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Abstract

We evaluated here the effect of the intracellular targeting of a helper F-cell (Th) epitope, literiolysin O 215-226 derived from Listeria
monocytogenes, on induction of a specific Th by gene gun immunisation. Immunisation of C3H/He mice with pE2ISLAMP plasmid
encoding the Th epitope fused with the endosomal/lysosomal targeting signal of lysosome-associated membrane protein (LAMP)-1 gave
the epitope-specific proliferative responses of CD4* T lymphocytes. In addition, specific interferon-y production from the splenocytes was
observed. Concomitantly, pE215LAMP-immunised mice showed moderate, but significant protective immunity against listerial challenge.
These results suggest that the intracellular targeting of a Th epitope to endosomalflysosomal compartments by DNA immunisation is

useful for eliciting a specific Th subset in vivo.

© 2002 Federation of European Microbiological Societies. Published by Elsevier Science B.V, All rights reserved.

Keywords: DNA immunisation; LAMP-1; Th epitope; Listeriolysin O

1. Introduction

Inducing a specific T-cell subset by contriving a new
immunisation method may be useful for designing effective
vaceines for infectious disease, autoimmune disease, can-
cer, and also for clarifying the role of each T-cell subset in
the immune responses. DNA vaccine is a promising im-
munising method for this purpose. DNA vaccine offers
many advantages over other types of immunising meth-
ods: relatively easy design and construction by using re-
combinant DNA technique, chemical stability, relatively
low cost, and a lack of infectious potential. More impor-
tantly, the procedure can induce cellular immunity (re-
viewed in [L,2]). Immunisation with gene gun bombard-
ment has been reported to be capable of eliciting cellular
immunity, especially cytotoxic T lymphocytes (CTL), be-
cause proteins or peptides produced from the plasmids are
expressed in the cytoplasm of the plasmid-introduced anti-

* Corresponding author. Tel. and Fax: +81 (53} 435 2335
E-mail address: tnagata@hama-med.ac.jp (T. Nagata).

gen (Ap)-presenting cells and, therefore, tend to enter the
major histocompatibility complex (MHC) class I Ag-pro-
cessing pathway [3,4]. On the other hand, induction. of
CD4* T cells needs Ag presentation through MHC class
IT pathway. In general, endogenously expressed antigenic
molecules are not supposed to enter MHC class II Ag-
presentation pathway. However, the recent advance of
knowledge concerning intracellular protein targeting
makes it possible for even endogenously expressed mole-
cules to enter MHC class Il Ag-presentation. pathway . to
induce CD4* T cells (reviewed in [5]). Here, we examined
the effect of the intracellular targeting of a helper T-cell
{Th) epitope in DNA immunisation on a specific CD4*
T-cell subset induction.

Listeria monocytogenes is a facultative Gram-positive
mtracellular bacterium, Murine infection with L. monocy-
togenes is an excellent model system for studying cellular
immunity against intracellular microorganisms (reviewed
in [6,7]). For protection against the microorganism, the
cellular immunity has been considered to play an essential
role. Especially, both CD8* CTL and CD4* type 1 Th
(Thl), which are specifically amplified at listerial infection,

0378-1097/02/%22.00 © 2002 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.

PII: S0378-1097(02)00998-9

- 719 —



92 _. H. Uchiyama et al. { FEMS Microbiology Letters 216 (2002) 91-97

have been shown to play a critical role in the protective
immunity by experiments of depletion and adoptive trans-
fer of specific T-cell subsets [8-12], and by analyses of
mutant mice with a genetic defect in the B2-microglobulin
or the H2-A B chain gene [13,14], CD8* CTL have been
reported to play a superior role in protective immunity
[13,15,16]. However, several papers demonstrated a signifi-
cant role of the CD4* T-cell subset for protective immun-
ity [17-19). Virulent strains of L. monocytogenes secrete a
sulfhydryl-activated pore-forming exotoxin, listeriolysin O
(LL.O), which has been identified as a major virulence
factor [20]. LLO allows the bacterium to escape from
the phagosome and replicate in the cytoplasm. LLO has
also been known as a protective antigen, and T-cell epi-
topes in LLO have been identified. LLO 91-99 was iden-
tified as dominant CD8% CTL epitopes restricted to H2-
K9 {21]. LLO 215-226 was confirmed as a dominant
CD4+ Th epitope restricted to the H2-E¥ molecule
[22,23]. We chose the latter epitope as a target peptide
of minigene DNA immunisation in this study. Here we
report that DNA vaccine of a listerial Th epitope is capa-
ble of eliciting a specific CD4* T cell in vivo, when the
epitope is designed to localise in endosomal/lysosomal
compartments by utilising the targeting signal of a lyso-
some-associated membrane protein (LAMP)-1 molecule.

2. Materials and methods
2.1. Animals

C3H/He mice (Japan SLC; Hamamatsu, Japan) were
maintained in the animal facility of Hamamatsu Univer-
sity School of Medicine. Mice between 6 and 18 weeks of
age were used for immunisation. All animal experiments
were performed according to the Guidelines for Animal
Experimentation, Hamamatsu University School of Med-
icine.

2.2. Plasmid construction

The eukaryotic expression vector, pCI (Promega, Mad-
ison, WI, USA), was used as a backbone plasmid for the
construction of plasmids for DNA immunisation. The oli-
gonucleotides used for p215 plasmid are 5'-CCCGGG
ATG AGC CAG CTG ATC GCC AAG TTT GGC
ACC GCC TTT AAG TAG CCCGGG-3' and the oppo-
site strand of oligonucleotides which encode amino acid
residues 215 to 226 of LLO, MSQLIAKFGTAFK, and a
termination codon. These oligonucleotides were annealed
and inserted into the Smel site of pCI plasmid. The codon
usage of the oligonucleotide for LLO 215-226 peptide was
optimised to that of Mus musculus [24]. The oligonucleo-
tides used for pE215 are, 5'-CCCAGCT ATG AGG TAC
ATG ATT TTA GGC TTG CTC GCC CTT GCG GCA
GCT GCA GGC AGC CAG CTG ATC GCC AAGTTT

GGC ACC GCC TTT AAG TAG CCCGGG-3' and the
opposite strand oligonucleotide which encodes adenovirus
E3 leader sequence [25] plus LLO 215-226. These oligo-
nucleotides were annealed and inserted into Sma I site of
pCI plasmid. For construction of the pE21SLAMP plas-
mid, PCR was carried out using six overlapping oligonu-
cleotides together (gene SOEing by overlap extension,
[26]). Four oligonucleotides, having 15-nucleotide overlap
regions at both ends, and two primers [5'-CCGGAATT-
CACCATGAGGTACATGA-3' (upper primer containing
Hindlll site) and 5'-CTAGTCTAGACTAGATGGTCT-
GATA-3' (lower primer containing Nspl site)] were mixed
in the PCR solution. The overlap extension PCR gave rise
to a 213-bp DNA fragment encoding adenovirus E3 leader
sequence/HindII1 site/Nspl site/murine LAMP-1 trans-
membrane and cytoplasmic regions [25,27]. The PCR
product was digested with EcoRI and Xbal, sites of which
were designed in these primers. The PCR product was
purified and inserted into EcoRI and Xbal sites of pClI,
resulting in pELAMP plasmid, Then, the plasmid was
digested with HindIIl and Nspl and inserted with a co-
don-optimised double-stranded oligonucleotide encoding
LLO 215-226 [5'-AG CTT AGC CAG CTG ATC GCC
AAG TTT GGC ACC GCC TTT AAG ATG GAT AAC
ATG-3' (for coding strand) and 5'-TT ATC CAT CTT
AAA GGC GGT GCC AAA CTT GGC GAT CAG
CTG GCT A-3' (for non-coding strand}].

During the cloning procedure, the DNA fragments were
purified from agarose gels using a GeneClean II kit {Bio
101, La Jolla, CA, USA). The nucleotide sequences of the
resultant plasmids were confirmed by dideoxy sequencing
by using a ABI PRISM 310 Genetic Analyzer {(Applied
Biosystems, Foster City, CA, USA).'Large-scale purifica-
tion of plasmids was conducted with a Qiagen plasmid
mega kit system (Qiagen, Valencia, CA, USA) and endo-
toxin was removed by Triton X-114 phase separation.

2.3. Mice immunisation

For DNA immunisation with Helios gene gun system
(Bio-Rad Laboratories, Hercules, CA, USA), preparation
of the cartridge of DNA-coated gold particle cartridge was
followed according to the manufacturer’s instruction man-
ual. Finally, 0.5 mg of gold particles were coated with 1 pg
of plasmid DNA and the injection was carried out with 0.5
mg gold per shot twice. To immunise C3H/He mice, the
shaved abdominal skin was wiped with 70% ethanol. The
spacer of the gene gun was held directly against the ab-
dominal skin. Then, the device was discharged at a helium
discharge pressure of 400 psi. Mice were injected with 2 ug
of plasmid DNA four times at 1-week intervals.

2.4. Cell culture condition

Spleen cells from plasmid-immunised mice were main-
tained with RPMI-1640 medium supplemented with 10%
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foetal bovine serum (FBS) at 37°C in a humidified 5%
CO; atmosphere,

2.5. Lymphocyte proliferation assay

Spleen cells (5 10° per well) from the immunised mice
were incubated for 48 h at 37°C in 96-well round-bottom
tissue culture plates in the presence or absence of 1 pM of
LLO 215-226 peptide. After 48 h in culture, de novo
DNA synthesis was assessed by adding 0.5 pCi per well
[methyl-*H} thymidine (10 Ci mmol™!; ICN Biochemicals,
Irvine, CA, USA) for the last 12 h of culture. Triplicate
cultures were harvested onto glass fibre filters, and the
[methyl-*H} thymidine incorporation was determined by
counting the radioactivity (cpm) using a liquid scintillation
counter. '

2.6. Inhibition of lymphocyte proliferation with depletion of
CD4* T-cell subset

CD4/CD8 specificity of proliferative T cells was tested
by depletion studies with anti-murine CD4 mAb, GK1.5,
anti-murine CD8a mAb, 53-6.7. The mAbs were pur-
chased from PharMingen (San Diego, CA, USA). The
immune spleen cells were added to the mAbs at 1 ug
ml™! and incubated for 1 h at 4°C. They were then cen-
trifuged and the supernatant was discarded. The cells were
resuspended in the cytotoxicity medium [RPMI-1640 me-
dium with 25 mM HEPES buffer and 0.3% FBS contain-
ing rabbit complement (Cedarlane, Hornby, Canada)] and
incubated for 1 h at 37°C. Then, the cells were washed
with RPMI-1640 medium and used for the lymphocyte
proliferation assay described in Section 2.5,

2.7. Enzyme-linked immunosorbent assay (ELISA) for
IFN-y

Spleen cells were harvested from the immunised mice.
Recovered cells were plated in 24-well plates at 2x 10
cells per well in the presence or absence of 1 uM of

p215
1 13

OO o Tty
IEaUs TR,
pE215

1 1617 28

["Ad €3 leader seq . EGLBRPETARK )

LLO 215-226 peptide for 5 days. Concentration of IFN-
v in the culture supernatants was determined by sandwich
ELISA as described in our previous report [28].

