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Abstract—Mice were intramuscularly immunized with a dnaK-encoding DNA plasmid. The protec-
tive effect of DNA immunization against Chlamydophila abortus infection was studied in pregnant
and non-pregnant mice models. In non-pregnant mice, the dnaK vaccine induced a specific humoral
response with the predominant IgG2a isotype, which failed to have in vitro neutralizing properties.
No delayed-type hypersensitivity reaction was observed and the spleens of dnaK vaccinated-mice
were not protected against C. abortus challenge. In pregnant mice, the dnaK vaccine induced a
non-specific partial protection from abortion. This may be due to the immunogenic properties of the
CpG motifs of bacterial DNA present in the vaccinal plasmid backbone. Nevertheless, spleens of
dnaK vaccinated-pregnant mice were not protected.

DNA immunization / Chlamydophila abortus | DnaK / Hsp70

Résumé — Evaluation de la protection induite par vaccination ADN avec un plasmide codant
pour draK contre une épreuve parChlamydophila abortus chez des souris gestantes ou non-
gestantesDes souris ont été immunisées par ’injection intramusculaire d’un plasmide codant pour
la protéine DnaK. L effet protecteur de la vaccination ADN contre une infection par Chlamydophila
abortus a été évalué dans des modeles de souris gestantes ou non-gestantes. La vaccination ADN avec

le géne dnak induit une réponse humorale spécifique chez les souris non-gestantes avec une prédo-
minance d’IgG2a qui n’ont pas présenté d’activité neutralisante in vitro. Aucune réaction d’hyper-
sensibilité retardée n’a été observée et les rates des souris vaccinées avec le vaccin ADN-dnaK n’ont
pas été protégées contre I’ infection par C. abortus. Chez les souris gestantes, le vaccin ADN-dnaK ré-
duit partiellement et de fagon non spécifique les avortements. Les lots CpG de I’ADN bactérien,
connus pour leur propriétés immunogéniques, pourraient étre responsables de cet effet protecteur non
spécifique. Cependant, aucune élimination des bactéries n’a été observée dans les rates des souris
gestantes.
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1. INTRODUCTION

Chlamydophila  abortus (Chlamydia
psittaci serotype 1) is a Gram-negative obli-
gate intracellular bacterial pathogen colo-
nizing epithelial cells at mucosal surfaces.
They notably infect cells of the reproduc-
tive tract and then are responsible for abor-
tion of goats and sheep [18]. This pathology
causes a considerable loss in breeding. Fur-
thermore, it presents a zoonotic risk to preg-
nant women, since several cases of human
chlamydial abortion have been reported
[5]. A live attenuated vaccine 1B [24] is ac-
tually commercialized for small ruminants.
It induces a specific and strong immunity
that protects against infection but unfortu-
nately does not enable the serological dis-
tinction between vaccinated and naturally
infected animals [25].

DNA vaccination represents an exciting
means to compensate for this 1B vaccine
disadvantage in inducing an immune re-
sponse against a single C. abortus specific
protein. In fact, it consists of direct gene
transfer into the muscle or skin of a purified
DNA plasmid encoding a gene of an
immunogenic protein [13]. Its expression
in the host cells results in the presentation
of the protein to the immune system and
leads to strong and persistent humoral and
cell-mediated immune responses particu-
larly appropriate for preventing intracellular
bacterial infection [29]. Moreover, DNA
vaccination generates the same Th1-biased
immune response [31] implicated in the res-
olution of chlamydial infection and can be
relevant to chlamydial vaccine design [6].

A large range of protein can be used in
this kind of strategy. Proteins of the heat
shock protein (Hsp) family are evaluated as
good candidates for this approach of vacci-
nation against C. abortus [1]. Widely dis-
tributed in nature, they are implicated in the
folding, unfolding and translocation of
proteins and also in the assembly and dis-
assembly of protein complexes as immuno-

globulins (Ig), T-cell receptors (TCR) and
major histocompatibility complexes (MHC)
[34]. Moreover, Hsp represent immuno-
dominant targets inducing strong humoral
and cellular immune responses [28] which
are very interesting because they are similar
to the one obtained after Chlamydiacae in-
fection. Finally Hsp proteins held our atten-
tion because they have been successfully
used in DNA vaccination of other models.
Despite the potential immunopathological
effect of Hsp, DNA vaccination with a
dnaK gene encoding the DnaK protein
which belongs to the Hsp family, offers an
effective protection against tuberculosis
without inducing adverse effects [16]. The
DnaK protein (70 kDa) is expressed in the
early stages of the Chlamydia trachomatis
infection [17] and presents several epitopes
among which two are conformational [4]
and one is linear [3].

