prevention and treatment of CJ pollinosis, we evaluated the use
of a DNA immunization method. The favoured routes of
injecting plasmid DNA are either intramuscular (i.m.) or
intradermal (i.d.) inoculation by saline injection, or gene gun
inoculation into skin. Several reports have indicated that i.m.
or id. inoculation with plasmid DNA encoding allergens
inhibits subsequent IgE responses to those same allergens.® !¢
However, the effect of gene gun inoculation in allergic
responses has not yet been elucidated. We inoculated BALB/c
mice with plasmid DNA encoding Cry j 1 (pCACJ1) by both
methods, and then examined the immune responses elicited to
Cry j 1 and the effect on the Cry j 1-specific IgE response.

MATERIALS AND METHODS

Mice

Female BALB/c mice were purchased from Japan SLC Inc.
(Shizuoka, Japan). They were housed under specific pathogen-
free conditions until used in experiments at the age of 8-10
weeks.

Cell culture

293-T cells were maintained in Dulbecco’s modified Eagle
medium (DMEM; Nissui, Tokyo, Japan), supplemented with
penicillin (100 U/ml; Life Technologies Inc., Rockville, MD),
streptomycin (100 pg/ml; Life Technologies Inc.) and 10% fetal
calf serum (FCS). Mouse T cells were enriched from pooled
spleens of BALB/c mice using a nylon wool column (Wako
Pure Chemical Industries, Ltd., Osaka, Japan). These cells were
cultured in RPMI-1640 medium (Life Technologies Inc.),
supplemented with penicillin, streptomycin and 10% FCS.

Antigens

Cry j 1 protein was isolated from CJ pollen by affinity
chromatography using a monoclonal antibody (mAb) specific
to Cry j 1 (mAb 065), as described previously.'®!® The peptide
corresponding to residues 277-288 of Cry j 1, p277-288, was
provided by Dr Kazuki Hirahara (Sankyo Co., Ltd, Tokyo,
Japan).

Construction of pCACJI recombinant plasmid

To induce an immune response to Cry j 1 by plasmid DNA
immunization, we constructed the plasmid pCACJ1 by ligation
of Xhol-Smal-digested Cry j 1 cDNA to the eukaryotic
expression vector pCAGGS, which encodes the cytomegalo-
virus enhancer and chicken PB-actin promoter.’® The coding
region of Cry j 1° was amplified by polymerase chain re-
action (PCR) using the primers 5-CTGCTCGAGATGGA-
TAATCCCATAGACAGCTGC-3' (Xhol site underlined) and
5-GATCCCGGGCTTCATCAACAACGTTTAGAGAG-3’
(Smal site underlined). The PCR product was digested with

Xhol and Smal then subcloned into pPCAGGS. The expression
plasmid was provided by Dr Junichi Miyazaki (Osaka
University Medical School, Osaka, Japan).

Transfection

Plasmids were transfected into 293-T cells by LIPOFECTA-
MINE® reagent (Life Technologies Inc.), according to the
manufacturer’s instructions. Cells were harvested 48 hr after
transfection, after which the protein expression of Cry j 1 in the
cells was examined by Western blotting.

Sodium dodecyl sulphate—polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting

Transfected cells were lysed in sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer containing 5% 2-mercaptoethanol. Each preparation
was loaded into wells, and SDS-PAGE was performed in a
10% gel. For immunoblotting with Cry j 1, the electrophoretic
transfer of proteins from gels to Immobilon™-P (Millipore,
Bedford, MA) was performed. The transferred membranes
were blocked with 5% skimmed milk in Tris-buffered saline
(TBS) containing 0-05% Tween-20, then incubated with rabbit
anti-Cry j 1 immunoglobulin G (IgG) antibodies and then
with peroxidase-conjugated goat anti-rabbit IgG (Amersham
Pharmacia Biotech Ltd, Bucks., UK). The substrate reaction
was developed by enhanced chemiluminescence using the ECL
kit (Amersham Pharmacia Biotech Ltd) and detected by
exposure on X-ray film.

