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SUMMARY

 

Immunization with different adjuvants resulted in antithetic outcomes of infection with 

 

Chlamydia
pneumoniae

 

. Immunization with the outer major protein-2 from 

 

C. pneumoniae

 

 (OMP-2) emulsified in
Freund’s complete adjuvant (FCA) thus increased the susceptibility of mice to infection with the bac-
teria. The detrimental effect was not observed upon inoculation of irrelevant antigens or major outer
membrane protein (MOMP) in FCA, but was also observed after immunization with FCA–chlamydial
heat shock protein-60 (HSP-60). The harmful effect of FCA-OMP-2 depended on the presence of both
CD4

 

+

 

 and CD8

 

+

 

 cells and was mediated by IL-10, as shown using gene-ablated mice. The increased sus-
ceptibility to infection caused by FCA-OMP-2 immunization was long-lasting and observed in mice
infected 4 months after the last dose of immunogen. In contrast, partial protection against 

 

C. pneumo-
niae

 

 was observed when FCA was replaced with oligodeoxynucleotides containing immunostimulatory
CpG motifs mixed with Freund’s incomplete adjuvant (FIA-IS-CpG). These polar outcomes of infec-
tion related to the cytokine pattern: antigen-stimulated spleen cells from FCA-OMP-2-immunized
mice showed higher IL-10/IFN-

 

g

 

 ratios than FIA-IS-CpG-OMP-2-immunized animals. In agreement,
sera from FCA-OMP-2 showed higher anti-OMP-2 IgG1/IgG2a ratios than FIA-IS-CpG-OMP-2-
immunized animals. Finally, OMP-2 also generated a protective response when delivered by a eukary-
otic expression vector in tandem with CTLA4, a procedure that targeted OMP-2 to antigen-presenting
cells.
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INTRODUCTION

 

The successful elimination of pathogens following vaccination
depends to large extent on the ability of the host’s immune system
to recognize and respond effectively, preferably with minimal
injury to healthy tissue. In the design of effective non-replicating
vaccines, immunological adjuvants serve as critical components
that instruct and control the selective induction of appropriate
type of antigen-specific immune responses. The most appropriate
adjuvant for a given antigen will depend, to a large extent, on the
type of immune response that is required for protective immunity.
Thus, the type of adjuvant selected might orchestrate the type
of immune response induced (Th1 or Th2), which in turn may
have a significant impact on the protective efficacy of a vaccine.
Consequently, induction of an inappropriate response type could
increase susceptibility to infection.

Some adjuvants act as a signal 0, the so-called pathogen-
recognition patterns. These molecules are the signatures of nox-
ious substances recognized by pattern recognition receptors
(PRR), a precondition for generation of signal 2. Among these
adjuvants, bacterial DNA has been shown to possess unmethy-
lated CpG motifs that allow discrimination of pathogen-derived
DNA from self-DNA. CpG DNA, which are recognized by PRR
[1,2], are the most potent adjuvants known for induction of Th1
response [3,4] and also trigger protective CD8

 

+

 

 T cell responses.
Similar responses may be elicited by DNA vaccines (due to the
CpG adjuvant effect of plasmid sequences) [5]. The mycobacterial
components of Freund’s complete adjuvant also represent a com-
plex of different signal 0 substances.

 

Chlamydia pneumoniae

 

, a Gram-negative intracellular bacte-
ria, is responsible for a range of respiratory tract diseases in
humans, and has also been reported to be associated to develop-
ment of atherosclerosis [6]. A vaccine capable of protecting
against chlamydial infections could provide considerable public
health benefit. Such a vaccine should induce a Th1 response,
and prime both CD4

 

+

 

 and CD8

 

+

 

 cells and IFN-

 

g

 

-dependent and
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-independent effector mechanisms, components of the immune
response shown to play a protective role in primary or secondary
infections with different chlamydial species [7–12]. Relative suc-
cess in protection have been met by some groups [13–16] but not
by others [17] using DNA vaccines against chlamydia. Several
chlamydial antigens have been scrutinized for their protective
response. The major outer membrane protein (MOMP), a 60-kDa
heat shock protein and an ATP/ADP translocase have all been
shown to confer some degree of protection when delivered as a
DNA vaccine [13–15]. The ability of protein vaccination to confer
protection against chlamydial infection has also been indicated
[18–20].

In this study we have focused upon the chlamydial cystein-
rich outer membrane protein (OMP-2). OMP-2 is the second
most abundant protein in 

 

C. trachomatis

 

 elementary bodies
and homologues occur in all chlamydia species. Studies on 

 

C.
pneumoniae

 

 and 

 

C. psittaci

 

 show that during the chlamydia rep-
lication cycle OMP-2 is expressed when reticulate bodies differ-
entiate into elementary bodies [21]. Thus it is not surprising that
this antigen elicits immune responses 

 

in vivo

 

, and that OMP-2-
specific memory cells can be demonstrated by challenge with ele-
mentary bodies 

 

in vitro

 

 [22–24]. Moreover, conservation of the
sequence of OMP-2 among different 

 

C. trachomatis

 

 serovars may
make it an attractive vaccine candidate.