In this study, we isolated the dnaK gene
froma C. abortus AB7 genomic library and
cloned it into a eukaryotic expression vec-
tor. Then we evaluated the protective effect
in a pregnant and non-pregnant mice model
of DNA immunization with the dnaK gene.
The humoral immune response was exam-
ined by measuring isotype-specific anti-
DnaK antibodies.

2. MATERIALS AND METHODS

2.1.C. abortus strains

The virulent C. abortus AB7 ovine abor-
tion strain isolated from an ovine abortion
[14] and the vaccinal 1B strain obtained by
selection of a temperature sensitive mutant
after nitrosoguanidine mutagenesis [22]
were used. Bacteria were propagated in the
yolk sac of embryonated SPF chicken eggs
inoculated at day 7, purified as previously
described [7] and stored at —70 °C.
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2.2. Molecular cloning and expression
of C. abortus dnaK gene

2.2.1. C. abortus AB7 genomic library

After lysis of C. abortus bacteria by
treatment with proteinase K (2 mg/mL) and
L-laurylsarcosine (2%), genomic DNA of
C. abortus was extracted as previously de-
scribed [12]. The genomic library of C.
abortus DNA was constructed with the
LambdaGEM®12 kit (Promega Corpora-
tion, Madison, WI, USA) and according to
the recommendations of the manufacturer.
Briefly, after a partial digestion by Sau3A
and a partial fill-in, DNA genomic frag-
ments of C. abortus were cloned into Xhol
digested lambda vector arms. This ligated
DNA was packaged and used for infecting
Escherichia coli KW251. After the phage
transfer to a nitrocellulose filter (Schleicher
& Schuell 0.45 pm, @ 82 mm), the library
was screened with the anti-DnaK monoclonal
(Mab) 18.1 antibody [4] kindly provided by
Dr S. Birkelund (University of Aarhus, Den-
mark).

Different cycles of purification and en-
richment were done and we obtained a
clone expressing the DnaK protein. The
phagic DNA was extracted and in order to
obtain the sequence of the dnak gene, the
corresponding insert was cloned into
pBluescript® 11 KS+ plasmid after a
BamH]I-Sacl double digestion. The plasmid
of the positive clones was sequenced (Ge-
nome Express, Meylan, France). The nu-
cleotide sequence of the dnaK operon was
then deposited in GenBank under the
AF384685 accession number.

2.2.2. Plasmid construction

In order to produce the recombinant
DnaK protein and vaccinal vector, the dnak
gene was amplified by the polymerase
chain reaction (PCR) and cloned in the ap-
propriate vectors. PCR was performed us-
ing chlamydial genomic DNA (80 ng) as
the template, INTP (200 uM each), specific

primers (1 pM each) and 1 unit of 7ag DNA
polymerase (Promega) in a Perkin Elmer
thermocycler with the following program:
1 cycle of 94°C/5min; 30 cycles of
50°C/45 s, 72°C/2 min and 94 °C/45 s;
and 1 cycle of 50 °C/45s, 72 °C/10 min.
Specific primers were determined accord-
ing to the DNA sequence of C. abortus AB7
containing: (i) Sacl site in the forward
primer (DNAK-HIS1: 5’>: CTC GAG
CTC AGC GAA CAA AAA AAA TCT
AGT 3’) and Kpnl site in the reverse primer
(DNAK-HIS2: 5°>: CTC GGT ACC TTA
ATCGTTAGG TTT ATC TAC 3°). The re-
sulting fragment was inserted in a 5’-end
histidine tag (Hisg) prokaryotic expression
vector, pTrcHisA (Invitrogen, San Diego, CA,
USA) linearized by Kpnl-Sacl double diges-
tion to generate pTrcHis::DnaK; (ii) BamHI
site and Kozak sequence in the forward primer
(DNAK-B:5>:CTCGGA TTC ACC ATG
AGC GAA CAA AAA AAA 3’) and Xbal
site in the reverse primer (DNAK-X: 57>
CTC TCT AGA TTA ATC GTT AGG TTT
ATC TAC 3”). The resulting fragment was
inserted into the pcDNA3.1 (Invitrogen)
eukaryotic vaccinal vector carrying the hu-
man cytomegalovirus immediate early-pro-
moter and the bovine growth hormone
polyadenylation signal after linearization
by BamHI-Xbal double digestion to gener-
ate pcDNA3.1::DnaK. pcDNA3.1::DnaK
and pcDNA3.1 control plasmid were puri-
fied after an overnight Luria Bertani (LB)
culture of recombinant DH5a E. coli using
the EndoFree™ Plasmid Mega Kit
(Qiagen, Hilden, Germany). Plasmid con-
centrations were determined by optical
density, gel quantification and fitted to
1 mg/mL in PBS endofree. The sequence of
the recombinant DnaK DNA was verified
by DNA sequencing.