Immunization

Inoculations were given i.m. using a 26-gauge needle that
delivered 50 ug of plasmid DNA in 50 ul of normal saline to
both the left and right femoral muscles, four times at weekly
intervals (days 0, 7, 14 and 21). Gene gun inoculations were
delivered to the depilated abdominal skin of anaesthetized mice
using a Helios gene gun (Bio-Rad Laboratories, Hercules, CA)
at a helium discharge pressure of 300 pounds per square inch.
Mice were inoculated with plasmid DNA two or three times at
weekly intervals (days 0, 7 and 14), and each inoculation
consisted of 0-75mg of 1-0-micron gold beads coated with
1-0 pug of plasmid DNA.

To assess the IgE antibody response to Cry j 1, the mice
were sensitized by intraperitoneal (i.p.) injection with 5-0 ug of
Cry j 1 adsorbed on 2mg of aluminum hydroxide (Pierce,
Rockford, IL), 6 weeks after the last inoculation with pCACJ1.
Three weeks after sensitization, the mice were given a booster
injection with 1-0ug of Cry j 1 adsorbed on 2mg of alum.

Measurement of mouse anti-Cry j 1 IgG, IgGl and IgG2a
antibodies

The IgG, IgG1 and IgG2a antibody responses to Cry j 1 were
assayed using an indirect enzyme-linked immunosorbent assay
(ELISA). Briefly, microtitre plates (MaxiSorp F96; Nunc,
Roskilde, Denmark) were coated with Cry j 1 (1-0ug/ml) in
carbonate buffer (pH 9-6) then blocked with 1% bovine serum
albumin (BSA) in phosphate-buffered saline (PBS). Serum
samples were diluted in PBS containing 0-05% Tween-20 and
1% BSA. The IgG, IgGl, or IgG2a bound to the Cry j 1
immobilized on the wells was detected using peroxidase-
conjugated rat anti-mouse IgG, IgGl or IgG2a antibodies
(Zymed Laboratories, South San Francisco, CA). The
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Figure 1. Western blot analysis of expressed Cry j 1. Lysates of the Cry
j | transfectants and control were electrophoresed. Cry j 1 bands were
detected using rabbit anti-Cry j 1 immunoglobulin G (IgG), as
described in the Materials and methods. Lane 1, native Cry j 1; lane 2,
lysate of pCACJ1-transfected 293-T cells; lane 3, lysate of pCAGGS-
transfected 293-T cells. MW, molecular weight.

substrate used for the peroxidase was ortho-phenylenediamine
dihydrochloride (Zymed Laboratories), and the plates were
read at 492 nm. The titres of anti-Cry j 1 IgG, IgG1 and IgG2a
were estimated using mouse anti-Cry j 1 mAbs, S95 (IgG and
IgG1) and S92 (IgG2a), as the reference antibodies, which were
added at various concentrations to wells coated with Cry j 1,
blocked with BSA and then treated using the same procedure
described above.

Measurement of mouse anti-Cry j 1 IgE antibodies

The IgE antibody response to Cry j 1 was assayed by a
fluorometric ELISA, as described previously.?! Briefly, micro-
titre plate (MaxiSorp F96; Nunc) wells were coated with
1-0pg/ml of anti-mouse IgE mAb (Yamasa Shouyu Co.,
Tokyo, Japan) in carbonate buffer (pH 9-6) for 2 hr at 37°, then

blocked with 1% BSA in PBS at room temperature for 2 hr. The
plates were washed, and serially diluted serum was added to the
wells for overnight incubation at 4°. After each plate was
washed, biotinylated Cry j 1 (0-75 pg/ml) was added to the wells
and the plates were incubated for 1hr at room temperature.
After another wash, the plates were incubated with [-p-
galactosidase-conjugated streptavidin (Zymed Laboratories)
for 1hr at room temperature. After a final wash, 0-1 mm
4-methylumbelliferhl-f-p-galactoside (Sigma Chemical Co.,
St. Louis, MO) was added to each well, and the plates were
then incubated for 2hr at 37°. The enzyme reaction was
stopped with 0-1wm r-glycine-NaOH (pH 10-2). Fluorescence
intensity was read as fluorescence units (FU) by using a
microplate fluorescence reader (Fluoroska; Flow Laboratories,
McLeans, VA). The passive cutaneous anaphylaxis (PCA) titre
of anti-Cry j 1 IgE was calculated on a standard curve
generated for a reference serum of known PCA titre.