We have used OMP-2 both as a component of a DNA vaccine
and as a protein vaccine using FCA or CpG DNA as adjuvants.
Surprisingly, FCA-OMP-2 immunization resulted in increased
bacterial numbers in lungs, whereas immunization with FIA-
IS-CpG-OMP-2 or a DNA vaccine containing the 

 

omp-2

 

 gene
gave a partial protection to infection. The opposite effect on the
outcome of infection by using these adjuvants was linked to strik-
ing differences in the pattern of cytokines and antibody isotypes
induced by immunization.

 

MATERIAL AND METHODS

 

Recombinant 

 

HSP-60

 

, 

 

OMP-2

 

 and momp production
C. pneumoniae HSP-60, OMP

 

-

 

2

 

 and 

 

momp

 

 were amplified from
eukaryotic expression plasmids 

 

p-omp-2, p-hsp-60

 

 and 

 

p-momp

 

.
The microbial signal sequence was deleted from the 

 

momp, hsp-
60

 

 and 

 

omp-2

 

 genes which were then cloned into a prokaryotic
expression vector 

 

ptrx-abp

 

 [25]. The DNA sequence was con-
firmed. 

 

ptrx-abp

 

 encodes a 26-kDa affinity fusion partner consist-
ing of 

 

Escherichia coli

 

 thioredoxin (Trx) protein [26] and an
albumin binding protein (ABP) derived from streptococcal pro-
tein G [27]. We have reported previously the construction of

 

ptrx-abp-hsp-60

 

 [15].

 

E. coli

 

 BL-21 (DE3) (Novagen, Inc., Madison, WI, USA)
harbouring 

 

ptrx-abp-hsp-60, ptrx-abp-omp-2

 

 and 

 

ptrx-abp-momp

 

plasmids were grown overnight at 37

 

∞

 

C in 100 ml Luria broth
(LB) supplemented with 100 mg/l ampicillin. Thereafter, culture
was diluted 1/100 in LB and grown 3–5 h. Expression of the
recombinant fusion protein was induced by adding of 1 m

 

M

 

 iso-
propyl-

 

b

 

-

 

D

 

-thiogalactosidase (IPTG). Protein production contin-
ued for 4–5 h at RT until bacteria reached an O.D.

 

600 nm

 

 of 1·8–3.
Cells were centrifuged and the pellets frozen at 

 

-

 

20

 

∞

 

C, thawed,
resuspended in 50 m

 

M

 

 Tris-HCl, 0·2 m

 

M

 

 NaCl, 0·05% Tween, pH
7·5 and sonicated. Sonicated cells were centrifuged, and the
supernatant was applied on a human serum albumin–Sepharose
column (Pharmacia, Stockholm, Sweden). Elution was per-
formed using 0·5 

 

M

 

 acetic acid pH 2·8. The size and purity of

Trx-ABP-HSP-60, Trx-ABP-OMP-2 and Trx-ABP-MOMP was
verified by SDS-PAGE and further confirmed by Western-blot.

 

Plasmid DNA constructions for immunization

P-omp-2. 

 

The omp-2 gene (accession no. X535511) from C.
pneumoniae was amplified by PCR using a plasmid containing
OMP-2 as a template, and cloned into the eukaryotic expression
vector pCI (Promega, Madison, WI, USA) containing the murine
IgG heavy chain signal sequence IgGSSeq. Fusion with IgG signal
sequence improves secretion and immunogenicity of the different
encoded antigens, including OMP-2 [28]. Primers used for PCR
amplification for this gene were as follows:

Sense OMP-2: 5

 

¢

 

 CC

 

G AAT T

 

CG AGC GGG GGT ATA
GAG GCC GCC GCT GTA

 

-

 

3

 

¢

 

Antisense OMP-2: 5

 

¢

 

 GGC C

 

GT CGA

 

 

 

C

 

TT ATT ACA CGT
GGG TAT TTT CTG TGT CTG A

 

-

 

3

 

¢

 

The sense primer introduced an 

 

Eco

 

RI site (bold) and the
antisense primer introduced a stop codon (underlined) and a 

 

Sal

 

I
site (bold). The PCR product was digested with 

 

Eco

 

RI and 

 

Sal

 

I
and cloned into pCI in frame with the murine IgG leader to medi-
ate secretion. Insertion was confirmed by sequencing (ABI sys-
tems, Perkin Elmer, Boston, MA, USA).

 

P-ctla4-omp-2.

 

The extracellular domain of CTLA4 including its
export signal sequence (accession no. X05719) was amplified from
murine cDNA and cloned into the eukaryotic expression vector
pCI. A synthetic 50 base pair hinge region, to mediate flexibility
of the protein, was then cloned downstream the 

 

CTLA4

 

 gene. The

 

omp

 

-2 gene was cloned downstream and in frame with the 

 

p-ctla4-
hinge

 

. The primers used for PCR amplification for each one of
these genes were as follows:

Sense CTLA4: 5

 

¢

 

 CCG G

 

CT CGA G

 

CC ACC ATG GCT
TGT CTT GGA CTC CGG AGG 3

 

¢

 

Antisense CTLA4: 5

 

¢

 

 CCA GAA CCA TGC CCG GAT TCT
GAC 

 

GAA TTC

 

 GG

 

A CGC GT

 

G TTG CC 3

 

¢

 

Sense OMP-2: 5

 