2.2.3. Recombinant DnaK

E. coli TGl were transformed by
pTrcHis::DnaK plasmid and grown over-
night in 3 mL of LB supplemented with
ampicillin (100 pg/mL). One milliliter of
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this culture was transferred into 100 mL of an
LB-ampicillin medium. After 3 h of growth,
isopropyl-f3-D-thiogalactopyranoside (IPTG)
was added at a final concentration of 1 mM
and then the culture was let to grow overnight.
Bacteria were pelleted by centrifugation for
15 min at 3 000 rpm. Then the recombinant
DnaK protein was extracted according to the
protocol of the Xpress™ System Protein Pu-
rification (Invitrogen), column washing and
elution were performed under native condi-
tions, then proteins were concentrated using
an Ultrafree-4 centrifugal filter (Millipore,
Bedford, MA, USA). Concentration of re-
combinant DnaK was evaluated by the BCA
Protein Assay Reagent (Pierce, Rockford,
IL, USA) and fitted to 1 mg/mL in PBS
buffer.

2.2.4. Eukaryotic expression
of recombinant DnaK

COS-7 cells were cultivated in
DMEM-SVF 10% and transfected with
Lipofectamine (Life Technologies Inc.,
Gaithersburg, MD, USA) by 1 pg of
plasmid per 3 to 4 x 105 cells. The expres-
sion of recombinant DnaK in the cell extract
was tested after SDS-gel electrophoresis and
western blot (see below) revelation with the
anti-DnaK specific monoclonal 18.1 anti-
body and by immunofluorescence.

2.3. Immunization and challenge

All the studies were done on six-week-
old female outbred OF1 Swiss mice (IFFA
Credo, L’ Arbresle, France).

Five groups of 20 mice for abortion
tests were made. Prior to DNA immuniza-
tion, each mouse was injected with cardio-
toxin (Latoxan, Rosans, France) into the
tibialis anterior muscles of both hind legs.
Cardiotoxin induces a local inflammation
and enhances the uptake of plasmid DNA
[9]. Five days later, the mice were anesthe-
tized by intraperitoneal injection of keta-
mine and xylazine (80 and 8 mg/kg of body

weight, respectively) and immunized with
pcDNA3.1 or pcDNA3.1::DnaK plasmids
by intramuscular injections (50 pg in each
tibialis anterior). The mice were boosted in
the same way at days 21 and 42, mated at
day 51 and challenged at day 63 by an
intraperitoneal injection of 2 x 103 plaque
forming units (pfu) of C. abortus AB7.

Additional control groups were done.
First, a group of vaccinated control mice
was obtained after one injection of 105 1B
vaccine bacteria at day 1. The mice belong-
ing to the virulence control group were in-
fected but not immunized. Finally, mice of
the pregnancy group were neither immu-
nized nor challenged. Mice were consid-
ered protected when the number of living
offspring per litter 8 days after birth was
significantly different (p <0.05) from the
number of the control group as previously
described [22].

Four groups of 16 non-pregnant mice
were made for immunological trials.
Non-pregnant mice were used in order to
collect samples without affecting the preg-
nancy of the mice. Moreover, a good vac-
cine must be able to protect pregnant and
non-pregnant animals. As for the mice of
the abortion test, these non-pregnant mice
were immunized with the 1B vaccine,
pcDNA3.1 or pcDNA3.1::DnakK. One addi-
tional group was immunized by PBS (same
quantity, site and time as the DNA injec-
tions) and consequently was related as the
virulence control group.