2.8. Bacterial infection

L. monocytogenes EGD strain was kept virulent by in
vivo passage. For the inoculation, a seed of L. monocyro-
genes was cultured overnight in trypticase soy broth (BBL,
Sparks, MD, USA} at 37°C in a bacterial shaker and
suitably diluted with phosphate-buffered saline. The exact
infection dose was assessed retrospectively by plating.
Mice were immunised four times with DNA vaccine plas-
mids as described above, or immunised by a single intra-
peritoneal injection with a sublethal dose of L. monocyto-
genes (1x10* CFU). One month later, the mice were
challenged with 1X10° CFU of L. monocytogenes. Bacte-
rial numbers of the spleens were determined 72 h after the
challenge infection by plating 10-fold dilutions of tissue
homogenates on trypticase soy agar plates (BBL).

2.9. Statistics

Data from multiple experiments were expressed as the
means % S.D. Statistical analyses were performed by using
StatView-J 4.02 statistics program {(Abacus Concepts,
Berkeley, CA, USA). Data were analysed with one fac-
tor-analysis of variance followed by the Fisher’s protected
least significant difference test.

3. Results
3.1. Construction of plasmids for DNA immunisation

In order to evaluate the effect of different intracellular
targeting of an MHC class Il-restricted T-cell epitope for
DNA immunisation, we constructed three different plas-
mids for expression of the amino acid residues 215 to 226
of L.LLQ (Fig. 1). The plasmid p215 is a minigene plasmid

pE215LAMP
1 6 19 30 35 6370 T4
["Ad E3'leaderséq =] 7] | LAMP-1 transmembrans region [yam |

Fig. L. The schema of gene products containing LLO 215-226 Th epitope deduced from the cDNA constructs prepared in this study (p215, pE215, and
pE2I5LAMP), The hatched boxes indicate LLO 215-226 peptide and dotted boxes indicate adenovirus E3 leader sequence. The box depicted as YQTI
in pE21SLAMP is the cytoplasmic region of murine LAMP-1 melecule reported as the endosomal/lysosomal targeting signal. Amino acid numbers of

cach domain are shown above each schema.
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Fig. 2. Comparison of specific Th induction by immunisation with LLO 215-226 expression plasmids. A: Specific profifetative responses of spleen cells
from p215, pE215, or pE215LAMP-immunised mice. C3IH/He mice were immunised with each plasmid by using a gene gun four times at 1-week inter-
vals. Spleen cells from the immunised mice were harvested three weeks after the last immunisation and cultured in vitro {5X 10° per well) in the pres-
ence or absence of 1 uM of LLO 215-226 peptide for 2 days and pulsed with 0.5 puCi of {methyl->H] thymidine for the last 12 h. Results of naive and
L. monocytogenes-immunised C3IH/He mice are also shown as controls. The values indicate cpm per well. The means +S.D. of Acpm {cpm in the pres-
ence of the peptide minus ¢cpm in the absence of the peptide} of four mice per group are shown. Asterisks indicate statistical significance (P =10.001)
compared with the value of naive mice. B: Inhibition of LLO 215-226-specific spleen cell proliferation by CD4* T-cell subset depletion. Spleen cells
from pE215LAMP-immunised mice were treated with anti-CD4, or anti-CD8 mAb and rabbit complement, or remained untreated. Then, the lympho-
cyte proliferation assay was performed as in Fig. 2A. The means+S$.D. of Acpm of quintuplicate determinations of a representative experiment are
shown. Asterisks indicate statistical significance (P = 0.02) compared with the value of untreated control (pE2[SLAMP).

for expression of LLO 215-226 peptide alone. The peptide
produced by this plasmid will be located in the cytoplasm
of the plasmid-introduced cells. pE215 plasmid was de-
signed for the expression of an LLO 215-226 peptide fused
with an adenovirus E3 leader sequence at the N-terminus
for localisation of the peptide in the endoplasmic reticu-
lum. pE215LAMP was designed for the expression of
an LLO 215-226 peptide fused with an adenovirus E3
leader sequence at the N-terminus and the transmembrane
region and the endosomal/lysosomal targeting signal of
murine LAMP-1 molecule at the C-terminus for localisa-
tion of the peptide in the endosomal/lysosomal compart-
ments.

3.2, Proliferative responses of spleen cells of mice
immunised with expression plasmids for LLO 215-226
Th epitope and the epitope-specific IFN-y production by
the spleen cells

In order to examine the effect of immunisation with
different forms of LLO 215-226 expression plasmids, we
performed lymphocyte proliferation assay after immunisa-
tion of C3H/He mice with the plasmids by using gene gun
bombardment. We chose the immunisation method as it
was a very reliable and reproducible method from our
previous experience [29]. As shown in Fig. 2A, immunisa-
tion with pE21SLAMP plasmid induced LLO 215-226-

specific proliferative responses of spleen cells from the im-
munised mice, whose level was, however, weaker than
those from mice immunised with a sublethal dose of
L. monocytogenes. Immunisations with p215 and pE215
plasmids showed less proliferative responses to LLO
215-226 peptide stimulation, which were not significantly
different from those observed in naive mice, Then we ex-
amined the subset of lymphocytes generated by priming
with pE215LAMP plasmid DNA immunisation. As shown
in Fig. 2B, the specific proliferation of spleen cells of mice
immunised with pE21SLAMP plasmid was reduced signif-
icantly by CD4* T-cell subset depletion, but not by CD8*
T-cell subset depletion, indicating that lymphocytes prolif-
erated by LLO 215-226 peptide stimulation are CD4*%
T cells.

Furthermore, we analysed IFN-y amounts in the super-
natants of spleen cell culture after 5 days of in vitro stim-
ulation with LLO 215-226 peptide. Again, immunisation
with pE215LAMP induced amounts of IFN-y higher than
those of mice immunised with other plasmid constructs
examined (p215 and pE215) after the in vitro stimulation
(Fig. 3). But the amounts were lower than those of mice
immunised with a sublethal dose of L. monocytogenes
(Fig. 3). We did not detect IL-4 production from spleen
cells of the immunised mice with ELISA (the detection
limit of IL-4 in our ELISA systern was approximately
100 pg mI~!; data not shown).
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Fig. 3. IFN-y production by spleen cells from p215, pE2l5, or pE215-
LAMP-immunised mice. The spleen cells from the plasmid-immunised
mice were cultured in vitro in the presence or absence of | UM of LLO
215-226 peptide for 5 days, and the culture supernatants were analysed
by sandwich ELISA for IFN-y. Results of naive and L. monocytogenes-
immunised C3IH/He mice are also shown as controls. The values repre-
sent the means+5.D. of Apg ml1™! (the value in the presence of the pep-
tide minus the value in the absence of the peptide) of four to nine mice
per group. Asterisks indicate statistically significant (P <0.005) com-
pared with the value of naive mice.

3.3. Induction of protective immunity against listerial
infection after immunisation with pE215LAMP
plasmid

In order to examine whether the immunity evoked by
immunisation with these plasmids is associated with an
increased resistance to infection of virulent L. monocyto-
genes, the in vivo protection experiment was carried out.
Seventy-two hours after listerfal challenge, mice immu-
nised with different forms of LLO 215-226 expression
plasmids were killed and CFU from the spleens were
counted. As shown in Fig. 4, immunisation with p215 or
pE215 did not show significant protective effects compared
with naive mice. Immunisation with pE215LAMP con-
ferred moderate but significant protective immunity
against listerial challenge on the mice.

4. Discussion

In general, DNA immunisation with gene gun bombard-
ment is thought to be able to introduce exogenous plasmid
DNA into the cytoplasm of professional Ag-presenting
cells located in the epidermis or dermis, especially, Lan-
gerhans’ cells [3,4]). We examined here the endogenous pre-
sentation of MHC class II-restricted T-cell epitope derived
from L. monocytogenes by DNA immunisation. In this
study, we compared the immunisation effects due to the

differential intracellular targeting of a single Th epitope of
L. monocytogenes with gene gun bombardment. Immuni-
sation of p215, which encodes LLO 215-226 peptide alone
did not elicit specific Th induction. In our previous works,
a similar minigene plasmid encoding LLO 91-9%, a dom-
inant MHC class I epitope, induced strong CTL activity
by gene gun bombardment [29,30]. This result is not sur-
prising, as proteins or peptides synthesised in the cyto-
plasm are usually processed through MHC class I Ag-pre-
senting pathway. In addition, we also showed in a
previous work that immunisation with an expression plas-
mid for a single Th epitope of ovalbumin (OVA 323-336)
failed to induce specific lymphocyte proliferative responses
[31]. Immunisation with pE215, which produces LLO 215-
226 peptide connected with adenovirus E3 leader sequence
at the N-terminus, did not elicit significant levels of pro-
liferative T cells responsive to the epitope, either. In the
case of MHC class I epitope, several papers demonstrated
that addition of a leader sequence enhances CTL induc-
tion following gene gun bombardment [25,32,33], whereas,
in the case of MHC class II epitope, targeting the peptide
into the endoplasmic reticulum with adenovirus E3 leader
sequence may not be sufficient for induction of Th. T cells
responsive to a Th epitope, LLO 215-226, were able to be
induced by immunisation of pE21SLAMP plasmid encod-
ing LLO 215-226-LAMP-1 fusion polypeptide. Further-
more, immunisation of the plasmid was capable of induc-

p215 —
pE215 —
pE215LAMP — x
naive —
Listeria 4
| I I
103 104 105 108

CFU

Fig. 4. Protective immunity induced by immunisation with LLO 215-
226 expression plasmids. Mice were immunised with different forms of
LLO 215-226 expression plasmids four times at [-week intervals. One
month after the last immunisation, the immunised mice were challenged
with 1 X105 CFU of L. monocytogenes. Bacterial numbers in the spleens
were determined 72 h after the challenge infection by plating 10-fold di-
lutions of tissue homogenates on trypticase soy agar plates. Results of
naive and L. monocytogenes-immunised CIH/He mice are also shown as
controls. Results are expressed as the means+S.D. for three mice for
each group. Asterisks indicate statistical significance (£ <<0.05) com-
pared with the value of naive mice,
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ing partial protection against L. monocytogenes challenge
infection.