¢

 

 CCT T

 

AC GCG T

 

GA GCG GGG GTA
TAG AGG CCG CTG TA 3

 

¢

 

Antisense OMP-2: 5

 

¢

 

 GGC C

 

GT CGA C

 

TT ATT ACA CGT
GGG TAT TTT CTG TGT CTG 3

 

¢

 

The sense primer of CTLA4 introduced an 

 

Xho

 

I site (bold)
and the antisense primer of CTLA4 introduced both an 

 

Eco

 

RI
and an 

 

Mlu

 

I site (bold). The PCR product was digested with 

 

Xho

 

I
and 

 

Mlu

 

I and cloned into the pCI vector. The hinge region, con-
taining both an 

 

Eco

 

RI and a 

 

Mlu

 

I site (bold), was inserted into 

 

p-
ctla4

 

 vector downstream of the 

 

CTLA4

 

 gene. The sense primer of
OMP-2 introduced an 

 

Mlu

 

I site (bold) and the antisense primer
of OMP-2 introduced a stop codon (underlined) and a 

 

Sal

 

I site
(bold). This PCR product was digested with 

 

Mlu

 

I and 

 

Sal

 

I and
cloned downstream and in frame with the 

 

p-ctla4

 

-hinge to medi-
ate secretion of the fusion antigen. In all cases insertion was con-
firmed by sequencing.

As control a 

 

p-ctla4

 

 without 

 

omp-2

 

 was constructed by intro-
ducing a stop codon downstream and in frame with 

 

p-ctla4-hinge

 

.

 

E. coli

 

 strain XL1-blue (Stratagene, La Jolla, CA, USA) was
used as bacterial host during plasmid construction and prepara-
tion. Plasmid DNA used for all cell transfections and immuniza-
tions was prepared from overnight cultures and purified using
Qiagen Giga-Plasmid columns including an endotoxin removal
step (Qiagen, Santa Clarita, CA, USA). DNA was dissolved in
sterile H

 

2

 

O and stored at 

 

-

 

20C

 

∞

 

. Prior to injections, DNA was
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diluted in sterile PBS. Plasmid preparations contained less than
0·1 endotoxin units per 

 

m

 

g of plasmid DNA (

 

Limulus amoebocyte

 

lysate assay (Bio Whittaker, Walkersville, MD, USA).

In vitro 

 

expression

 

Expression of proteins from plasmids was analysed initially
in transiently transfected 293 cells. Cells were transfected
using DOTAP-liposomes (Boehringer-Mannheim, Mannheim,
Germany) according to the manufacturer’s instructions. To anal-
yse protein expression, cells were fixed with methanol and stained
with sera from mice infected with 

 

C. pneumoniae

 

. Alternatively,
expression of transfected genes were analysed in cell supernatants
and lysates by Western blot.

 

Binding assay

 

To analyse the CD80 (B7) binding capacity of the CTLA4-OMP-
2 fusion protein 293 cells were transfected with 

 

p-ctla4-omp-2

 

using the lipofectamine (Life Technologies, Carlsbad, CA, USA)
according to the manufacturer’s instructions. RMA cells express-
ing B7 (a kind gift from Hans-Gustaf Ljunggren, Stockholm, Swe-
den) and non-transfected controls were used; 2 

 

¥

 

 10

 

5

 

 B7-RMA or
RMA cells were resuspended in 100 

 

m

 

l of supernatant containing
the CTLA4-OMP-2 fusion protein and incubated on ice for 1 h.
After incubation the cells were centrifuged and washed in PBS.
The cells were then incubated for 1 h on ice, first with anti-OMP-
2 antibodies (1/50), and then with FITC-labelled goat antimice
immunoglobulins (1/30) in PBS 1% FCS. The samples were anal-
ysed using a fluorescence-activated cell sorter (FACS). As nega-
tive control supernatant from pCI transfected 293 cells was run in
parallel.

 

Stimulatory oligodeoxynucleotides

 

Oligonucleotides (ODN) were purchased from Pharmacia
Biotech, Uppsala, Sweden. The sequence of the CpG oligo-
deoxynucleotides (CpG) used was 5

 

¢

 

 TTGGAACGTTCC
TTTCCAACGTTGGTT TGGAACGTTCCTT 3

 

¢

 

. The three
CpG motifs are underlined. The non-CpG oligodeoxynucleotides
(GpC) used was 5

 

¢

 

 TTGGAAGCTTCCTTTCCAAGCTTGGTT
TGGAAGCTTCCTT 3

 

¢

 

. All the CpG dinucleotides are inverted
to GpC.

 

Immunizations and challenges

 

C57Bl/6 mice (B6) 6–10 weeks of age were bred under specific
pathogen-free conditions. Mutant mouse strains without CD4
showing a decreased helper cell activity [29], CD8 which is
needed for development of cytotoxic T cells [30], recombination-
activating gene-1 lacking both B and T cells (RAG-1) [31] and
IL10 [32] were generated by homologous recombination in
embryonic stem cells and back-crossed with C57Bl/6 mice. Mice
deficient in both CD4 and CD8 [33] were also used.

All mice were anaesthetized with Metofane® (Mundelein, IL,
USA) prior to immunization.