2.4. Antibody response

2.4.1. Specificity of anti-DnaK antibodies

Blood samples were collected from the
retro-orbital sinus of non-pregnant mice
immunized with PBS, pcDNA3.1 or
pcDNA3.1::DnaK for the detection of
anti-DnaK-specific antibodies before each
DNA injection (days 0, 19, 41), just before
the challenge infection (day 61) and at
day 68. Blood samples were stored overnight
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at room temperature, centrifuged (600 g,
15 min, 4 °C) and sera were collected and
stored at —20 °C. The specificity of anti-
DnaK antibodies was checked by an ELISA
test and a western blot.

ELISA

Recombinant DnaK was used as the an-
tigen and diluted in PBS-Mg?" free-Ca?*
free at a concentration of 1 pg/mL. One
hundred microliters were used for coating
microculture plates (Nunc-Immuno™ Plate
Maxisorp™ Surface, Roskilde, Denmark)
for 16 hat4 °C. Plates were washed 5 times
with PBS, 0.05% Tween 20. Sera were seri-
ally diluted in PBS-Mg2" free- Ca?" free,
0.05% Tween 20: 1/200 for the less reactive
serum or starting from 1/200 to 1/1600 for the
more reactive serum. Diluted sera (100 pL)
were incubated for 1 h at 37 °C, then the
plates were washed 5 times with PBS,
0.05% Tween 20. Peroxidase-conjugated
anti-mouse antibodies (100 pL) diluted
1/5000 in PBS-Mg?* free-Ca2" free, 0.05%
Tween 20 were incubated for 1 h at 37 °C,
then the plates were washed 5 times with
PBS, 0.05% Tween 20. Finally, 100 pL of
ABTS (Chekit® In vitro Diagnosticum, Dr.
Bommeli AG, Bern, Switzerland) were
used as the substrate. After 20 min at room
temperature, absorbance was read at 414 nm
(ELISA reader). The pooled sera of
pcDNA3.1::DnaK immunized mice, col-
lected at day 68, were used as the reference
(pcDNA::DnaK D68) in order to express the
results in arbitrary units.

Western blot

A SDS-polyacrylamide gel (10%) was
performed. After electrophoresis, DnaK
recombinant protein (0.1 pg) and crude
extract of C. abortus AB7 were trans-
ferred from polyacrylamide gel to a
nitrocellulose membrane (Schleicher &
Schuell, PROTRAN®BAS3, 0.2 pm). Sub-
sequently the membrane was blocked in a

1% milk-PBS Tween 20 buffer at room
temperature for 1 h. Immunodetection
was performed with 1/200 diluted sera
from mice of pcDNA3.1 control and
pcDNA3.1::DnaK groups collected at
days 0, 19, 41, 61 and 68. The lanes were
incubated for 1 h at room temperature.
After three washings in PBS-0.05%
Tween 20, the membrane was incubated for
1 h with alkaline phosphatase anti-mouse im-
munoglobulin G+M (Caltag, Burlingame,
CA, USA) at a dilution of 1/2000 in 1%
milk-PBS. The membrane was washed and
alkaline phosphatase activity was detected
with NBT-BCIP (Promega) substrate solu-
tion.

2.4.2. Determination of antibody isotypes

The determination of antibody isotypes
was carried out using the ELISA as de-
scribed above. Briefly, after incubation
with dilution of the pooled sera of
pcDNA3.1::DnaK vaccinated mice col-
lected at day 61 or day 68, the isotypes were
revealed by adding 100 pL ofa 1/1000 dilu-
tion of peroxidase-conjugated anti-mouse
IgG1 or IgG2a or IgG2b (Nordic Immuno-
logical Laboratories, Tilburg, The Nether-
lands). Specific titres for anti-DnaK
isotypes were given as the ratio of the
absorbance of each IgG subclass/the addi-
tion of the absorbance of IgG1, IgG2a and
IgG2b.

2.5. In vitro neutralization assay
in the presence of the complement

The neutralization assay was done by
the plaque reduction assay using McCoy
cells [27]. Pooled sera (sera of PBS, 1B,
pcDNA3.1 or pcDNA3.1::DnaK vacci-
nated mice) were diluted in Mg?* free-Ca®*
free phosphate-buffered saline (PBS; pH 7.3)
containing 10% fetal bovine serum and 2.5%
guinea pig serum. Two hundred microliters of
these dilutions (10! and 102) were added to
an equal volume (200 PL) of an 10* pfu AB7
chlamydial suspension, incubated for 2 h at
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37 °C and then titrated on McCoy cells by
the plaque assay method [2]. The results are
expressed for each sera by the percent pfu
of the PBS control.