Cytokine assays

Splenic T cells were enriched from pCACJ1-inoculated mice
3 weeks after the last inoculation. The T cells (4 x 10°) were co-
cultured with mitomycin C-treated splenocytes (8 x 10%) in
96-well flat-bottom plates in the presence or absence of Cry j 1
(5-0ug/ml) or p277-288 (10 ug/ml). The culture supernatant
was collected after 3days and kept at —20° until used. The
IFN-y and IL-4 levels were determined by ELISA with anti-IL-
4 mAbs (11B and BVD6: PharMingen, San Diego, CA) and
with anti-IFN-y mAbs (R46A2 and XMG1-2, PharMingen).

Statistical analyses

Significance analysis of results obtained for various groups of
mice was performed using the Student’s f-test. Probability
values <0-05 were considered significant.
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Figure2. Intramuscular (i.m.) inoculation with pCACJ1 mainly induced immunoglobulin G2a (IgG2a) antibody response to Cry j 1.
BALB/c mice (n=4) were inoculated i.m. with 100 ug of pCACJ1 four times (4 x i.m.) at weekly intervals. The anti-Cry j 1 IgG, IgG1
and IgG2a titres of pooled sera from mice on days 12 (open bars), 24 (hatched bars) and 36 (solid bars) after the last inoculation were
measured by enzyme-linked immunosorbent assay (ELISA). Data represent mean+SD of duplicate wells. The results are

representative of three independent experiments. *IgG1 < 5-0 ng/ml.
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Figure 3. Gene gun inoculation with pCACJ1 mainly induced antibody response of the immunoglobulin G1 (IgG1) type to Cryj 1.
BALB/c mice (n=4) were inoculated with 1 pg of pCACJ1 by gene gun twice (2 x g.g.) or three times (3 x g.g.) at weekly intervals. The
anti-Cry j 1 IgG, IgG1 and IgG2a titres of pooled sera from mice on days 12 (open bars), 24 (hatched bars) and 36 (solid bars) after the
last inoculation were measured by enzyme-linked immunosorbent assay (ELISA). The data are presented as mean +SD of duplicate
wells. The results are representative of three independent experiments. *IgG2a <5-0 ng/ml.

RESULTS

Inoculation i.m. with pCACJ1 induced Cry j 1-specific Thl
responses in mice

To induce immune responses to Cry j 1 by plasmid DNA
inoculation, plasmid pCACJ1 was constructed by ligation of
Xhol-Smal-digested Cryj1 cDNA to the pPCAGGS mammalian
cell-expression vector. Recombinant Cryj 1 was detected by anti-
Cry j 1 IgG antibodies in the pCACJ1-transfected 293-T-cell
lysate. In Western blotting analysis, native Cry j 1 showed
multiple bands, as is generally observed with glycoproteins, and
its MW was41-45 000 (Fig. 1). In contrast, the recombinant Cry j
1 showed a single band, the MW of which was 39 000 (Fig. 1). The
N-glycosylation pathway in mammals differs from that of
plants;?? therefore, the lower MW of recombinant Cry j 1 was
probably a result of the difference in glycosylation patterns of
Cryj 1 in mammalian cells.

To determine whether inoculation with pCACJ1 caused an
immune response against Cry j 1, BALB/c mice were inoculated
im. with pCACJ1 in saline. As shown in Fig.2, the IgG
antibody response to Cry j 1 was detected in mice inoculated
im. with 100 ug of pCACIJ1 four times at weekly intervals, the
response being maximal 36days after inoculation with
pCACIJ1. In contrast, no Cry j 1-specific immune response
was detected in mice inoculated with the parental expression
vector pCAGGS (data not shown).