Mice were inoculated s.c. with 25 

 

m

 

g of OMP-2, HSP-60,
MOMP, OVA or Trx-ABP emulsified in FCA or FIA, or with
OMP-2 emulsified in FIA and mixed with 50 

 

m

 

g of immunostim-
ulatory CpG or non-stimulatory GpC ODN. Control groups of
mice received adjuvant alone (FCA or FIA-IS-CpG) or were left
untreated.

Groups of eight to 10 mice received three times at 2-week
intervals of 75 mg of either p-omp-2 or p-ctla4-omp-2 mixed with
75 mg empty control plasmid (pCI). Plasmids were diluted in 40 ml

PBS and administered by intranasal inhalation (i.n.). Control
groups of mice received 150 mg of p-ctla4, a mixture of p-ctla4 and
p-omp-2 (75 mg each) or were left untreated.

Mycoplasma-free C. pneumoniae isolate Kajaani was propa-
gated in HL cells. Infected cells were sonicated, cell remnants
were removed by centrifugation and the bacteria were stored in
small aliquots in sucrose–phosphate–glutamate (SPG) buffer at -
70∞C until used. Infectivity as measured by inclusion-forming
units (IFU) of bacterial preparation was determined in HL cell
culture.

Mice were infected with 106 IFU of C. pneumoniae in 40 ml of
PBS by i.n. (drops were applied to the nares under light anaes-
thesia with metophane).

Infectivity assay
Mice were sacrificed and right lungs were removed, minced and
mechanically homogenized in 2 ml of SPG buffer. Homogenates
were centrifuged for 10 min at 500 g to remove coarse tissue
debris. Lysates were then diluted 10- and 100- fold in Dulbecco’s
MEM containing 5% FCS and streptomycin (DMEM 5% FCS).
The infectious titre was assayed by culturing 500 ml of duplicate
dilutions of the lysates on confluent HL cells grown on round
13-mm diameter coverslides in a shell vial. Inoculated cells
were centrifuged for 1 h at 1600 r.p.m., supernatant removed and
DMEM 5% FCS containing cycloheximide was added. Cells were
incubated at 35∞C for 72 h, fixed with methanol and stained with
a FITC-conjugated Chlamydia genus-specific monoclonal anti-
body (Pathfinder Chlamydia Confirmation System, Kallestad
Diagnostics, Chaska, MN, USA). Inclusion bodies were counted
by fluorescence microscopy. Infectivity was expressed as IFU per
lung.

Competitive PCR assay
Accumulation of IFN-g and b-actin mRNA in freshly extracted
lungs from vaccinated and infected mice was measured by com-
petitive PCR assays [34]. Competitor fragments with a different
length but using the same primers as the target DNA were con-
structed using composite primers [35] and an exogenous DNA
fragment, or by subcloning of mutated (deleted or ligated) cytok-
ine cDNA. Competitors were amplified by purified PCR (Qiagen,
Studio City, CA, USA) and quantified in a spectrophotometer.

The primer sequences for the amplification of the cDNA
were:

Sense IFN-g: 5¢ AAC GCT ACA CAC TGC ATC TTG G 3¢
Anti-sense IFN-g: 5¢ GAC TTC AAA GAG TCT GAG G 3¢
Sense b-actin: 5¢ GTG GGC CGC TCT AGG CAC CAA 3¢
Anti-sense b-actin: 5¢ CTC TTT GAT GTC ACG CAC GAT

TTC 3¢.
Ten- or threefold serial dilutions of the competitor were

amplified in the presence of a constant amount of cDNA. Reac-
tions were carried out for 28–45 cycles in a thermal cycler (Perkin-
Elmer Cetus, CT, USA) using an annealing step at 60∞C.

Each experiment was performed two or three times and a rep-
resentative set of results is presented.

Specific antibody determinations
Anti-OMP-2 antibodies in the sera from immunized mice were
measured by ELISA [15]. Plates were coated overnight with
0·7 mg per ml of Trx-ABP-OMP-2 fusion protein. After blocking,
sera from individual mice were then added at 1 : 1000 or 1 : 20000
dilutions (for total IgG) and 1 : 50 or 1 : 200 (for IgG2a) and
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1 : 500 or 1 : 2000 (for IgG1). Plates were developed with alkaline
phosphatase-conjugated goat antimouse IgG, IgG2a or IgG1
(g-chain-specific) (Jackson, MO). The assay was standardized
between plates by including titration of a pool of positive sera
from OMP-2-immunized mice.

Cytokine determination in supernatants from antigen-stimulated 
spleen cells
Spleen cells (105 in proliferation assays or 3 ¥ 105 cells for IFN-g-
tests) from individual mice were suspended in RPMI containing
10% FCS and distributed in round-bottomed microtitre plates.
Triplicate wells were cultured for 3 days at 37∞C in 5% CO2 atmo-
sphere in the presence of different concentrations of Trx-ABP-
OMP-2. A capture ELISA was used to measure the presence of
IFN-g in culture supernatants obtained 48 h after co-incubation
with recombinant protein. Antimurine IFN-g MoAb R-4-A-62
(ImmunoKontakt, Switzerland) was used as capture antibody
(10 mg/ml), using biotinylated XMG.1 antimouse IFN-g (4 mg/ml)
(ImmunoKontakt) for detection. Quantification of IFN-g in
supernatants was calculated using parallel titrations of recombi-
nant murine IFN-g (Pharmingen, San Diego, CA, USA).