2.6. Chlamydial enumeration
in the spleen

Ten of the 16 non-pregnant immunized
mice received an intraperitoneal chlamydial
challenge (2 x105 C. abortus ABT7) at
day 68. Five days after challenge, mice were
euthanized because it has been shown that
the chlamydial titre in the spleen was maxi-
mal at this day [22]. The spleens were asepti-
cally removed, weighed and frozen at
—80 °C. The spleens were individually ho-
mogenized in PBS with a glass grinder, di-
luted in PBS-DEAE (0.01%) and titrated by
plaque assay on McCoy cells, as previously
described [23]. The course of infection was
evaluated by counting pfu and expressed by
Logo pfu.

2.7. Measurement of DnaK-specific
delayed-type hypersensitivity
(DTH)

DTH was evaluated 3 weeks after the
third DNA injection on 3 of the 16 non-
pregnant immunized mice. The recombi-
nant DnaK protein (10 pg in 30 pL) was in-
jected into the right hind footpads of three
mice, and the same volume of PBS buffer
was injected into the left hind footpad as a
control. Footpad swelling was measured at
48 and 72 h after the injection using a dial-
gauge calliper (Mettallex, Paris, France).
The difference of thickness between the
right and the left footpads was used as a
measure of the DTH response.

2.8. Statistical tests

The analysis of the results was per-
formed using the software InStat 2.03 for
Macintosh. For all protective results, the
mean was calculated using a one way anal-

ysis of variance, and a comparison of the
means was then carried out through a Stu-
dent-Newman-Keuls multiple comparison
test. The minimal statistical significance
was judged at P < 0.05.

3. RESULTS

3.1. Sequence and expression
of the dnaK gene

Screening of the C. abortus AB7 genetic
library with the anti-DnaK monoclonal
18.1 antibody let us identify one clone, la-
beled A70-2. Restriction endonuclease
analysis of the phage arms insert revealed a
13 kb fragment. After its subcloning in
pBluescript® 11 KS+ and further restriction
endonuclease analysis, we obtained a clone
labeled pCH704, with a minimal size frag-
ment of 4.3 kb, containing the dnaK gene.

The resulting sequence of the dnaK gene
of C. abortus AB7 revealed an open read-
ing frame of 1 977 bp encoding a protein of
659 amino acids with a putative calculated
molecular weight of 71 kDa. The encoded
polypeptide was 88% homologous to DnaK
of C. trachomatis and Chlamydophila
pneumoniae. The dnaK gene was located at
the 3’ end of a polycistronic operon com-
prising two other genes, hrcA and grpE; a
similar genetic organization was found in
sequenced chlamydial genomes.

The dnaK gene was inserted into the
BamHI-Xbal site of the eukaryotic ex-
pression vector pcDNA3.1. Production
of the C. abortus DnaK protein from
pcDNA3.1::DnaK construction was con-
firmed by transfecting the construction
into COS-7 cells. The DnaK protein was
readily detected using the anti-DnaK
monoclonal 18.1 antibody by immunofluo-
rescence in pcDNA3.1::DnaK transfected
COS-7 cells (data not shown) and whole
cell lysate western blot (Fig. 1) and not in
control pcDNA3.1 transfected COS-7
cells. Nevertheless, the molecular mass of
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the recombinant protein (80 kDa) was
larger than the molecular mass of purified
recombinant DnaK (70 kDa). Since
eukaryotic cells expressed the DnaK pro-
tein, the pcDNA3.1::DnaK plasmid can
consequently be used for DNA immuniza-
tion.

3.2. Efficacy of DNA immunization
in pregnant mice

In order to test whether DNA immuni-
zation with purified pcDNA3.1::DnaK
plasmid generated a protective immunity
against C. abortus AB7, immunized mice
were mated and challenged with the patho-
genic strain C. abortus AB7. The number of
live newborn mice in the 1B vaccinated
group was significantly higher (P < 0.05)
than in the virulence group and not signifi-
cantly different from the gestation control
group (Fig. 2). The number of live newborn
mice in pcDNA3.1 and pcDNA3.1::DnaK
vaccinated mice was not significantly differ-
ent but was significantly lower (P <0.05)

—_
N

than in the 1B vaccinated group and signifi-
cantly higher (P < 0.05) than in the virulence
group. So, pcDNA3.1 and pcDNA3.1::DnaK
vaccinated mice were partially protected
from the C. abortus AB7 challenge.