LAMP-1 molecule is a type 1 transmembrane protein
located predominantly in lysosomes and late endosomes
involving MHC class II Ag-processing pathway [34]. The
cytoplasmic domain of LAMP-1 contains the amino acid
sequence Tyr-Gln-Thr-Ile, which is important for endoso-
mal/lysosomal protein targeting [35]. In vitro activation of
Epstein-Barr virus- and influenza virus-specific CD4*
memory CTLs was successfully demonstrated by using
the LAMP-1 recombinant vaccinia virus expression system
{36]. The similar in vivo system with naked DNA immu-
nisation for induction of a specific CD4* T-cell subset has
been examined. Ji et al. [37] showed that targeting human
papillomavirus type 16 E7 molecule to the endosomal/ly-
sosomal compartments by gene gun immunisation enhan-
ces the anti-tumour immunity enough to protect mice
against a challenge with virus protein-expressing tumours
and to eradicate preexisting tumour cells. As for the at-
tempt to vaccinate against infectious diseases, Vidalin et
al. [38] tried to induce CD4* CTL population against
hepatitis C virus core protein by DNA immunisation
with a plasmid for the LAMP-1 fusion protein. But they
could not show proliferative responses of the spleen cells
from the immunised mice. Their results might be caused
by the nature of the hepatitis C virus core protein that
does not allow eliciting specific immunity against the virus.
Recently, Rodriguez et al. [39] reported successful CD4*
T-cell induction by the immunisation of Th epitope mini-
gene plasmid DNA by utilising the lysosomal targeting
signal located in the C-terminal tail of lysosomal integral
membrane protein (LIMP)-IL Interestingly, they showed
that the immunological consequences varied depending on
the Th epitopes examined. Our results showed not striking
but yet significant effects of the targeting of a Th epitope
on induction of T-cell population specific to the epitope.

So far, several reports have demonstrated a role of
CD4* T cells on protective immunity against listerial chal-
lenge [17-19]. Verma et al. [40] demonstrated that the in-
duction of CD4* T-cell population responsive to LLO
215-226 in vivo elicits partial protective immunity by us-
ing the Salmonella carrier system. They showed l-log or-
der reduction in numbers of the bacterium in the spleens
and livers of immunised mice. As another approach, we
recently showed that nice induction of protective immun-
ity to L. menocytogenes by immunisation with plasmid
DNA expressing LLO 215-226 Th epitope that replaces
the class IT-associated invariant chain (I1) peptide (CLIP)
of the Ii [4i]. In that study, we showed an approximately
2-log order reduction in numbers of the bacterium in the
spleens and livers of immunised mice. LAMP-1 DNA vac-
cine in this study showed less immunological effects com-
pared to the Ii DNA vaccine [41] in terms of IFN-y pro-
duction by splenocytes and in vivo protection assay,
LAMP-1 or LIMP-II DNA vaccine may be useful for
the targeting of proteins as well as peptides to the endo-

somal/lysosomal compartments, although the CLIP-re-
placed type of Ii DNA vaccine can only afford to deliver
small peptides, Th epitopes, in theory. However, immune-
logical cflects of LAMP-1 or LIMP-II DNA vaccine might
be weaker than the CLIP-replaced type of Ii DNA vac-
cine, and will also depend on the target genes, as suggested
in Rodriguez et al. [3§]..
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Pretreatment of Recipients With Mitomycin-C-Treated Dendritic Cells
Induces Significant Prolongation of Cardiac Allograft Survival in Mice

B. Li*, Y. Koide, M. Uchijima, Y. Ohtawara, and K. Fujita

NJECTION of mitomycin-C (MMC)-treated spleen cells

is known to induce donor-specific unresponsiveness to
cardiac allografts in rats.! However, the mechanisms by
which the unresponsiveness is induced after MMC treat-
ment are uncertain. Because dendritic cells (DCs) are
highly efficient initiators and regulators of immune re-
sponses as bone marrow (BM)-derived professional anti-
gen-presenting cells (APCs), we hypothesized that, after
MMC treatment, DCs might play a key role in the induction
of unresponsiveness. In the current study, we focused on the
effect of MMC-treated DCs on murine heart allograft
survival.

MATERIALS AND METHODS
Animals

Male BALB/c (H-2%) mice were used as donors, male C57BL/6
(H-2*) mice as recipients, and male C3H/HeJ {(H-2) mice as the
third party. The mice were obtained from Japan SLC (Hamamatsu,
Japan), and maintained in clean cages under pathogen-free condi-
tions in the animal facility of Hamamatsu University School of
Medicine.

Propagation and Purification of DCs

The method for in vitro propagation of DC progenitors was
basically that described by Inaba et al? Cells (2 X 10%) were
cultured in plates in DMEM supplemented with 10% (v/v) heat-
inactivated fetal calf serum (Sigma Co, St Louis, Mo) and 0.1
ng/mL recombinant mouse GM-CSF (Pepro Tech, Inc} either
alone or together with 0.1 ng/mL recombinant mouse IL-3 or 1L-4
(Pepro Tech).

MMC Treatment

For treatment of MMC (Kyowa Hakko Co, Osaka, Japan), a
suspension of 8 X 10° DCs in 2 mL of basal medium eontaining 50
pg/mL of MMC was incubated for 30 minutes at 37°C. After
treatment, the cell suspension was washed three times with basal
medium. Cell viability, as assessed by the trypan blue dye exclusion
test, was >90% after MMC treatment. C57BL/6 mice were prein-
jected with 8 X 10° MMC-treated, or untreated, BALB/c DCs in
0.5 mL of DMEM through the penile vein under cther anesthesia.
The control group was injected with 0.5 mL of DMEM alone.

Heart Grafting

Ten days after DC injection, hearts from either BALB/c or
C3H/Hel mice were transplanted heterotopically into C57BL/6

0041-1345/02/$-see front matter
Pll S0041-1345(02)03681-3

3426

recipients according to Corry’s method,” with some modifications.
Heart graft survival was monitored daily by palpation, and rejection
as detected by cessation of the heart beat was confirmed by direct
inspection and histology.

Histologic Examination

On postiransplant day 5, the grafts were removed and fixed with
4% paraformaldehyde in FBS (pH 7.4). Paraffin-embedded sec-
tions were stained with hematoxylin-eosin.

Reverse Transcriptase (RT)-PCR

Five days after grafting, RT-PCR was performed to quantitate
cytokine mRNA in the grafts. The total RNA was extracted as
previously described.! One microgram of RNA was reverse-tran-
scribed into ¢DNA In a 20-uL total reaction volume.® Two
microliters of each ¢cDNA synthesis product was amplified in a
thermal cycler (Model TSR-300 Thermal Sequencer, Iwaki Glass
Co) for 35 cycles of denaturation (96°C for 1 minute), annealing
(55°C for 1 minute), and extension (72°C for I minute). Sense/
antisense oligonucleotide primers for B-actin, IFN-y, and IL-4
were constructed as 5'-GCA CCA CAC CTT CTA CAA TGA
G-3'/5'-AAA TAG CACAGC CGT GAT AGC AAC-3', 5-TTA
CTG CCA CGG CAC AGT CAT A-3/5'-TCG GAT GGC TCA
TTG AAT GCT TGG-¥, and §-ACA GAC CAT RRG ARG
GGT CT-3'/5"-GTG ATG.TGG ACT TGG ACT CA-¥, respec-
tively. The amplified DNA was electrophoresed through 6% acryl-
amide gels and visualized by ethidium-bromide staining with
ultraviolet rays.

Statistical Methods

Mean survival times (MSTs) were expressed as mean = SD.
Statistical comparisons between groups were performed with Stu-
dent’s f test.

RESULTS

As shown in Table 1, BALB/c cardiac allograft survival in
C57BL/6 recipients was prolonged significantly by intrave-
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PRETREATMENT WITH DENDRITIC CELLS

Group 1

Fig 1. Histologic findings in
cardiac grafts at 5 days after
grafting. There was marked in-
filtration of mononuclear cells
around the vessels in the control
grafts (group 1), whereas little
cell infiltration was observed in
group 3.

nous administration of BALB/c DCs, which had been
stimufated by GM-CSF plus IL-4 prior to treatment with
MMC (25.7 = 1.7 days) (group 3) when compared with
MMC-untreated DCs that had been cultured with GM-CSF
plus IL-4 (group 2), MMC-treated DCs that had been
precultured with GM-CSF plus IL-3 (10.1 = 2.1 days)
(group 4), or untreated controls (6.7 = 0.4 days) (group 1).
Interestingly, survival was also prolonged by intravenous
administration of MMC-treated or untreated DCs that had
been cultured with GM-CSF alone. However, C57BL/6
mice given MMC-treated BALB/c DCs, which had been
cultured with GM-CSF plus IL4, rejected third party
C3H/Hel cardiac allografts in normal fashion (group 7),
indicating that the prolongation of graft survival observed
with MMC-treated DCs was donor-specific.

The histologic findings of the cardiac transplants at 5 days
after grafting revealed a marked infiltration of mononuclear
cells around the vessels of control grafts (group 1) (Fig 1).
Similar histologic findings were observed in grafts from
animals in groups 2, 4, and 7 (data not shown), whereas

group 3

group 1

IFN -7

B - actin

Fig 2. RT-PCR of cytokine mRNA in the graft 5 days after
grafting. IFN-y mRNA was clearty detected in the control BALB/¢
graft (group 1). Although group 3 showed no IFN-y mRNA, IL-4
mRNA was faintly detected in each group.

3427

Group 3

little cell infiltration was observed in animals of group 3 (Fig
1), or of groups 5 and 6 (data not shown).

IFN-y mRNA expression (Fig 2) was detected in control
BALB/c grafts (group 1} and in those of group 4 (data not
shown}. Whereas IFN-y mRNA was not detectable in
group 3, IL4 mRNA was {aintly detected.