Pathology
Left lungs from FCA-HSP-60, FCA-OMP-2 or FCA administered
and C. pneumoniae-infected mice were fixed in 4% formalin and
processed for conventional histopathological examination after
paraffin embedding. Three non-consecutive sagital sections were
cut at 2 mm, deparaffinized and stained with haematoxylin–eosin.
A single-blind microscopic evaluation of two sets of serial sec-
tions from each organ was performed on precoded slides. Histo-
cytometry was performed with the aid of an ‘integrationsplatte’

eyepiece (Zeiss) with 100 hits. Presence or absence of pneumo-
niae for every hit was scored. All the area of the lung section was
analysed.

RESULTS

We studied first the effect of immunization using FCA as adjuvant
on the outcome of infection with C. pneumoniae. Surprisingly,
lungs from mice immunized s.c. with OMP-2 or HSP-60 showed a
significant increase of bacterial load after infection (Fig. 1a).
Groups receiving the C. pneumoniae MOMP, irrelevant antigen
OVA, Trx-ABP protein, FCA or left untreated before challenge
with C. pneumoniae showed no increased susceptibility to C.
pneumoniae (Fig. 1a). These increases in susceptibility were
noted at different times after infection (Fig. 1b). The enhanced
bacterial load in FCA-OMP-2- and FCA-HSP-60-immunized
mice was linked to a dramatically increased pathological outcome
of infection (Fig. 2a–d). Whereas lungs from FCA-treated mice
demonstrated perivascular and peribronchiolar mononuclear
cell infiltrates and almost completely normal or slightly affected
lung architecture (Fig. 2a), those from FCA-OMP-2- (Fig. 2b)
and FCA-HSP-60- (not shown) immunized mice showed large
areas of lung consolidation, larger mononuclear infiltrates and
bronchi often filled with inflammatory exudates containing
polymorphs.

A similar increase in bacterial load was observed when infec-
tion was delayed until 4 months after the last FCA-OMP-2 immu-
nization dose. Mice (eight animals per group) immunized with
FCA-OMP 24 months before infection showed 9·95 ± 1ª23 ¥ 105

(mean ± s.e.m.) IFU per lung while FCA-inoculated controls had
1·04 ± 0·21 ¥ 105 IFU (P < 0·05, t-test of log10 transformed data).

Fig. 1. Immunization with FCA-OMP-2 diminishes resistance of mice to C. pneumoniae infection. (a) Groups of B6 mice (eight to 24
animals per group) were immunized s.c. with FCA-OMP-2, FCA-HSP-60, FCA-MOMP, FCA-OVA or FCA-Trx-ABP on three occasions
at 0, 2 and 4 weeks or left untreated. Mice were infected intranasally with 106 C. pneumoniae 2 weeks after the last immunization dose.
Mice were sacrificed 14 days after infection and the amounts of IFU per lung measured. Cumulative data from three independent
experiments are shown. Differences vs. Trx-ABP, OVA, MOMP, FCA-treated and infected mice as well as untreated and infected mice are
significant (P < 0·05 Student’s t-test). (b) Groups of B6 mice (eight to 16 individuals per group) were immunized s.c. with FCA-OMP-2 on
three occasions at 0, 2 and 4 weeks. Fourteen days after the last immunization, mice were challenged intranasally with 106 C. pneumoniae.
Mice were sacrificed 7, 14 and 21 days after challenge and individual IFU determined in lung homogenates. The means of the log10-
transformed IFU per lung ± s.e.m. are depicted. Cumulative data from two independent experiments are shown. (b) , Untreated; �,
FCA + OMP-2.
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Fig. 2. Increased severity of pneumonia in FCA-OMP-2 and FCA-HSP-60 immunized and C. pneumoniae-infected mice. Haematoxylin–
eosin stainings of lungs from mice s.c. administered with FCA (a) or FCA-OMP-2 (b) 14 days after infection with C. pneumoniae. Note
the large consolidated area in the lung of FCA-0MP-2-immunized mice, whereas a nearly normal lung morphology is preserved in control
mice (a = 60¥). The individual percentage of pneumonia in lung tissue sections from FCA-OMP-2 immunized mice 14 and 21 days after
infection (c) or FCA-HSP-60 immunized mice and 14 days after infection (d). The median pneumonia per group is shown as a line in the
middle of each box, and the 25th and 75th quantiles are the ends. The external bars indicate maximum and minimum values. *Differences
between FCA-OMP-2 and FCA-HSP-60 versus FCA-treated groups are significant (P < 0·01, Mann–Whitney–Wilcoxon U-test).
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This suggests that immunization with FCA-OMP-2 induced long-
lasting memory immune responses that facilitate C. pneumoniae
survival or growth.

We next explored the relevance of B and T cells for the
observed enhancement of infectivity. B and T cell-deficient mice
inoculated with FCA-OMP-2 were compared to controls immu-
nized with adjuvant alone. Both CD4+ and CD8+ cells were
required to be present in order for the increased susceptibility to
infection to occur, because CD4–, CD8– or CD4–/CD8– FCA-
OMP-2-immunized mice all showed similar susceptibility to infec-
tion as mice treated with adjuvant only (Fig. 3a–e).