97 kDa _,

66 kDa_|

Figure 1. Expression of chlamydial DnaK anti-
gen in eukaryotic transfected cells. The lysates
of COS-7 cells transfected with pcDNA3.1
(lane 1) or pcDNA3.1::DnaK (lane 2) plasmids
were separated on a SDS-gel electrophoresis
and the DnaK protein was detected after a west-
ern blot with the anti-DnaK monoclonal 18.1
antibody. The purified recombinant DnaK pro-
tein (0.05 pg) was used as a control (lane 3). Mo-
lecular size is given in the left hand margin.

(3]

Average number of living offspring (+ sem)

gestation 1B
control

vaccine

control

virulence pcDNA3.1 pcDNA3.1

::DnaK

Figure 2. Effect of DNA vaccination on viable offspring. The 1B vaccine, the pcDNA3.1 and the
pcDNA3.1::DnaK groups were respectively immunized with the live 1B vaccine, the pcDNA3.1 and
the pcDNA3.1::DnaK plasmids. The gestation control group was neither infected nor immunized
and the virulence group was infected but not immunized. After immunization, the groups were in-
fected after 12 days of gestation. The results were expressed as an average number of living offspring

1 week after birth (+ sem).
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3.3. Anti-DnaK antibody response
to DNA vaccination

An anti-DnaK IgG antibody response
was found in the mice immunized with
pcDNA3.1::DnakK (Fig. 3). Anti-DnaK IgG
were detectable after the first DNA injec-
tion, increased after the second injection,
reached a maximum after the third
pcDNA3.1::DnaK injection and decreased
(day 68) after the challenge. This decrease
in anti-DnaK IgG antibody titre at day 68
was observed with or without a challenge
(data not shown). No DnaK-specific IgG
antibodies were identified in the sera from
non-immunized mice or from mice immu-
nized with pcDNA3.1.

Then the specificity of the anti-DnaK
antibodies were tested by western blot with
recombinant purified DnaK (Fig. 4a) and
chlamydial extract (Fig. 4b) on the immu-
nized mice sera collected before challenge
(day 61) and after challenge (day 68). As

expected, no anti-DnaK specific antibodies
were detected from sera of mice vaccinated
with control plasmid pcDNA3.1 (Fig. 4).
Nevertheless, we detected anti-DnaK spe-
cific antibodies in sera collected at days 61
and 68 from mice vaccinated with
pcDNA3.1::DnaK plasmid. According to
the fact that the anti-DnaK monoclonal
18.1 antibody detects a protein with a mo-
lecular weight similar to the one detected
by the sera of DNA vaccinated mice, we can
conclude that the antibodies of these sera
are specifically directed against DnaK.
Moreover, these sera as well as the monoclonal
18.1 antibody can recognize DnaK in the C.
abortus AB7 extract (Fig. 4b).

3.4. Anti-DnaK antibody isotypes

As demonstrated in Figure 5, anti-DnaK
IgG1 and IgG2a but no IgG2b antibodies
were found in the pool of sera of mice im-
munized with pcDNA3.1::DnaK collected

3000
=]
2 _
X 2500
g Challenge
E!
2
gw 000
=
3
& 1500
g
© 1000
=20
=
g 500
o
wn
0 i L 4 L 4 *—
DO D19 D41 D61 D68
Days

Figure 3.Kinetics of the antibody response of the DNA immunized mice. Mice were intramuscularly
immunized with the pcDNA3.1 or the pcDNA3.1::DnaK plasmids at days 0,21 and 42 and challenged
at day 63 with the C. abortus AB7 bacteria. Sera were collected at different times after the immunization
and tested individually by ELISA for the titration of anti-DnaK specific IgG antibodies. The average ti-
tre (+ sem) of each time had been calculated for pcDNA3.1 (@) or pcDNA3.1::DnaK (H).
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Figure 4. Specificity of the sera of the mice vaccinated with the pcDNA3.1 or the pcDNA3.1::DnaK
plasmids analyzed by western blot. Mice were intramuscularly immunized with pcDNA3.1 or
pcDNA3.1::DnaK at days 0, 21 and 42 and challenged at day 63 with C. abortus AB7. The sera col-
lected at days 61 and 68 were tested by western blot using the purified recombinant DnaK protein
(0.1 pg/lane) (3a) or C. abortus AB7 extracts (8 x 10° bacteria/lane) (3b) as antigens. Molecular size

is given in the left-hand margin.
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Figure 5. Determination of the anti-DnaK IgG subclasses in the pooled sera of mice immunized with
pcDNA3.1::DnaK. ELISA assayed the sera for the isotype of anti-DnaK specific antibodies. The IgG
subclasses were investigated at day 61, three weeks after the third DNA injection and at day 68,
5 days after the challenge. The absorbance of each IgG subclass was divided by the value obtained by
the addition of the absorbance of each IgG subclass.