DISCUSSION

Type 1 T-helper cells (Th1) and type 2 T-helper cells (Th2)
may cross-regulate each other in vivo through the release of
IFN-y and ILA4, respectively.® Binder and associates’ re-
ported that, after nondepleting CD4-targeted therapy in
rats, Th1-type cytokines were diminished, whereas Th2-type
cytokines were unchanged. In the current study, we ob-
served marked infiltration of mononuclear cells and up-
regulation of INF-y mRNA with little expression of IL-4
mRNA in heart grafts of the control group. In contrast,
little cellular infiltration and downregulation of INF-y
mRNA and slight expression of IL-4 mRNA were noted in
the BALB/c grafts in C57BL/6 recipients preinjected with
BALB/c DCs that had been treated with MMC after
preincubation with GM-CSF and IL4 DCs (group 3).
Therefore, the mononuclear cells infiltrating the grafts of
the control group hosts seemed to be mainly Thl cells,
whereas the infiltrating cells in the grafts of group 3 may

Table 1, Cardiac Allograft Survival Time of BALB/c and C3H/
Hed in C57BL/6 Mice

Treatment of BALB/c DC Survival Time
Groups (Days} MST = 5D
1. Media control 6,6,7,7,7,7,7 B.7 x04
2. IL-4 + GM-CSF 7.7,7,8,8 7405
3. IL-4 + GM-CSF 22,25, 25,26, 27, 257 * 1.7"r
+ MMC 29
4, IL-3 + GM-CSF 6,6,11,11,11,12, 10.1 x 2.1"
+ MMC 12,12
5. GM-CSF + MMC 19, 25, 25, 28,33 26.0 = 3.6
6. GM-CSF 20,23,28,28,32 262 = 3.?'
7. IL-4 + GM-CSF 7,7.8,88 76x05
+ MMC(C3H}

;P < .05 compared with group 1.
P < 01 compared with groups 1 and 4,
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have been mainly Th2 cells, although they were small in
number. These results suggest that suppression of the Thl
response might be responsible for prolongation of BALB/c
(H-2%) allograft survivals in the complete MHC-disparate
C57BL/6 (H-2") recipients.

The functional maturation of DCs and other APCs, such
as macrophages or activated B cells, has been shown to
depend on cytokine-induced upregulation of cell surface
major histocompatibility complex (MHC) class IT and T-cell
costimulatory molecules, particularly the CD28 ligands,
B7-1 (CD80) and B7-2 (CD86).5° After culturing for 48

" hours in the presence of GM-CSF plus IL-4, MHC class II,
B7-1, and B7-2 markers were upregulated on freshly har-
vested bone marrow DC progenitors.'® In contrast, cells
stimulated with GM-CSF alone propagate into DC progen-
itors that are deficient in costimulatory molecules (MHC
class II, B7-1, and B7-2), fail to stimulate primary mixed
leukocyte reactions (MLR}), and induce donor-specific T-
cell anergy.!’ These progenitors prolong graft survival when
injected systemically into recipients before grafting.'? As
expected, the results of the current study demonstrate that
BALB/c DCs cultured with GM-CSF alone induce donor-
specific unresponsiveness across a complete MHC-dispar-
ate C57BL/6 recipient, regardless of MMC treatment
(groups 5 and 6).

Supplementation of cultures with IL-4 in addition to
GM-CSF caused functional maturation of DCs with marked
upregulation of MHC class 1I and costimulatory mole-
cules.’®!! Consistent with these observations, DCs pre-
treated with IL-4 plus GM-CSF failed to prolong graft
survival (group 2), however, MMC treatrnent induced the
mature DCs to prolong graft survival {group 3). MMC
treatment inhibits not only proliferation of cells but also
some degree of protein and mRNA synthesis in cell cul-
tures.'® Tanigawa et al'* reported that expression of MHC
class I and class II antigens was not changed by MMC
treatment, although they observed that this treatment sig-
nificantly impaired upregulation of intracellular adhesion
molecule-1 (ICAM-1} on cultured spleen cells.!® Thus,
MMC treatment might affect the expression of adhesion

LI, KOIDE, UCHIJIMA ET AL

molecules and costimulatory molecules on mature DCs,
resulting in a donor-specific immunosuppressive effect. The
mechanisms involved in this immunosuppression, may be
distinct from those induced by DCs precultured with GM-
CSF alone.

DCs cultured with GM-CSF plus IL-3 have been re-
ported to express less MHC class II and costimulatory
molecules compared with those cultured with GM-CSF plus
I1-4 and show intermediate stimulatory activity in MLR.'®
Qur results also show that MMC-treated DCs precultured
with GM-CSF plus IL-3 exhibit an intermediate effect on
prolongation of allograft survival.

Taken together, these results indicate that MMC.-treated
mature DCs induce donor-specific prolongation of cardiac
allograft in mice by suppressing Thl responses. Further
study is necessary to clarify the mechanisms of this effect.
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Listeria epitope-specific helper T (Th) cells were able to be primed and induced in vive by immunization with
a plasmid carrying an invariant chain (Ii) gene whose class Il-associated invariant chain peptide (CLIP) region
was replaced by a Listeria Th epitope. Inmunization of C3H/He mice with an Ii-LLO 215-226 plasmid induced
specific interferon-y- and interleukin 2-producing Th cells and conferred significant protective immunity

against listerial infection.

Listeria monocytogenes is a gram-positive intracellular bac-
terium. A murine model of L. monocytogenes infection has
been well studied and is considered a good model for exploring
immunity against intracellular bacteria (reviewed in references
2 and 12). Cellular immunity has been considered to play a
pivotal role in protection against intracellular bacteria (15). A
variety of effector cells have been reported or suggested to
resolve infection. These include neutrophils, macrophages, NK
cells, and 3 T cells, as well as af§ T cells (9, 15, 19, 24). Among
these, af CD8™ and CD4™ T cells have been shown to play
critical roles in protective immunity through experiments with
the depletion and adoptive transfer of specific T-cell subsets (1,
3, 4, 10, 27) and analyses of mutant mice with a genetic defect
in B2-microglobulin or the H2-Ap chain gene (13, 25). CD8*
cytotoxic T lymphocytes (CTL) have been reported to play a
superior role in protective immunity (14, 18, 25). However,
several papers have demonstrated a significant role for the
CD4*-T-cell subset in protective immunity (11, 16, 23). Helper
T (Th) cells play an important role in many aspects of immu-
nity, especially for modulating immune responses by producing
special sets of cytokines. For protection against intracellular
bacteria, the activation of macrophages is indispensable, and
antigen (Ag)-specific type 1 Th {Th1} cells have been reported
to play a pivotal role in the activation (reviewed in reference
12). To investigate the roles of Th cells in protective immunity,
we attempted to induce Th cells by immunization with an
expression plasmid for a single Th epitopec of L. monocyto-
genes, amino acid residues 215 to 226 of listeriolysin O (LLO
215-226; SQLIAKFGTAFK), an H2-E*-restricted Th epitope
(26, 37). The attempt, however, was unsuccessful (see Fig. 2A,
p215), although immunization with plasmids encoding a single
CTL epitope was able to induce specific CTL (20, 28, 34). In

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, Hamamatsue University School of Medicine,
1-20-1 Handa-yama, Hamamatsu 431-3192, Japan. Phone and fax:
81-53-435-2335. E-mail: tnagata@hama-med.ac.jp.

2676

support of this result, we also showed in a previous work that
immunization with an expression plasmid for a single Th
epitope of ovalbumin (OVA 323-336) failed to induce specific
lymphocyte proliferation (21).

The invariant chain (Ii} molecule plays a central role in
major histocompatibility complex (MHC) class II-mediated Ag
presentation. It associates with MHC class II molecules in the
endoplasmic reticulum so as to block premature loading of
peptides on the molecules there. The Ii molecule works as a
molecular chaperone for MHC class II transport to the endo-
somal compartment, where antigenic peptides are replaced
with the class 1I-associated Ii peptide (CLIP) region of the
molecule (reviewed in reference 8). Several groups have re-
ported that MHC class II-positive cultured cells transfected
with Ii cDNA whose CLIP region was replaced with a Th
epitope of interest efficiently stimulate specific Th lines in vitro
(5, 17, 29). In the present study, we investigated the effect of a
single epitope-specific Th on protective immunity against L.
monocytogenes, using immunization by gene gun bombardment
with Ii plasmid DNA expressing a Th epitope that replaces the
CLIP region.

We constructed the plasmid for genetic immunization based
on murine Ii p41 isoform ¢cDNA. The EcoRI fragment con-
taining Ii p41 ¢cDNA was inserted into the EcoRI site in the
pCI eukaryotic expression plasmid (Promega, Madison, Wis.).
The CLIP region in the Ii cDNA was removed and replaced by
a synthetic double-stranded oligonucleotide coding for LLO
215-226, resulting in pCI-mli p41-LLO215m (Fig. 1). The oli-
gonucleotide was designed so as to be adapted to the codon
usage most frequent in mouse and human (22).

In order to examine whether pCl-mli p41-LLO215m in-
duces specific T cells in vivo, we immunized C3H/He mice
(H2*; Japan SLC, Hamamatsu, Japan) with the plasmid by
gene gun bombardment. We chose this immunization method
because, based on our previous experience, it is a very reliable
and reproducible method (36). All animal experiments were
performed according to the animal care guidelines of our uni-
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FIG. 1. Schema of murine i molecule whose CLIP is replaced by LLO 215-226 (mli p41-LLO215) deduced from the ¢cDNA construct. The
nucleotides encoding the CLIP region in the murine Ii p41 cDNA were replaced with the oligonucleotide coding for LLO 215-226 H2-EX binding
peptide. The cDNA was subcloned into the EcoRI site of pCI. The deduced amino acid sequences of the replaced CLIP region and the antigenic

peptide LLO 215-226 are shown.

versity. The plasmid DNA immunization was performed with
the Helios gene gun system (Bio-Rad Laboratories, Hercules,
Calif.). The preparation of a DNA-coated gold particle car-
tridge was performed following the manufacturer’s instruction
manual. Finally, 0.5 mg of 1.0-pm-diameter gold particles were
coated with 1 pg of plasmid DNA, and the injection was car-
ried out with 0.5 mg of gold/shot. Then, the mice were injected
in the abdomen with 1 g of plasmids at a helium discharge
pressure of 400 Ib/in® four times at weekly intervals.