In i.m.-inoculated mice, anti-Cry j 1 IgG2a production was
predominant and IgG1 production was not observed (Fig. 2).
Because IgG1 production is mediated by the Th2 response, and
IgG2a production is mediated by the Thl response,'* the
results are compatible with the idea that i.m. inoculation of
plasmid pCACJ1 causes a Thl response to Cry j 1. To
investigate this possibility, we enriched splenic T cells from
mice inoculated with pCACJ1 and stimulated them in vitro with

Table 1. Cytokines responses in pCACJ1-inoculated mice

Cytokines
Inoculation In vitro
method* stimulation IFN-y (U/ml) IL-4 (pg/ml)
4 xim. Cryjl 185+51 <4.0
4 xim. p277-288 227+15 <4.0
2xg.g. Cryjl 134 +37 27.1+6.7
2xg.g. p277-288 ND¥ ND
3xg.g. Cryj1 93.0+12 399+14
3xg.g. p277-288 101+19 25.349.2

*BALB/c mice (n=4) were inoculated intramuscularly with 100 pg of pCACIJ1 four times (4 x i.m.) or with 1 pg of pCACJ1 by gene gun twice (2 x g.g) or

three times (3 x g.g.) at weekly intervals.
TNot determined.
IFN-v, interferon-y; IL-4, interleukin-4.
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Figure4. Intramuscular (i.m.) inoculation with pCACJ1 inhibited the
immunoglobulin E (IgE) and immunoglobulin G1 (IgG1) responses to
Cry j 1. BALB/c mice (n=6) were inoculated i.m. with phosphate-
buffered saline (PBS) or with 100pg of pCAGGS or pCACIJ1 four
times at weekly intervals. Six weeks after the last inoculation, the mice
were sensitized with 5ug of Cry j 1 plus alum and given a booster of
1 ugof Cryj 1 plus alum 3 weeks after the sensitization. Anti-Cry j 1 IgE
titre (a) of sera pooled from mice 7 days after the booster, or the anti-
Cryj 11gG1 (b) and 1gG2a (c) titres of sera pooled from mice on days 0
(open bars) and 14 (hatched bars) after the first sensitization, and on
day 7 (solid bars) after the booster, were measured by enzyme-linked
immunosorbent assay (ELISA). The data are presented as mean +SD
of duplicate wells. The results are representative of three independent
experiments. *IgGl <5-0ng/ml; IgG2a<5-0ng/ml. PCA, passive
cutaneous anaphylaxis.

Cry j 1 or p277-288, a peptide corresponding to the dominant
CD4" T-cell determinant of Cry j 1.%* As shown in Table1,
splenic T cells secreted IFN-y, a Thl-type cytokine, in the
culture supernatant upon stimulation with Cry j 1 protein or a
peptide antigen, but did not secrete IL-4, a Th2-type cytokine.
As with previous observations, these findings suggest that i.m.
inoculation of plasmid pCACJ1 to mice causes a Thl response
against Cry j 1, followed by an IgG2a antibody response.

© 2000 Blackwell Science Ltd, Immunology, 99, 179-186
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Figure5. Gene gun inoculation with pCACJ1 enhanced immunoglo-
bulin E (IgE) and immunoglobulin G1 (IgG1) antibody responses to
Cry j 1. BALB/c mice (n=6) were or were not inoculated with 1 pg of
pCAGGS or pCACJ1 by gene gun two or three times at weekly
intervals. Six weeks after the last inoculation, mice were sensitized with
Sugof Cryj 1 plus alum and given a booster of 1 ug of Cryj 1 plus alum
3 weeks after sensitization. The anti-Cry j 1 IgE titre (a) of pooled sera
from mice 7 days after the booster, or the anti-Cry j 1 IgGl1 (b) and
IgG2a (c) titres of sera from six mice on days 0 (open bars) and 14
(hatched bars) after the first sensitization, and on day 7 (solid bars)
after the booster, were measured by enzyme-linked immunosorbent
assay (ELISA). The data are presented as mean + SD of duplicate wells.
The results are representative of two independent experiments.
*1gG1 <5-:0ng/ml; IgG2a<5-0ng/ml. PCA, passive cutaneous ana-
phylaxis.