The role of the adjuvant in the adverse reaction was then anal-
ysed. For this purpose the effect of using FCA with that of FIA
containing immunostimulatory CpG (FIA-IS-CpG) motifs or
non-stimulatory GpC oligonucleotides (FIA-NIS-GpC) as adju-
vants for OMP-2 immunization was compared. Mice immunized
with FIA-NIS-GpC-OMP-2 showed no increased susceptibility
to infection with C. pneumoniae (Fig. 4). Thus, mycobacterium
components from FCA are necessary to induce the detrimental
effect of OMP-2 immunization. Moreover, immunization with
FIA-IS-CpG-OMP-2 resulted in protection, as measured by a
lower bacterial load in lungs (Fig. 4).

The latter findings led us to test the efficacy of DNA vaccines
for OMP-2 containing immunostimulatory CpG motifs. In addi-
tion we included a DNA vaccine coding for the extracellular
domain of CTLA-4 in fusion with OMP-2 (p-ctla4-omp-2). This
fusion protein secreted from transfected cells bound B7-1 on the

surface of transfected RMA cells (Fig. 5a). Mice immunized with
p-ctla4-omp-2 showed 10-fold higher anti-OMP-2 IgG titres than
those immunized with p-omp-2, suggesting an enhanced immuno-
genicity of the fusion protein (Fig. 5b). DNA vaccination with the
fusion construct showed a 10-fold reduction of bacterial load in
lungs (Fig. 5c). The non-protective effect of inoculation with p-
ctla4 alone or of co-inoculation with p-ctla4 and p-omp-2 suggests
that targeting OMP-2 protein to B7+ cells is likely to be of impor-
tance to achieve protection.

We next analysed how the various outcomes of infection after
immunization with OMP-2 with the different types of adjuvants
related to the type of immune response elicited. IFN-g mRNA
levels in lungs from FIA-IS-CpG-OMP-2-immunized mice
were higher than those from FCA-OMP-2-immunized animals
(Fig. 6a). Also, IFN-g levels in supernatants from OMP-2-
stimulated spleen cells from FIA-IS-CpG-OMP-2-immunized
mice were higher than those from FCA-OMP-2-immunized ani-
mals (Fig. 6b). On the contrary, OMP-2-stimulated spleen cells
from FCA-OMP-2-immunized mice showed higher levels of
IL-10 than those immunized with FIA-IS-CpG-OMP-2 (Fig. 6c).
IL-10 probably mediated the harmful effect induced by FCA-
OMP-2 immunization, as FCA-OMP-2-immunized IL-10–/– mice
showed similar susceptibility to C. pneumoniae as FCA-treated
controls (Fig. 6d).

The shift in the cytokine pattern in mice immunized with
OMP-2 with different adjuvants also related to that of the isotype
pattern of specific antibodies in the sera. Similar levels of
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anti-OMP-2 IgG antibodies were detected in sera from mice
immunized with FIA-IS-CpG-OMP-2 or FCA-OMP-2 immuniza-
tion (Fig. 7a). However, anti-OMP-2 IgG2a titres were higher and
IgG1 were lower in FIA-IS-CpG-OMP-2 than in FCA-OMP-2-
immunized mice (Fig. 7b,c). The switch was due to the presence of
CpG: mice immunized with FIA-NIS-GpC-OMP-2 showed lower
IgG2a and higher IgG1 anti-OMP-2 levels compared to those
immunized with stimulatory FIA-IS-CpG-OMP-2 (data not
shown).

DISCUSSION

One challenge in vaccine development is the selection of an adju-
vant that favours the generation of protective immune mecha-
nisms. The type of adjuvant used can direct the type of Th
response generated to an administered antigen [36–38]. The
importance of adjuvant in the outcome of experimental leishma-
niasis and tuberculosis infections has been shown [39,40]. In this

report we have added C. pneumoniae to the list of pathogens
where adjuvant choice is essential in determining the outcome of
infection.

The effect of FCA-OMP-2 (or HSP-60) immunization
observed was antigen-specific, because immunization with
MOMP or with non-relevant antigens with FCA did not change
susceptibility to C. pneumoniae. Moreover, the requirement for
the simultaneous presence of CD4+ and CD8+ cells and the ability
to induce a harmful response, even several months after the last
immunization dose, all suggest that a specific adaptive immune
response to FCA-OMP-2 accounts for the detrimental effect.
OMP-2 and HSP-60 are both highly immunogenic, and the
immune responses elicited by both of them have been associated
with a pathological outcome of infection [41–45]. However, a
direct pathogenic effect of FCA-OMP-2 in the absence of infec-
tion was not observed in hearts or lungs, in contrast to the reports
using C. trachomatis and C. pneumoniae OMP-2-derived peptides
in BALB/c animals [45]. In fact, using the same peptides as used

Fig. 3. CD4+ and CD8+ T cells are required simultaneously for the harmful effect induced by FCA-OMP-2 immunization. B6 (a), RAG-
1–/– [31] (b); CD4–/–/CD8–/– [33] (c); CD8–/– [30] (D); and CD4–/– [29] (e) mice (eight to 16 individuals per group) were immunized with FCA-
OMP-2 or FCA as described in legend to Fig. 1. Fourteen days after the last immunization mice were infected with C. pneumoniae. Mice
were sacrificed 14 days after challenge and individual IFU determined in lung homogenates. The mean log10 IFU per lung ± s.e.m. are
depicted. Cumulative data from two independent experiments are shown. Differences versus FCA-treated and infected mice are significant
(P < 0·05, Student’s t-test).
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by these authors [1] we failed to reproduce their results even
when using BALB/c mice (not shown).