at days 61 and 68. IgG2a levels were re-
spectively 7.9 and 3.4 times higher than
IgG1 levels in the sera collected at days 61
and 68. These data indicate that plasmid
vaccination using the dnaK gene both gen-
erates IgG1 and IgG2a antibodies with a
higher proportion of IgG2a.

3.5. The neutralization effect
of anti-DnaK antibodies
in the presence of a complement

The 10! and 102 dilution of 1B vacci-
nated mice sera reduced the infectivity of C.
abortus (90 and 68% respectively) (Fig. 6).
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Figure 6. Neutralizing effect of the 1B, the pcDNA3.1 or the pcDNA3.1::DnaK vaccinated mice
sera. The mice sera collected at day 61 were 10" and 107 diluted and then added to the chlamydial
suspension. These solutions had been titrated and the results were expressed in percent pfu of control.

There was no significant difference be-
tween the effect of 102 dilution of
pcDNA3.1 and pcDNA3.1::DnaK vacci-
nated mice sera since they did not reduce
the infectivity of the bacteria. Nevertheless,
the 10~! dilution of the pcDNA3.1 vacci-
nated mice sera reduced in vitro (57%) the
infectivity of C. abortus while the 10~ dilu-
tion of pcDNA3.1::DnaK vaccinated mice
sera did not. The pcDNA3.1::DnaK vacci-
nated mice sera failed to reduce the pfu
number induced by C. abortus.

3.6. Clearance ofC. abortus AB7
challenge in the spleen
of non-pregnant mice

Chlamydial titres in the spleens of 1B
vaccinated mice were significantly lower
(p <0.05) than the ones observed in the vir-
ulence group. Thus, 1B vaccinated mice
were partially protected against chlamydial
infection (Fig. 7). Chlamydial titres of
pcDNA3.1 and pcDNA3.1::DnaK vacci-
nated mice spleens did not show significant
difference with the virulence group. Thus,

DNA vaccination induced no splenic pro-
tection in non-pregnant mice.

3.7. DTH response

No positive DTH response was detected
at48 hin 3 mice (out of 3) immunized with
pcDNA3.1::DnaK. On the contrary, 2 (out
of 3) 1B immunized mice showed a DTH
response (data not shown). No difference
was found between the DTH responses
elicited with non vaccinated or pcDNA3.1
vaccinated mice. For these two groups,
only one mouse (out of 3) was slightly posi-
tive.

4. DISCUSSION

DNA vaccination elicits both humoral
and cellular immune responses specifically
against the protective protein of interest
[13]. DNA vaccines can be considered as
marker vaccines because they allow the
serological differentiation between vacci-
nated and naturally infected animals. They
could therefore compensate for the major
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Figure 7. Chlamydial clearance in spleen of the non immunized or the immunized mice. Mice were
immunized by three intramuscular injections of the pcDNA3.1 or the pcDNA3.1::DnaK plasmids or
one injection of the 1B vaccine. Then they were challenged with C. abortus AB7 and euthanized
5 days after the challenge. The quantities of bacteria in spleens are expressed in Log,,pfu per spleen

(+ sem).

drawback of the actual anti-C. abortus
commercialized vaccine namely the 1B
temperature-sensitive mutant [22] which
induces the same immune response as the
virulent C. abortus strains. Moreover, DNA
immunization appears to be a promising
method to resolve C. abortus infections
since DNA vaccines have already been used
with more or less success in Chlamydia
trachomatis [33], C. pneumoniae [19] and in
Chlamydophila psittaci [32] vaccination
models.