Three weeks after the last immunization, a lymphocyte pro-
liferation assay was performed with splenocytes from the im-
munized mice. After treatment with Tris-buffered 0.83% am-
monium chloride to lyse erythrocytes, splenocytes (5 X 10%
well) from pCl-mli p41-LLO215m-immunized mice were
incubated for 48 h at 37°C in 96-well round-bottom tissue
culture plates in RPMI-1640 medium supplemented with 10%
fetal calf serum (FCS) in the presence or absence of 1 pM
LLO 215-226 peptide. Then, DNA synthesis was assessed by
adding 0.5 pCi of {methyl-*H]thymidine (6.7 Ci/mmol; ICN
Biochemicals, Irvine, Calif.)/well for the last 14 h of culture.
The cultures were harvested onto glass fiber filters, and the
radioactivity was counted by liquid scintillation. As shown in
Fig. 2A, immunization with the plasmid allowed splenocytes to
proliferate after incubation in the presence, but not in the
absence, of LLO 215-226 peptide at a level comparable to that
of viable Listeria immunization. We could not detect any sig-
nificant LLO 215-226-specific lymphacyte proliferation by im-
munization with p215 (LLO 215-226 expression plasmid) or
pCI-mli p41 (wild-type Ii p4l expression plasmid). We could
not detect nonspecific proliferative responses with pCIl-mli
p41-L1.O215m when accompanied by incubation with an irrel-
evant peptide (LLO 189-200; Fig. 2A).

Furthermore, the CD4-CD8 specificity of proliferative lympho-
cytes was tested by depletion studies with the anti-murine CD4
monoclonal antibody (MAb) GK1.5 or the anti-murine CD8«a
MAb 53-6.7 (PharMingen, San Diego, Calif.). These MAbs were
added to the immune splenocytes, at 1 pg/ml, and the splenocytes
were incubated for 1 h at 4°C. They were then centrifuged, and
the supernatants were discarded. The cells were resuspended in
cytotoxicity medium (RPMI-1640 medium with 25 mM HEPES
buffer and 0.3% FCS) containing rabbit complement (Cedarlane,
Homby, Ontario, Canada) and incubated for 1 h at 37°C. The

dead cells were removed by Lympholite-M reagent (Cedarlane).
The recovered cells were used for the lymphocyte proliferation
assay described above. The LLO 215-226-specific proliferative
respanses of splenocytes from the immunized mice was reduced
significantly by CD4*-T-cell subset depletion but not by CD8*-
T-cell subset depletion, indicating that LLO 215-226-specific T
cells generated by pCl-mli p41-LLO215m plasmid DNA immu-
nization belong to the CD4™"-T—ell subset (Fig. 2B).

Next, we examined specific gamma interferon (IFN-v), in-
terleukin-2 (IL-2), and IL-4 production by splenocytes from
mice immunized with the pCI-mli p41-LLO215m plasmid.
Splenocytes from the immunized mice were plated in 24-well
plates at 2 X 10%well in RPMI 1640 medium supplemented
with 10% FCS in the presence or absence of 1 uM LLO
215-226 peptide for 4 days in the case of IFN-y and IL-4 and
for 1 day in the case of IL-2. The concentrations of cytokines
in the culture supernatants were determined by sandwich en-
zyme-linked immunosorbent assay, as described elsewhere
(35). All of the MADbs used were purchased from PharMingen.
As shown in Table 1, we observed the production of significant
amounts of IFN-vy and IL-2 by splenocytes from mice immu-
nized with pCI-mli p41-LLO215m, but not with pCI-mli p41,
at a level comparable with that from mice immunized with
viable Listeria after in vitro culture in the presence of LLO
215-226 peptide. In addition, splenocytes of pCI-mli p4l-
LLO215m-immunized mice after incubation with an irrelevant
MHC class II binding peptide did not produce significant
amounts of IFN-y and [L-2. We could not detect significant
levels of IL-4 by using the same culture supernatants of spleno-
cytes from all mice examined (Table 1).

To ascertain if Th cell effectors evoked by plasmid immuni-
zation are associated with an increased resistance to infection
by the virulent L. monocytogenes EGD strain, in vivo protec-
tion experiments were carried out. The bacterium was kept
virulent by in vivo passage. For inoculation, a seed of L. mono-
cytogenes was cultured overnight in trypticase soy broth (BBL,
Sparks, Md.) at 37°C in a bacterial shaker and suitably diluted
with phosphate-buffered saline. The exact infection dose was
assessed retrospectively by plating. Mice were immunized with
pCI-mli p41-LL0O215m four times at weekly intervals or were
immunized by a single intraperitoneal injection with a suble-
thal dose of L. monocytogenes (10* CFU) as a positive control.
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FIG. 2. Ag-specific proliferation of splenocytes from mice immunized
with an i plasmid expressing LLO 215-226, which replaces CLIP, Mice
were immunized with p215, pCI-mli p41, or pCI-mli p41-LLO215m by
gene gun bombardment four times at weekly intervals. (A) Splenocytes of
the immunized mice were harvested 3 weeks after the last immunization
and cultured in vitro in the presence or absence of 1 uM LLO 215-226
peptide (LLO215) or LLO 189200 control peptide (LLO189) for 2 days
and pulsed with 0.5 nCi of [methyl-*Hjthymidine for the last 12 h. The
va]ues represent the mean and standard deviation of Acpm (counts per
fminute in the presence of peptide minus counts per minute in the absence
gf the peptide} of quintuplicate determinations in a representative exper-
mment. The asterisks indicate statistical significance (P < 0.001) compared
with the values in naive mice. One-factor analysis of variance followed by
Fischer’s protected least-significant difference test was used in all statisti-
cal analyses, (B) Inhibition of LLO 215-226-specific splenocyte prolifer-
ation by CD4*-T-cell subset depletion. The splenocytes from pCL-mli
PA1-LLO21Sm-immunized mice were treated with an anti-CD4 or anti-
CD8 MAb and rabbit complement. Then, the lymphocyte proliferation
assay was performed. The mean and standard deviation of Acpm of
%t;llntuphc'axe glctgnninatiqns of a representative experiment are shown.
b ¢ asterisks indicate statistical significance (P < 0.005) compared with

¢ value for untreated splenocytes (pCl-mli p41-LLO215m).

lhiasmg;mzed m.ice were challenged intraperitoneally with 2
Bacteriny U of L:sr'ena 3 weeks after the last immunization.
T2h ity tnl.lllmbers in th.e splc?ens and livers were determined
tissue ho:-n : challenge mfcc.non by plating 10-fold dilutions of
immuni .anlna.tes on trypticase soy agar. As shown in Fig. 3,

Mzation with pCI-mli p41-LLO215m dramatically de-

INFECT. IMMUN.

TABLE 1. Cytokine production by splenocytes from C3H/He mice
immunized with pCIl-mlip41-LLO 215m plasmid

Cytokine production

Immunization Stimulation® (pg/ml)*

IFN-y IL-2 L4

pCI-mli p41 - 163 416 62
LLO215 140 638 19

pCl-mli p41-LLO 215m - 266 32 49
LLO215 2,535 2,046 35

LLO18% 66 226 40

Listeria - 287 377 73
LLO215 2,034 1,053 49

“ Spleen cells of immunized mice (2 X 10° per well) were cultured in the
presence of 1 wM LLO 215-226 peptide (LLO215) or control peptide LLO
189-200 {LLO189) or in the absence of any peptides (—).

b After 4 (IFN-y and IL-4) or 1 {IL-2) day, cytokine concentrations in culture
supernatants were quantified by sandwich enzyme-linked immunosorbent assay.
The mean of duplicate wells of representative data is shown.

creased the bacterial numbers in the spleens and livers of the
immunized mice. Verma et al. (32) also demonstrated by using
a Salmonella carrier system that induction of a CD4*-T-cell
population responsive to LLO 215-226 elicits partial protec-
tive immunity. In their system, reduction in the number of
Listeria cells was more significant in the livers of LLO 215~
226-immunized mice than in the spleens. Our data also show
that LLO 215~226-immunized mice were somewhat better pro-
tected against Listeria challenge in the liver than in the spleen
compared with Listeria-immunized mice (Fig. 3). On the other
hand, Geginat et al. (6) reported enhanced protection by p60-
specific CD4*-T-cell clones in the spleen compared with the
liver in their adoptive-transfer system of the CD4*-T-cell
clones. This discrepancy might be attributable to differences in
the experimental design, including intraperitoneal listerial
challenge (this work and Verma et al. [32]) versus intravenous
listerial challenge (Geginat et al. [6]). In addition, other re-
ports also demonstrated a role for CD4™ T cells in protective
immunity against listerial challenge (11, 16, 23). The mecha-
nisms of the protective immunity elicited by CD4* T cells have
been speculated upon. Listeria-specific CD4" T cells may act
by direct lysis of the infected target cells (11). Alternatively, the
celis may show the bystander effect by secretion of cytokines,
especially IFN-y. IFN-y will enhance the killing activity of
macrophages or augment induction of CD8* CTL (33).

We report here that DNA immunization with an Ii expres-
sion plasmid whose encoded CLIP region has been replaced by
a Listeria-derived Th epitope successfully induces T cells spe-
cific to the epitope in vivo. Attempts to induce specific Th cells
by using Ii plasmids in the cell line system (5, 17, 29; reviewed
in reference 30) or, recently, in vivo (21, 31) have been re-
ported. Here, we showed that a similar system can be applied
successfully for DNA vaccination against infectious diseases.
This is the first report showing that a single immunization with
Ii plasmid DNA whose encoded CLIP region has been re-
placed by a Th epitope induces effective protective immunity
against a microorganism. One of the advantages of gene im-
munization with T-cell epitope minigene plasmids is that we
can compare the immunogenicities of all of the T-cell epitopes
at the same expression level in vivo. We have analyzed the
hierarchy of the magnitudes of immunogenicity of three List-
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FIG. 3. Protective immunity induced by immunization with pCI-Ii p41-LLO215m. C3H/He mice were immunized with pCI-Ii p41-LLO215m
four times at weekly intervals. Three weeks after the last immunization, the mice were challenged with 2 X 10° CFU of L. monocytogenes. Three
to five mice were used for each group. The bacterial numbers in the spleens and livers were determined 72 h after challenge infection by plating
10-fold dilutions of tissue homogenates on trypticase soy agar plates. The results for pCl-immunized, pCI-mli p4l-immunized, naive, and
Listeria-immunized mice are also shown as controls. The numbers of bacteria recovered from the spleen and liver of each immunized mouse are
shown. The mean and standard deviation of each group are also shown. The asterisks indicate statistical significance (P < 0.03) compared with

the values in naive mice,

eria-derived CTL epitopes by using a gene immunization sys-
tem with minigenes for three listerial CTL epitopes (34). Using
the system discussed here, it is interesting to compare the
immunodominance of several Th epitopes, including those re-
cently identified from LLO and p60, in the induction of pro-
tective immunity (7). Furthermore, we plan to examine the
effect of combinatorial induction of both CTL and Th cell
subsets in order to induce more effective protective immunity
against the bacterium by using the system discussed here.