Gene gun inoculation of pCACJ1 induced Cry j 1-specific Th2
responses in mice

It has been reported previously that inoculation of plasmid
DNA by gene gun produces preferentially Th2 responses in
mice.?*?° Next, we examined Cry j 1-specific immune responses
in BALB/c mice inoculated with pCACJ1 by gene gun.
Inoculation of BALB/c mice with 1ug of pCACJ1 two to
three times by gene gun induced an IgG antibody response to
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Cry j 1. The level of IgG response in mice inoculated by gene
gun twice was =~ threefold higher than that in mice inoculated
four times i.m. with 100pg of the same plasmid (Fig.3).
Inoculation of pCACJ1 to mice by gene gun three times at
weekly intervals enhanced the response in comparison with
that for mice inoculated twice. No IgE antibody response to
Cry j 1 was detected in mice inoculated with pCACJ1 by gene
gun (data not shown).

In contrast to the response in mice inoculated i.m. with
pCACIJ1, the IgG antibody response was dominated by IgGl
antibodies in mice inoculated by gene gun, and the IgG2a
antibody level against Cry j 1, when measurable, was = 40-fold
less than the level of IgG1 antibody (Fig.3). Splenic T cells
isolated from mice inoculated with pCACJ1 by gene gun
secreted IFN-y together with IL-4 upon stimulation in vitro
with Cry j 1 or a peptide antigen (Table1). These findings
suggest that gene gun inoculation of pCACJ1 may induce Thl
responses against Cry j 1, but that the Th2 responses are
predominant.

Inoculation i.m. with pCACJ1 inhibited the subsequent IgE
response to Cry j 1

To determine whether the inoculation of pCACJ1 affects the
subsequent IgE antibody response to Cry j 1, BALB/c mice
were sensitized i.p. with alum-precipitated Cry j 1 6 weeks after
inoculation with pCACJ1. Because a single sensitization did
not elicit an IgE antibody response, mice were sensitized twice
with the same antigen at 3-week intervals. They were bled
7 days after the last sensitization to estimate the IgE antibody
response.

As shown in Fig. 4(a), the IgE antibody response to Cry j 1
was reduced in mice inoculated i.m. with pCACJ1 four times at
weekly intervals, being six- to 10-fold less than that of the non-
inoculated mice or pCAGGS-inoculated mice. Likewise, i.m.
inoculation with pCACJ1 decreased the IgGl antibody
response to Cry j 1 14days after the first sensitization, but
the decrease became marginal after the second sensitization
(Fig.4b). In contrast, inoculation with pCACJ1 markedly
enhanced the IgG2a response to Cry j 1 = 10-fold over that of
the control mice (Fig.4c). These findings support the notion
that i.m. inoculation with pCACJ1 suppresses the priming
and/or activation of the Th2 cells in subsequent sensitization
with Cry j 1, together with an enhancement of the Thl
response.

Gene gun inoculation with pCACJ1 enhanced the subsequent
IgE response to Cry j 1

To examine the effect of inoculation with pCACJ1 by gene gun
on subsequent antibody responses to Cry j 1, BALB/c mice
were sensitized i.p. with alum-precipitated Cry j 1 6 weeks after
inoculation with pCACJ1 by gene gun, two to three times at
weekly intervals. As shown in Fig. 5(a), in contrast to the i.m.
inoculation with pCACJ1, inoculation with the plasmid by
gene gun resulted in an enhancement of IgE antibody
formation in response to subsequent Cry j 1 injection, at an
approximate maximum of 10-fold over the non-inoculated
mice or pCAGGS-inoculated mice.

Likewise, gene gun inoculation with pCACJ1 enhanced the
IgG1 antibody response to Cry j 1 14days after the first
sensitization with Cry j 1, but the enhancement became
marginal after the second sensitization (Fig.5b). In contrast,
inoculation of mice twice with pCACJ1 decreased the IgG2a
antibody response to Cry j 1, which was twofold less than that
of the control animals, but inoculation with pCACIJ1 three
times did not affect the IgG2a antibody response (Fig. 5c).
Owing to the preponderance of Th2-type over Thl-type
immune responses, inoculation with pCACJ1 by gene gun
must enhance IgE antibody responses to Cry j 1.