We have shown here that FIA-IS-CpG-OMP-2 and p-ctla4-
omp-2 protected against infection with C. pneumoniae. Similarly,
DNA vaccines containing hsp-60 have been shown to protect
mice against infection with C. pneumoniae [15,16]. Fusion in tan-
dem of omp-2 with ctla4 increased the immunogenicity of the
DNA vaccine, as also shown with other immunogens [46]. p-ctla4
omp-2 fusion also provided increased protection compared to p-
omp-2. Increased immunogenicity of the correct type and protec-
tion are due probably to targeting of the expressed fusion protein

Fig. 5. Protective effect of i.n. p-ctla4-omp-2 immunization against C. pneumoniae. (a) CTLA4-OMP-2-secreted protein binds to both B7
and to C. pneumoniae specific antibodies. Supernatants were obtained from p-ctla4-omp-2 or empty plasmid transfected L-293 cells.
Supernatants were co-incubated with B7-transfected RMA cells or non-transfected controls. The complex was then stained using anti-C.
pneumoniae mouse polyclonal antibodies followed by a FITC-labelled rabbit antimouse secondary antibody. Binding of CTLA4-OMP-2
to the B7 transfected RMA cells was measured by FACS. (b) Titres of anti-OMP-2 IgG were determined in sera from individual immunized
mice (eight per group) with p-ctla4-omp-2, p-omp-2 and non-immunized mice 14 days after the last immunization dose. The relative arbitrary
units were obtained by comparison with the titration of a positive pool serum. The mean log10 arbitrary units of anti-OMP-2 IgG per ml
of sera ± s.e.m. are depicted. *Differences versus p-omp-2-immunized or untreated mice mice are significant (P < 0·05. Student’s t-test). (c)
Groups of B6 mice (eight to16 individuals per group) were immunized i.n. with p-ctla4-omp-2 on three occasions, at 0, 2 and 4 weeks.
Fourteen days after the last immunization, mice were challenged with 106 IFU of C. pneumoniae. Mice were sacrificed 7 days after challenge
and IFU determined in lung homogenates from individual mice. Data are pooled from two independent experiments. The means of the
log10-transformed IFU per lung ± ss.e.m. are depicted. Differences versus p-omp-2, p-ctla4, p-ctla4 + p-omp-2 and untreated and infected
mice are significant (P < 0·05, Student’s t-test).
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Fig. 4. Immunization with OMP-2 using FIA-IS-CpG as adjuvant results
in a partial protection against infection with C. pneumoniae. Mice (eight
animals per group except FIA-IS-CpG-OMP-2, which contains 15 ani-
mals) were immunized with OMP-2 in the presence of immunostimulatory
CpG or non-stimulatory GpC oligonucleotides. Control animals were
administered with FIA-IS-CpG or left untreated. The mean of the log10
IFU per lung ± s.e.m. is depicted. Cumulative data from two independent
experiments are shown. Differences versus FIA-IS-CpG, FIA-NIS-GpC-
OMP-2 and untreated, infected mice are significant (P < 0·05, Student’s
t-test).



400 L. Bandholtz et al.

© 2002 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 130:393–403

to antigen-presenting cells, as no effect was achieved by co-inoc-
ulation of p-omp-2 and p-ctla4. Alternatively, fusion to CTLA-
4 could increase the stability of OMP-2.

Results from ours and other laboratories have demonstrated
the importance of IFN-g in the resistance against primary infec-
tion with C. pneumoniae [7,8,47]. In this report we show that a
shift towards a Th1 immune response by including immunostim-
ulatory CpG in adjuvants was linked to increased protection.
Confirming previous data, FIA-IS-CpG proved to be a better
Th1-inducing adjuvant than FCA [4]. Indeed, although FCA has
generally been shown to be a Th1 cytokine inducer (as exempli-
fied in [48]), reports in which FCA induces a Th2 or a non-
polarized response are not sporadic [48–55]. Th2 responses after
immunization with antigen in the presence of FCA have been
shown to depend on the nature of the antigen [52], on the antigen
dose, on the genetic background [56] and on bystander immune
responses to irrelevant antigens or infectious agents [52,54],
which will alter the cytokine milieu of the host.The detrimental
effect measured after FCA-OMP-2 immunization was associated
with high IL-10 and low IFN-g levels. Similarly, IL-10–/– mice were
resistant to FCA-OMP-2-induced detrimental effects, indicating
that IL-10 accounts for increased susceptibility to infection

after FCA-OMP-2 immunization. However, IL-10 did not
hamper a protective response as IL-10–/– FCA-OMP-2-
immunized mice were still not protected against challenge with C.
pneumoniae.