We thank Ronald N. Germain (National Institutes of Health, Be-
thesda, Md.} for murine p41 ¢cDNA, Masao Mitsuyama (Kyoto Uni-
versity, Kyoto, Japan) for L. monocytogenes strain EGD, and Nachiro
Seo (Hamamatsu University School of Medicine, Hamamatsu, Japan)
for providing anti-CD4 and CD8 MAbs.

This work was supported by Grants-in-Aid for Scientific Research
from the Ministry of Education, Culture, Sports, Science, and Tech-
nology of Japan and Shizuoka Research and Education Foundation
(Shizuoka, Japan) and from the Regional Science Promotion Program
of the Japan Science and Technology Corporation.

REFERENCES

1. Bishop, K., and D. J. Hinrichs. 1987. Adoptive transfer of immunity to
Listeria monocytogenes. The influence of in vitro stimulation on lymphocyte
subset requirements. J. Immunol. 139:2005-2009.

2. Cossart, P., and J. Mengaud. 1989, Listeria monocytogenes. A model system
for the molecular study of intracellular parasitism. Mol. Biol. Med. 6:463—
474,

3. Czuprynski, C. J, and J. F. Brown. 1987. Dual regulation of anti-bacterial
resistance and inflammatory neutrophil and macrophage accumulation by
L3T4* and Lyt 2* Listeria-immune T cells. Immunology 60:287-293,

4. Cruprynski, C. J.,, and J. F. Brown, 1990, Effects of purified anti-Lyt-2 MAb
treatment on murine listeriosis: comparative roles of Lyt-2* and LIT4* cells

10.

11.

12,

13.

14.

15.

in resistance to primary and secondary infection, delayed-type hypersensi-
tivity and adoptive transfer of resistance. Immunology 71:107-112.

Fujii, S., S. Seaju, Y.-Z. Chen, M. Ando, S. Matsushita, and Y. Nishimura.
1998. The CLIP-substituted invariant chain efficiently targets an antigenic
peptide to HLA class II pathway in L cells. Hum. Immunol, 59:607-614,

. Geginat, G., M. Lalic, M. Kretschmar, W. Goebel, H. Hof, D. Palm, and A,

Bubert. 1998. Thl celis specific for a secreted protein of Listeria monocyto-
genes are protective & vive, I, Immnol. 160:6046-6055.

. Geginat, G., 5. Schenk, M. Skoberne, W. Goebel, and H. Hof. 2001, A novel

approach of direct ex vive epitope mapping identifies dominant and sub-
dominant CD4 and CD8 T cell epitopes from Listeriz monocytogenes. 1.
Imunol. 166:1877-1884.

. Germain, R. N. 1999. Antigen processing and presentation, p. 287-340. In

W. E. Paul {ed.), Fundamental immunology, 4th ed. Lippincott-Raven Pub-
lishers, Philadelphia, Pa.

. Hiromatsu, K., Y. Yoshikai, G. Matsuzaki, §. Ohga, K. Muramori, K. Ma-

tsumeto, J. A. Bluestone, and K. Nomote. 1992. A protective role of 48 T
cells in primary infection with Listeria monocytogenes in mice. J. Exp. Med.
175:49-56.

Kaufmann, 8. H. E,, E. Hug, U, Vath, and [. Muller. 1985. Effective protec-
tion against Listeria monocytogenes and delayed-type hypersensitivity to lis-
terial antigens depend on cooperation between specific L3T4* and Lyt 2* T
cells, Infect. Immun. 48:263-266.

Kaufmann, S. H. E,, E, Hug, U, Viith, and G. De Libero. 1987. Specific lysis
of Listeria monocytogenes-infected macrophages by class Il-restricted L3T4*
T cells. Eur. J. immunol. 17:237-246. )
Kaufmann, S. H. E. 1993. Immunity to intracellular bacteria. Annu. Rev.
Immunol. 11:129-163.

Ladel, C. H,, L. E. A. Flesch, J. Arnoldi, and S. H. E. Kaufinann. 1994,
Studies with MHC-deficient knock-out mice reveal impact of both MHC-I-
and MHC-II-dependent T cell responses on Listeria monocytogenes infec-
tion. I. Tmmunol. 153:3116-3122.

Lukacs, K., and R, Kurlander. 1989, Lyt-2* T cell-mediated protection
against listeriosis. Protection correlates with phagocyte depletion but not
with [FN~y production. J. Immunol. 142:2879-2886.

Mackaness, G. B. 1962, Cellular resistance to infection. J. Exp. Med. 116:
381-417.

- 732 —



2680

NOTES

16. Magee, D. M., and E. J. Wing. 1988. Cloned L3T4* T lymphocytes protect

17.

18.

19.

20.

21

22,

24.

26.

27.

mice against Listeria monocytogenes by secreting [FN-y. J. Immunol. 141:
3203-3207.

Malcherek, G., C. Wirblich, N. Willcox, H.-G. Rammensee, J. Trowsdale,
and A. Melms. 1998. MHC class II-associated invariant chain peptide re-
placement by T cell epitopes: engineered invariant chain as a vehicle for
directed and enhanced MHC class II antigen processing and presentation,
Eur. J. Immunol. 28:1524-1533.

Mielke, M. A,, 8. Ehlers, and H. Hahn. 1988. T-cell subsets in delayed-type
hypersensitivity, protection, and granuloma formation in primary and sec-
ondary Listeria infection in mice: superior role of Lyt-2* cells in acquired
immunity. Infect. Immunol. $6:1920-1925.

Mombaerts, P., J. Amoldi, F. Russ, S. Tonegawa, and S. H. E. Kaufmann.
1993. Different roles of af and v8 T cells in immunity against an intracellular
bacterial pathogen. Nature 365:53-56.

Nagata, T., M. Uchijima, A. Yoshida, M. Kawashima, and Y. Koide. 1999,
Codon optimization effect on translational efficiency of DNA vaccine in
mammalian cells: analysis of plasmid DNA encoding a CTL epitope derived
from microorganisms. Biochem. Biophys. Res. Commun. 261:445-451.
Nagata, T., T. Higashi, T. Aoshi, M. Suzuki, M. Uchijima, and Y. Koide.
2001, Immunization with plasmid DNA encoding MHC class Il binding
peptide/CLIP-replaced invariant chain (Ii) induces specific helper T cells in
vivo: the assessment of Ii p31 and p41 isoforms as vehicles for immunization.
Vaccine 20:105-114.

Nakamura, Y., T. Gejobori, and T. Ikemura. 1999, Codon usage tabulated
from the international DNA sequence databases; its status 1999, Nucleic
Acids Res. 27:292.

. Rakhmilevich, A. L. 1993. Evidence for a significant role of CD4* T cells in

adoptive immunity to Listeria monocytogenes in the liver. Immanology 82;
249-254.

Rakhmilevich, A. L. 1995. Neutrophils are essential for resolution of primary
and secondary infection with Listeria monocytogenes, J. Leukoc, Biol, 57:827-
831.

. Roberts, A. D., D. J. Ordway, and 1. M. Orme, 1993, Listeria monocytogenes

infection in B2 microglobulin-deficient mice. Infect. Immunol. 61:1113-1116.
Safley, S. A, P. E. Jensen, P. A. Reay, and H. K. Ziegler, 1995, Mechanisms
of T cell epitope immunodominance analyzed in murine listeriosis. J. Im-
munol. 155:4355-4366.

Sasaki, T., M. Mieno, H. Udono, T. Yamaguchi, K. Usui, K. Hara, H. Shiku,
and E. Nakayama. 1990. Roles of CD4* and CD8" cells, and the effect of

Editor: S. H. E. Kaufmann

- 733 —

29,

30.

31

32

33.

34,

3.

36.

37.

INFECT. IMMUN.

administration of recombinant murine interferon v in listerial infection. J.
Exp. Med. 171:1141-1154.

. Uchijima, M., A. Yoshida, T. Nagata, and ¥, Koide, 1998, Optimization of

codon usage of plasmid DNA vaccine is required for the effective MHC class
I-restricted T cell respenses against an intracetlular bacterium. I. Immunol.
161:5594-5599.

van Bergen, ., S. P, Schoenbeger, F. Verreck, R. Amons, R. Offringa, and F.
Koning. 1997, Efficient loading of HLA-DR with a T helper epitope by
genetic exchange of CLIP. Proc. Natl. Acad. Sci. USA 94:7499-7502.

van Bergen, ], F. Ossendorp, R. Jordens, A. M. Mommaas, J.-W. Drijfhout,
and F. Koning. 1999. Get into the groove! Targeting antigens to MHC class
II. Immunol. Rev. 172:87-96.

van Tienhoven, E. A. E., C. T. B. ten Brink, J. van Bergen, F. Koning, W, van
Eden, and C. P. M. Broeren. 2001, Induction of antigen specific CD4+ T cell
responses by invariant chain based DNA vaccines, Vaccine 19:1515-1519.
Yerma, N. K., H. K. Ziegler, M. Wilson, M. Khan, §. Safley, B. A. D. Stocker,
and G. K. Schoolnik. 1995. Delivery of class I and class II MHC-restricted
T-cell epitopes of listeriolysin of Listeria monocytogenes by attenuated Sal-
monella. Vaccine 13:142-150.

Widmann, C., P. Romero, J. L. Maryanski, G. Corradin, and D. Yalmeri,
1992, T helper epitopes enhance the ¢ytotoxic response of mice immunized
with MHC class [-restricted malaria peptides. J. Immunol. Methods 155:95-
99.