DISCUSSION

In this study, we found that different inoculation methods of
plasmid DNA had different abilities to suppress the CJ allergen-
specific IgE response. The i.m. inoculation with pCACJ1
elicited Cry j 1-specific Th1-type immune responses, resulting in
inhibition of the IgE response to Cry j 1. This finding indicated
the potential for DNA immunization as a tool for the
prevention and treatment of CJ pollinosis. It should be noted
that gene gun inoculation of pCACJ1 predominantly induced
the Th2 response and enhanced IgE formation in response to
subsequent injection of Cry j 1. Therefore, DNA immunization
by gene gun would be useful for suppression of Thl-mediated
immune diseases, such as multiple sclerosis and rheumatoid
arthritis, but would promote the occurrence and symptoms of
allergic diseases. To suppress allergic responses following DNA
immunization with gene gun, the use of an adjuvant for
promoting Th1 responses, such as IL-12, should be considered.

Some studies have reported that there is a difference
between immune responses induced by im. and gene gun
inoculation, which is agreement with our results.>** The
difference in immune responses induced by the two methods
can be explained by several factors, including antigen
concentration, cytokine condition, or the type of antige-
presenting cells (APC). In im. inoculation, cells acquire
plasmid DNA from the extracellular spaces and the transfec-
tion rate is low. Gene gun inoculation directly transfects cells
by depositing plasmid DNA-coated gold beads within the cell
cytoplasm, which gives a high transfection rate. The difference
in the level of expressed protein between the two methods
would result in the differentiation of distinct types of CD4"
T cells. In fact, a predominant IgG1 response to Cry j 1 was
observed in mice inoculated i.m. with pCACJ1 by in vivo
electroporation, which is known to be a method of achieving
high transfection rates and protein expression (data not
shown).2%

It was also reported that the unmethylated CpG motif in
bacterial DNA induces the production of IL-12, IFN-a, IFN-
and IFN-y by macrophages, dendritic cells, natural killer (NK)
cells, B cells and T cells, which trigger Thl-type immune
responses.”’ ** The sequence AACGTT, in particular, pos-
sessed significant activity.?' Three such sites exist in the plasmid
used in our study. Injection of large amounts of plasmid DNA
containing the CpG motif by i.m. inoculation would induce
adjuvant effects that promote Thl-cell responses. In gene gun
inoculation, the plasmid DNA injection dose was probably
insufficient to induce the adjuvant effect necessary for eliciting
predominantly Th1 responses.

© 2000 Blackwell Science Ltd, Immunology, 99, 179-186
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Different types of APC transfected by the two methods may
influence the differentiation of CD4* T cells. Porgador et al.
indicated that directly transfected dendritic cells acted as APC
to prime CD8™ T cells after gene gun inoculation.*® Several
studies using parent-into-F; bone marrow-reconstituted mice
indicated that CD8% T-cell responses induced by i.m.
inoculation are initiated by bone marrow-derived APC.>*3*
However, it has not yet been elucidated which type of APC
prime CD4" T cells, nor how endogenously synthesized
proteins induce CD4" T-cell responses. When information
concerning the priming of CD4 ™" T cells is available, the precise
mechanisms underlying the difference in immune responses can
be elucidated.

The recombinant Cry j 1 in pCACJ1-transfected mamma-
lian cells had a different MW from that of native Cry j 1
(Fig.1). Cry j 1 possessing N-linked oligosaccharides with
xylose and fucose structures are found only in plants.***® The
lower MW of recombinant Cry j 1 was probably a result of the
difference in glycosylation patterns of Cry j 1 in mammals.
However, recombinant Cry j 1 had a T-cell epitope, and the
splenic T cells isolated from pCACJ1-inoculated mice were able
to respond to native Cry j 1 and peptide corresponding to the
CD4* T-cell epitope (Table1). The important factor in the
induction of allergen-specific Thl cells is the CD4* T-cell
epitope site in the recombinant allergen. As long as an allergen
expressed in mammalian cells by inoculated plasmid DNA has
T-cell antigenicity, the induction of allergen-specific Thl
responses would be guaranteed.
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