Previous observations suggest that inadequate immunity
induced commonly against Chlamydia is at due least partially to
negative immunoregulation by IL-10. High IL-10-producer
mouse strains are more susceptible to infections [57]. Also,
increased IL-10 levels in the endocervical secretion of women
with chlamydial infection could predispose to enhanced HIV-1
transmission [58]. Finally, IL-10 has been indicated to mediate
susceptibility against primary or secondary chlamydial infections
[57–60].

The shift in cytokine pattern after immunization with differ-
ent adjuvants was reflected in the isotype pattern of specific anti-
OMP-2 antibodies. However, the antibody response to OMP-2
may be of limited utility, as OMP-2 in elementary bodies is con-
fined to the inner surface of the outer membrane [61].

In summary, our data suggest that HSP-60 and OMP-2, but
not MOMP, could act as Trojan horses, enhancing infectivity if
administered with Th2-inducing adjuvants. On the other hand,
OMP-2 inoculated with Th1 preferentially inducing adjuvants

Fig. 6. Higher IFN-g and lower IL-10 levels are present in supernatants from spleen cells of mice immunized with FIA-IS-CpG-OMP-2
and infected with C. pneumoniae compared to those immunized with FCA-OMP-2. (a) Mice were immunized with FCA-OMP-2 and FIA-
IS-CpG-OMP-2 before infection with C. pneumoniae. Infected non-immunized and untreated controls wee also used. RNA was extracted
from the left lungs of at least four mice per group and reverse transcribed. IFN-g and b-actin were measured by a competitive PCR.
Differences versus FIA-IS-CpG-OMP-2-immunized or non-immunized infected mice are significant (P < 0·05, Student’s t-test). (b, c) IFN-
g (b) and IL-10 (c) levels were measured in supernatants from FCA-OMP-2, FIA-IS-CpG-OMP-2-immunized or non-immunized controls
14 days after infection with C. pneumoniae. Spleen cells from individual mice (2 ¥ 106 cells per ml) were co-incubated with recombinant
OMP-2 for 48 h at 37∞C, and the concentration of IFN-g and IL-10 in supernatants from at least 6 mice per group were measured by ELISA.
Differences in cytokine levels versus FIA-IS-CpG-OMP-2-immunized or non-immunized and infected, OMP-2-stimulated cultures are
significant (P < 0·05, Student’s t-test). Differences in IFN-g levels in OMP-2-stimulated spleen cell cultures from FIA-IS-CpG-OMP-2 and
untreated infected mice are significant (P < 0·05, Student’s t-test). (d) IL-10–/– [32] and WT mice were immunized s.c. three times with FCA-
OMP-2 or FCA as described above and challenged with C. pneumoniae 14 days after the last immunization dose. Mice were sacrificed
14 days after C. pneumoniae infection and individual IFU determined in lung homogenates. The mean log10 IFU per lung ± s.e.m. are
depicted. Differences versus FCA-treated, infected mice are significant (P < 0·05, Student’s t-test). (b) �, OMP-2-stimulated; , medium.
(d) , IL-10-/-; �, WT.

(c)

10

20

30

40

0

F
C

A
 -

O
M

P
-2

F
IA

-I
S

-C
pG

 -
O

M
P

-2

N
on

-im
un

iz
ed

 in
fe

ct
ed

M
ea

n 
 IL

-1
0 

(n
g/

m
l) 

± 
s.

e.
m

.

N
on

-im
un

iz
ed

 in
fe

ct
ed

(b)

0

10

20

30

40

F
C

A
 -

O
M

P
-2

F
IA

-I
S

-C
pG

 -
O

M
P

-2

M
ea

n 
IF

N
-g

 (n
g/

m
l) 

± 
s.

e.
m

.

(d)

4

5

6

7

M
ea

n 
lo

g 
IF

U
 ±

 s
.e

.m
.

F
C

A

F
C

A
-O

M
P

-2

N
on

-im
m

un
iz

ed
 in

fe
ct

ed

(a)

1000

1500

2000

0

500

F
C

A
-O

M
P

-2

F
IA

-I
S

-C
pG

-O
M

P
-2

U
ni

nf
ec

te
d

M
ea

n 
m

ol
es

 o
f  

IF
N

-g
 m

R
N

A
 p

er
 m

ol
e 

of
 b

 -a
ct

in
 ±

 s
.e

.m
.

*

*

*

*



Adjuvant modulation of the infection with C. pneumoniae 401

© 2002 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 130:393–403

confer partial protection against C. pneumoniae. MOMP is the
only protein of the three tested expressed in the outer surface of
C. pneumoniae and accessible to humoral neutralizing antibodies
[44]. We will therefore test if FCA-MOMP immunization in B
cell-deficient mice will paradoxically enhance susceptibility to
infection. In line with our results, inoculation of DNA vaccines
containing MOMP or of liposome-MOMP suspension have been
shown to induce Th1 responses and protect mice against infection
with C. trachomatis and C. pneumoniae [13,14,18,62], while Th2
immune responses were recorded after immunization with den-
dritic cells pulsed with recombinant MOMP [63].

No sterilizing protection against C. pneumoniae was observed
in this as well as in previous reports. However, those reports and
data presented herein all indicate that vaccine development for
chlamydia seems more possible now than in the past. The present
data indicate that proper selection of the adjuvant will be crucial
in such development.
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