Yamada, T., H. Uchiyama, T. Nagata, K. Chida, M. Uchijima, H. Nakamura,
and Y. Koide. 2001, Protective cytotoxic T lymphocyte responses induced by
DINA immunization against immunodominant and subdominant epitopes of
Listeria monocytogenes are noncompetitive. Infect. Immun, 69:3427-3430.
Yoshida, A., Y. Koide, M. Uchijima, and T. O. Yoshida. 1995, Dissection of
strain difference in acquired protective immunity against Mycobacterium
bovis Calmette-Guérin Bacillus (BCG). Macrophages regulate susceptibility
through the cytokine network and the induction of nitric oxide synthase.
1. Emmunol. 155:2057-2066.

Yoshida, A., T. Nagata, M. Uchijima, T. Higashi, and Y. Koide. 2000. Ad-
vantage of gene gun-mediated over intramuscular inoculation of plasmid
DNA vaccine in reproducible induction of specific immune responses. Vac-
cine 18:1725-1729.

Ziegler, H. K., 5. A, Safley, and E. Hiltbold. 1994. Definition of T cell
epitopes of Listeria monocytogenes and regulation of antigen processing by
the bacterial exotoxin listeriolysin-O (LLO), p. 235-307. Iz R. E. Humphreys
and S. K. Pierce (ed.), Antigen processing and presentation. Academic Press,
Inc., San Diego, Calif,



ELSEVIER

Vaccine 20 (2002) 105-114

e

www.elsevier.com/locate/vaccine

Immunization with plasmid DNA encoding MHC class I
binding peptide/CLIP-replaced invariant chain (I1) induces
specific helper T cells in vivo: the assessment of Ii p31 and

p41 isoforms as vehicles for immunization

Toshi Nagata®*, Takahide Higashi®, Taiki Aoshi?,
Mina Suzuki?, Masato Uchijima?, Yukio Koide?

a Department of Microbiology and Immunology, Hamamatsu University School of Medicine, 1-20-1 Handa-yama, Hamamatsu 431-3192, Japan
Y Department of Otorhinolaryngology, Hamamatsu University School of Medicine, 1-20-1 Handa-yama, Hamamatsu 431-3192, Japan

Received 22 January 2001 ; received in revised form 29 June 2001 ; accepted 2 July 2001

Abstract

A single helper T cell (Th) epitope-specific T cell subset was successfully induced in vivo by immunization with plasmid DNA encoding
MHC class II binding peptide/class Il-associated invariant chain peptide (CLIP)-replaced murine Ii molecules. Spleen cells from mice
immunized by gene gun bombardment with plasmid DNA for Ii p31 and p41 molecules, whose CLIP regions were replaced with an
I-AY-restricted Th epitope, ovalbumin (OVA) 323-336, showed the specific proliferation and interferon-y (IFN-v) production. A20-2J
B cell lines having these plasmids were capable of stimulating spleen cells from the immunized mice and naive DO10-transgenic mice
bearing the epitope-specific T cell receptor {TCR) transgenes by examining the specific proliferative response and IFN-y production. Some
mice immunized with the Ii p41-OVA323, but not with the Ii p31-OVA323 plasmid, produced the peptide-specific antibodies, suggesting
the functional difference between 1i isoforms. © 2001 Elsevier Science Ltd. All rights reserved.

Keywords: DNA immunization; Invariant chain; Th epitope

1. Introduction

Naked plasmid DNA immunization has been considered
to be a promising new vaccine strategy which offers new
approaches for prevention and therapy for a varety of dis-
eases, including infectious diseases, cancers, allergic and
autoimmune diseases (reviewed in [1,2]). Theoretically,
this procedure has potential advantages over other types
of vaccines in that the procedure can induce cell-mediated
immunity, especially, cytotoxic T lymphocytes (CTL). In
DNA immunization, especially by gene gun bombardment,
plasmid DNA injected is considered to be transfected into
antigen-presenting cells (APC) directly in vivo and elicits
de novo protein synthesis in the cytoplasm [3]. Many papers
described the satisfactory CTL induction by using DNA im-
munization {reviewed in [1,2]). In our previous works, we
also have demonstrated that DNA immunizations with the
minigene plasmid encoding a single dominant CTL epitope
against listeriolysin O, a major virulent and also protective

* Corresponding author. Tel.: +81-53-435-2335; fax: +81.53-435-2335.
E-mail address: tnagata@hama-med.acjp (T. Nagata).

antigen (Ag) of Listeria monocytogenes, do induce strong
CTL activity in vivo [4,5].

Helper T cells (Th} play important roles in many aspects
of immunity, especially for modulating immune responses
by preducing special sets of cytokines. For protection against
intracellular microorganisms, activation of macrophages is
indispensable and Ag-specific type 1-helper T cells {Thl)
have been reported to play important roles for the activation
(reviewed in [6]). Similarly, allergen-specific Th1 induction
may alleviate allergic reactions caused by enhanced type
2-helper T cell (Th2) response to allergens [7,8]. On the
contrary, specific Th2 have been speculated to be useful for
the control of organ-specific autoimmune diseases including
insulin-dependent diabetes mellitus and some inflammatory
bowel diseases (reviewed in [9]). In general, the induction of
specific Th requires Ag processing in the context with MHC
class II pathway as exogenously acquired Ags. In the past
few years, we have learned a considerable amounts about the
cell biology of MHC class II pathway and the understand-
ing has enabled even endogenously synthesized Ags to be
localized in MHC class II compartments {reviewed in {10]).
DNA immunization method which induces only particular
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Th population without antibody (Ab) production may be ad-
vantageous as Ab evoked against them could, in some cases,
give undesirable consequences. For example, such Abs
could potentially cross-react with self proteins. Therefore,
it may be useful to develop the immunization method, with
which Ag presentation process takes place in the APC with-
out egressing the gene product out of transgene-transfected
cells in vivo. Several studies have been reported focusing
on efficient specific Th induction by using the cultured cells
as mentioned before (reviewed in [10]). Several groups
have reported that MHC class Il-positive cultured cells
transfected with invariant chain (Ti) cDNA, in which class
Il-associated Ii-derived peptide (CLIP) region was replaced
with a Th epitope of interest, efficiently stimulate specific
T cell lines [11-13]. The Ii molecules play a pivotal role
in MHC class ll-mediated Ag presentation. They associate
with MHC class Il molecules in the endoplasmic reticulum
80 as 1o block premature loading of peptides on MHC class
II molecules there. The Ii molecules work as a molecular
chaperone for MHC class II transport to the endosomal com-
partment, where Ii molecules are proteolytically degraded
and antigenic peptides are replaced with the CLIP region
of the molecules (reviewed in [14,15]). Therefore, the anti-
genic peptide/CLIP-replaced Ii gene immunization should
be a very efficient method for presenting antigenic peptides
of interest to Th in vivo. Especially, it may be the case for
cutaneous gene bombardment, in which, Ag presentation
by directly-transfected dendritic cells play a predominant
role for immune induction [16,17]. In this study, we report
that immunization with expression plasmids for murine Ii
p31 and p41 isoforms, whose CLIP regions were replaced
by an ovalbumin (OVA) Th epitope, efficiently induces spe-
cific Th in vivo by gene gun bombardment. Furthermore,
we evaluated the difference between effects of immuniza-
tion by CLIP-replaced Ii p31 and p41 isoform expression
plasmids and the functional difference was discussed.

2. Materials and methods
2.1, Mice

BALB/c mice (Japan SLC; Hamamatsu, Japan) and
DO10 T cell receptor (TCR) transgenic mice (BALB/c ge-
netic background) expressing the TCR in T-cell hybridoma
DO11.10, reactive to chicken OVA ([18]; kindly provided by
Dr. Kenneth M Murphy (Washington University, St. Louis,
MO) via Dr. Masato Kubo (Science University of Tokyo,
Japan) were maintained in the animal facility of Hamamatsu
University School of Medicine. DO10 TCR-transgenic mice
were selected by staining peripheral blood leukocytes with
the anti-clonotype monoclonal Ab (mAb), KJ1-26 [19]. All
transgenic mice used were heterozygous for the TCR trans-
gene. Mice between 6 and 18 weeks of age were used for im-
munization and kept in filter-cap cages during experiments.

2.2. Plasmid construction

The cDNAs encoding for murine Ii p31 and p41 molecu-
les (p¢cEXV-mli p31 and pcEXV-mli p41) were kindly dona-
ted by Dr. Ronald N. Germain (National Institutes of Health,
Bethesda, MD). The EcoRI fragment containing Ii p31 or
p41 cDNA was inserted into EcoRI site in pCI eukaryotic
expression plasmid (Promega, Madison, WI), resulting
in pCl-mli p31 or pCI-mli p41, respectively. The unique
HindIIl and Nspl sites in pCl were removed by restriction
enzyme digestion and blunted with T4 DNA polymerase
before starting the plasmid construction. After insertion of
Ii ¢cDNAs into pCI, the part of 3’-untranslated region of Ii
c¢DNAs, which contains an additional HindI1 site, was remo-
ved by Avr II and Xba 1 digestion and the digested plas-
mids were self-ligated subsequently. The regions covering
CLIP-encoding sequence (HindIII-NspI DNA fragment
encoding LPKSAKPVSQMRMATPLLMRPMSMDNM)
were replaced with a double-stranded oligenucleotide en-
coding for OVA 323-336 peptide, resulting in pCI-mli p31-
OVA323 and pCI-mli p41-OVA323. Nucleotide sequences
of oligonucleotides used in this study were as follows: the
coding strand oligonuleotide; 5'-AGCTTATCAGCCAGGC-
CGTGCACGCCGCCCACGCCGAGATCAACGAGATGG
ATAACATG-3' and the non-coding strand oligonuleotide;
5'-TTATCCATCTCGTTGATCTCGGCGTGGGCGGCGT-
GCACGGCCTGGCTGATA-3', encoding OVA 323-336
peptide, ISQAVHAAHAEINE, flanked with a leucine at
the N-terminus and MDNM at the C-terminus,

The full-length chicken OVA ¢cDNA expression plasmid,
pCI-OVA was described previously [20]. For OVA 323-336
expression plasmid, pCI-OVA323, the oligonuclectides -
encoding OVA 323-336 peptide (ISQAVHAAHAEINE)
flanked with a starting codon, ATG at 5'-end and a stop
codon, TAA at 3'-end, i.e. 5'-GGGATGATATCTCAAGC-
TGTCCATGCAGCACATGCAGAAATCAATGAATAACC
C-3 and 5-GGGTTATTCATTGATTTCTGCATGTGCT-
GCATGGACAGCTTGAGATATCATCCC-3’, were annea-
led and inserted into Sma I site in pClL. The nucleotide
sequences of the resultant plasmids were confirmed by
dideoxy sequencing, using ABI PRISM 310 Genetic Ana-
lyzer (Applied Biosystems; Foster City, CA). Large-scale
purification of plasmids was conducted with Qiagen plas-
mid mega kit system (Qiagen, Valencia, CA) and endotoxin
was removed by Triton X-114 phase separation.