Different antigens could be used for the
DNA vaccination against Chlamydiaceae.
In this study, we evaluated the protective
immunity induced by the dnaK gene of C.
abortus. Indeed, the bacterial heat shock
proteins and more particularly, the DnaK
protein (Hsp70) of C. abortus are known
to be strong immunogens [1, 34]. DnaK is
located in the outer membrane of C.
trachomatis and 1is accessible to the
monoclonal antibody [21]. Moreover, a
DnaK encoding DNA vaccine has already
been successfully used in a tuberculosis
model [16]. Hsp have potential immuno-
pathological properties [34] but in our

study, no adverse effect was observed after
DNA immunization with pcDNA3.1::DnaK.

The dnaK gene of C. abortus AB7 was
isolated from a genomic library after
screening with an anti-DnaK monoclonal
antibody. The corresponding DnaK protein
of C. abortus AB7 revealed high homology
(88%) with DnaK of C. trachomatis and C.
pneumoniae. This confirms the extreme
inter-species conservation of heat shock
proteins throughout evolution. The dnakK
gene was inserted in a eukaryotic vector
and its expression was confirmed in tran-
siently transfected COS-7 cells. Subse-
quently, the vaccine construct was used to
immunize mice.

Intramuscular DNA immunization gave
a partial protection against intraperitoneal
challenge as shown by the reduction of the
average number of living offspring in the
dnaK immunized mice. Mice immunized
with the vaccinal 1B strain were fully pro-
tected having the same average number of
living offspring as mice belonging to the
gestation control group. However, immuni-
zation with the dnaK gene gave the same
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reduction in living offspring as immuniza-
tion with the control vector. Thus, dnaK
vaccination of pregnant mice probably
non-specifically protected the mice from
abortion and could not consequently be al-
located to an anti-DnaK specific immune
response. Identical non-specific immune
responses elicited by DNA vaccination
have been discussed by other authors [15,
26] and can possibly be explained by
immunostimulating properties of CpG motifs
which are present in bacterial DNA [31]. In-
deed, bacterial DNA containing unmethylated
CpG motifs appear to be recognized as a for-
eign body in vertebrates and stimulate a
wide array of immune cells and notably in-
crease the Th1 immune response in mice [8].
The CpG motif has even been proposed as a
potential adjuvant [10].

In the present study, the non-specific im-
mune response induced by DNA immuni-
zation failed to protect the non-pregnant
mice since no reduction of the mean pfu
number in the spleens of DNA immunized
mice was observed. On the contrary, signif-
icant bacterial clearance was observed in
the spleens of 1B immunized mice. Since
the chlamydial clearance in the spleen is
known to be principally due to the cytotoxic
T cells [6], we hypothesized that the dnak
immunization elicited an insufficient or a
non-protective cellular immune response.
This was confirmed since no DTH reaction
was found in dnaK immunized mice.
Therefore, DNA immunization with the
dnaK gene of C. abortus is not able to elicit
a protective cellular immune response.

Nevertheless, we demonstrated a DnaK-
specific humoral response with predomi-
nant IgG2a antibodies suggesting a Thl
type immune response. The antibodies of
dnaK immunized mice sera were able to
recognize the DnaK recombinant protein as
well as the native chlamydial DnaK protein.
Moreover, the isotype of the protective anti-
bodies was known to be IgG2a in C.
abortus infection [11]. However, despite
their specificity and their isotypes, these

anti-DnaK antibodies had no neutralizing
effect on the chlamydial penetration in Mc-
Coy cells. Surprisingly, the sera of mice im-
munized with the plasmid control showed a
neutralizing effect. At present, we have not
explained this phenomenon but further in-
vestigations will be performed.

The production of DnaK detected in
transiently transfected COS-7 cells and the
anti-DnaK humoral immune response in-
duced in vaccinated mice argue for an
in vivo expression. However, the quantity
of recombinant antigen produced in vivo fol-
lowing intramuscular DNA vaccination is
usually weak [20] and in the present study
could not elicit a protective immune re-
sponse. In order to enhance the immune re-
sponses induced by draK DNA immuniza-
tion, it would be interesting to combine a fi-
nal proteic boost to the DNA immunization
since it was admitted that this combined
strategy increases both humoral and cellu-
lar immune response in comparison with
protein or DNA vaccination alone [30].

In conclusion, we demonstrated that the
immunization with the dnaK gene of C.
abortus AB7 induced a weak humoral im-
mune response unable to mediate a specific
protection in pregnant and non-pregnant
mice. Before we conclude that the DnaK
protein is not a protective antigen, it would
be necessary to assess if the enhancement
ofthe immune response level influences the
protective effect of the DnaK DNA vacci-
nation.
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