2.3. Mice immunization

For plasmid DNA immunization with Helios gene gun
system (Bio-Rad Laboratories, Hercules, CA), preparation
of the cartridge of DNA-coated gold particles was followed
to the manufacturer’s instruction manual. Finally, 0.5 mg of
gold particles was coated with 1 g plasmid DNA and the
injection was carried out with 0.5 mg gold/shot. To immu-
nize mice, the shaved abdominal skin was wiped with 70%
ethanol. The spacer of the gene gun was held directly against
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the abdominal skin. Then, the device was discharged at a he-
lium discharge pressure of 400 psi. Mice were injected with
1 11g of plasmids four times at a week interval in the ab-
domen. Control animals were received 100 pg of OVA pro-
tein emulsified in complete Freund’s adjuvant (CFA) or in
alum, intradermally two times at 2-week interval.

2.4. Cells and culture condition

Spleen cells from plasmid-immunized and DO10-trans-
genic mice and A20-2] cells (BALB/c-derived B lym-
phoblastoid cell line; [21]) were maintained with RPMI-1640
medium supplemented with 10% fetal calf serum (FCS) in
a humidified atmosphere of 5% COQ; incubator,

2.5. Transfection of A20-2J cells

A20-2] cells were transfected with 20 ug of pCl-mli
p31-OVA323 or pCl-mli p41-OVA323 with 2 pg of pPGK-
Neo, to allow drug selection, by electroporation at 250 V and
960 uF in K-PBS buffer (30.8 mM NaCl, 120.7mM KCl,
8.1 mM NayHPOy4, 1.46 mM KH;POy4, and 10 mM MgCls)
by a Gene Pulser electroporation apparatus (Bio-Rad Lab-
orateries). Transfectants were selected and maintained in
media containing 0.5 mg/ml G418 (Gibco/BRL., Rockville,
MD),

2.6. Cell fixation

After washing with PBS, A20-2J cell pools having
pClI-mli p31-OVA323 or pCI-mli p41-OVA323, were treated
with 4% paraformaldehyde (Sigma, St. Louis, MO) freshly
prepared in PBS for 15min at 37°C and subsequently
washed with PBS to remove remaining paraformaldehyde.

2.7. Lymphocyte proliferation assay

Whole spleen cell suspensions were treated with
Tris-buffered 0.83% ammonium chloride to lyse erythro-
cytes. Then, the spleen cells (5 x 10° per well) from the
immunized and DO10-transgenic mice were incubated for
48 h at 37°C in 96-well round-bottom tissue culture plates
in the presence or absence of 100 jug/ml of OVA (Sigma),
or in some cases, with 2.5 x 10% fixed A20-2J cell pools
having pCI-mli p4l, pCI-mli p31-OVA323, or pCl-mli
p41-OVA323, Then, DNA synthesis was assessed by adding
0.5uCi per well [methyl-*H] thymidine (6.7 Ci/mmol;
ICN Biochemicals, Irvine, CA) for the last 12h of culture.
Cultures were harvested onto glass fiber filters, and the
radioactivity was counted by liquid scintillation.

2.8. Inhibition of Ag-specific T cell proliferation with
depletion of CD4 T cell subset

CD4/CDS8 specificity of proliferative T cells was tested
by depletion studies with anti-murine CD4 mAb, GK1.5,

anti-murine CD8a mAb, 53-6.7, and also anti-murine
CD45R/B220 mAb, RA3-6B2 as a control. The mAbs used
were purchased from PharMingen (San Diego, CA). The im-
mune spleen cells were added with the mAbs at 1 pg/ml and
incubated for 1h at 4°C. Then, they were centrifuged and
the supernatant was discarded. The cells were resuspended
in cytotoxicity medium (RPMI-1640 medium with 25 mM
Hepes buffer and 0.3% FCS) containing rabbit complement
(Cedarlane; Hornby, Ont., Canada) and incubated for 1h
at 37°C. Then, the cells were washed with RPMI-1640
medium and used for the lymphocyte proliferation assay
described in 2.7.

2.9, Inhibition of Ag-specific T cell proliferation with
MHC class Il mAb treatment

The inhibitory activity of anti-I-A%/EY mAb, 2G9
(PharMingen) for Ag-specific T cell proliferation was tested
by addition of the mAb at 1 pg/m! to the immune spleen cell
culture at the initiation of cultivation as described by Tsuji
et al. {22]. Data were expressed as net cpm (Acpm: cpm
after in vitro stimulation in the presence of OVA protein
minus cpm in the absence of OVA protein). As a control, the
isotype-matched anti-murine CD45R/B220 mAb, RA3-6B2
(PharMingen) was also used.

2.10. Cytokine enzyme-linked immunosorbent
assay (ELISA}

Spleen cells were harvested from the immunized mice
or DO10-transgenic mice. Recovered cells were incubated
for 5 days in 24-well plates at 2 x 10% cells per well
in RPMI-1640 medium supplemented with 10% FCS in
the presence or absence of 100 pg/ml of OVA (Sigma),
or in some cases, with 1 x 10° fixed A20-2J cell pools
having pCl-mli pdl, pCI-mli p31-OVA323, or pCI-mli
p41-OVA323. Concentration of interferon-y (IFN-vy), inter-
leukin (IL)-2, IL-4, and IL-5 in the culture supernatant was
determined by sandwich ELISA as described elsewhere [23].
For the sandwich ELISA, following combinations of coat-
ing and biotinylated mAbs were used; R4-6A2 and XMG1.2
for IEN-y, JES6-1A12 and JES6-5H4 for IL-2, 11B11
and BVD6-24G2 for IL-4, TRFK5 and TRFK4 for IL-5.
All mAbs were purchased from PharMingen. The amount
of cytokines was calculated by using standard murine re-
combinant cytokine curves run on the same immunoplate.
The background level measured with the medium only has
been subtracted.

2.11. Anti-OVA ELISA

Animals were bled from the retro-orbital plexus 1 month
or 2 weeks after the last immunization and sera were pre-
pared. Microtiter plates (Corning Glass Works, Corning,
NY) were coated with OVA (Sigma; 20 pg/ml) in phosphate
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buffer (pH 9) by overnight incubation at 4°C and
washed three times with PBS containing 0.05% Tween-20
(PBS/Tween) to remove the unbound Ag. Plates were in-
cubated with diluted sera in blocking buffer (30% Block
Ace (Dainippon seiyaku, Osaka, Japan) in PBS/Tween) at
4°C overnight. After washing five times with PBS/Tween,
plates were incubated with alkaline phosphatase-conjugated
anti-mouse IgG Ab (Cosmo-Bio, Tokyo, Japan) 1000X
diluted in Ab dilution solution (10% Block Ace in
PBS/Tween). After washing five times with PBS/Tween,
the amount of the bound Ab was determined by addition
of p-nitrophenyl phosphatase substrate solution (Sigma).
After 1 h incubation at room temperature, the QD at 405 nm
was measured by EL340 I automatic plate reader (Bio-tek
instruments, Winooski, VT), The background level mea-
sured with the medium only has been subtracted. For the
blocking experiment, sera 100x diluted by Ab dilution
solution were incubated with 50 pM of OVA 323-339 pep-
tide (ISQAVHAAHAFEINEAGRY), or LLO 319-327 peptide
{IKNSSFKAV) as a negative control, at room temperature
for 1h before ELISA.

2.12. Statistics

Data from multiple experiments were expressed as mean+
S.D. Statistical analyses were performed by using the Stat
View-J 4.02 statistics program (Abacus Concepts, Berkeley,
CA). Data were analyzed by Student’s two-tailed ¢-test for
two groups (Fig. 3B), or by one-factor ANOVA followed

T. Nagata et al./Vaccine 20 (2002) 105-114

by the Fisher’s protected least significant difference (PLSD)
test for three or more groups (Figs. 2, 3A and 4).

3, Results

3.1. Construction of CLIP-replaced Ii
expression plasmids

Two types of murine Ii molecules, Ii p31 and p41, which
are generated by alternative splicing from a single gene,
have been reported [24]. Based on these Ii isoform ¢DNAs,
we constructed two CLIP-replaced murine Ii cDNA expres-
sion plasmids whose CLIP regions were substituted to an
OVA Th epitope (Fig. 1). The nucleotides covering CLIP
region in the Ii cDNAs were removed and replaced by a
synthetic double-stranded oligonucleotide encoding OVA
323-336 peptide (ISQAVHAAHAEINE), an I-A%-restricted
Th epitope [25]. We used Hindlll and Nspl sites located
close to CLIP regions of Ii cDNAs to replace the syn-
thetic oligonucleotide. The HindIII-Nspl DNA fragment
covering CLIP region contains the nucleotides encoding
LPKSAKPVSQMRMATPLLMRPMSMDNM, where CLIP
core sequences are the peptide corresponding to murine i
85-101 (KPVSQMRMATPLLMRPM) [26] and nucleotides
coding for a leucine at the N-terminus and MDNM at the
C-terminus were added because Hind IIT and NsplI digestion
of the It cDNAs removes the portion. The resultant plasmids
are pCI-mli p31-OVA323 and pCI-mli p41-OVA323.

TP rgan

FPKSAKPVSQMRMATPLLMRFMS
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Fig. 1. The schema of CLIP-replaced murine Ii molecules deduced from the ¢cDNA constructs prepared in this study. The double-stranded oligonucleotide
coding for OVA 323-336 1-A? binding peptide was replaced with CLIP regions of murine Ii isoform cDNAs, mli p41 and p31. The amino acid sequences
of replaced CLIP region and OVA 323-336 peptide are shown. The numbers indicate the amino acid numbers of Ii molecules. The region shown by
hashed line in Ii p41 is an additional segment derived from allernative splicing, unique to Ii p41.
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