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The plethora of ocular, genital and respiratory diseases of Chlamydia, includ-
ing nongonococcal urethritis, cervicitis pelvic inflammatory disease, ectopic
pregnancy, tubal factor infertility, conjunctivitis, blinding trachoma and inter-
stitial pneumonia, and chronic diseases that may include atherosclerosis, mul-
tiple sclerosis, adult onset asthma and Alzheimer’s disease, still pose a
considerable public health challenge to many nations. Although antibiotics
are effective against Chlamydia when effectively diagnosed, asymptomatic
infections are rampart, making clinical presentation of complications often
the first evidence of an infection. Consequently, the current medical opinion
is that an effective prophylactic vaccine would constitute the best approach
to protect the human population from the most severe consequences of
these infections. Clinical and experimental studies have demonstration that
Chlamydia immunity in animals and humans is mediated by T cells and a com-
plementary antibody response, and the completion of the genome sequenc-
ing of several isolates of Chlamydia is broadening our knowledge of the
immunogenic antigens with potential vaccine value. Thus, major advances
have been made in defining the essential elements of a potentially effective
subunit vaccine design and parameters for evaluation. However, the chal-
lenge to develop effective delivery systems and human compatible adjuvants
that would boost the immune response to achieve long-lasting protective
immunity remains an elusive objective in chlamydial vaccine research. In
response to evolving molecular and cellular technologies and novel vaccinol-
ogy approaches, considerable progress is being made in the construction of
novel delivery systems, such as DNA and plasmid expression systems, viral vec-
tors, living and nonliving bacterial delivery systems, the use of chemical adju-
vants, lipoprotein constructs and the codelivery of vaccines and specific
immunomodulatory biological agonists targeting receptors for chemokines,
Toll-like receptors, and costimulatory molecules. The application of these
novel delivery strategies to Chlamydia vaccine design could culminate in
timely achievement of an efficacious vaccine.
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1. Introduction

1.1 The need for a vaccine to control chlamydial infections

Of the four major species of the obligate intracellular Gram-negative-like bacteria
of the genus Chlamydia (C. trachomatis, C. psittaci, C. pneumoniae and C. pecorum),
C. trachomatis causes the most clinically relevant infections, comprising oculogeni-
tal diseases with considerable morbidity in humans [1,2. It is composed of
~ 15 serovars (serotypes) or genovars (genotypes), designated A — K and L1 — L3,
which are distinguished by the antigenic or sequence variation in the major outer
membrane protein (MOMP; OmpA) (3-51. Trachoma, the world’s most common
preventable blinding disease, is caused by ocular infection by serovars A, B, Ba and
C, which is of endemic proportions in several developing nations, including Africa,
southeast Asia and the Middle East, with an estimated 150 million people affected,
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of whom 6 million are irreversibly blinded or severely visually
impaired [6]. Serovars D — K and the Lymphogranuloma
venereum (LGV) strains L1, L2 and L3 are the oculogenital
biovars of C. trachomatis that cause sexually transmitted dis-
eases (STDs), primarily cervicitis and urethritis. Genital
infection by C. trachomatis constitutes the most common
bacterial STD in the US and several other industrialised
nations, including the UK, Germany, Japan and France. Epi-
demiological data from the WHO revealed that C. trachoma-
tis infections account for > 90 million of the 500 million
annual new STDs worldwide, and the US alone spends
> $2 billion annually on 4 million reported cases [7-10]. Pelvic
inflammatory disease (PID) and tubal factor infertility are
major complications of genital infection, occurring respec-
tively in ~ 40 and 10% of untreated infections, and constitut-
ing an enormous morbidity and socioeconomic burden of
Chlamydia infections [11-14. The LGV diseases are invasive
and sometimes include ulcerative chlamydial STDs involving
lymphatic tissue (e.g., inguinal bubo). These are caused by
the L1, L2 and L3 serovars [15,16], which are endemic in cer-
tain areas of Africa, Asia, South America and the Caribbean
(17). In general ulcerative STDs are a major risk factor for
HIV acquisition. A recent outbreak of LGV among men who
have sex with men in Western Europe has attracted public
health attention in several countries [18]. Furthermore, reports
suggesting that genital chlamydial infection may be on the
rise [9,19] or could predispose to HIV-related AIDS [18,20-26]
and human papilloma virus-associated cervical dysplasia have
heightened these concerns [8]. C. prneumoniae (also known as
Chlamydophila pnewmoniae) causes mild to sublethal acute
respiratory infections, including pharyngitis, bronchitis and
even pneumonia; however, it was recently associated with
atherosclerosis, adult-onset asthma and certain other chronic
diseases [15,27.28]. The zoonotic C. psittaci constitutes an occu-
pational hazard for workers in the poultry and farming indus-
try, and persons exposed to infected avian species [29]. The
diseases caused by C. psittaci in man include psittacosis infec-
tion that may in rare cases become systemic and fatal, but in
animals and birds the infections are psittacosis, hepatitis,
mastitis, conjunctivitis, pneumoniae, abortions and diar-
thoea. Finally, Chlamydia, C. pecorum is an animal pathogen
that has not been associated with any human disease.
Although several prevention strategies have been proposed
against Chlamydia (i.e., mass screening and treatment, early
diagnosis and treatment, mass antibiotic treatment, health
education, and the administration of an effective prophylactic
vaccine), the vaccine strategy is considered the most reliable
and cost effective to achieve the greatest impact in controlling
Chlamydia infections, transmission and the associated compli-
cations in the human population [15,30]. This medical opinion
is derived from the medical and scientific findings that:
although if detected early chlamydial infections are treatable
with antibacterial agents, such as tetracycline derivatives (espe-
cially doxycycline), and the macrolides or azalides including
erythromycin and azithromycin [15], the high proportion of

asymptomatic infections lead to severe and sometimes irrevers-
ible complications, which usually present as the first symp-
toms of an infection, specifically as genital infections in
women [31,32]. In addition, whereas 10 — 40% of untreated
chlamydial genital infections lead to sequelae such as PID and
tubal factor infertility [9,13,14], evidence is accumulating that a
significant proportion of treated genital or ocular infections
may lead to persistence [33-36]. In fact, the recognition of the
significance of persistent chlamydial infection in the patho-
genesis of the disease is casting doubt on the long-term value
of certain chemotherapies in clinically diagnosed cases of
chlamydial infections (33-35,37-411. Moreover, whereas contem-
porary diagnostic methods are reliable for identifying infec-
[9,31,42-44],
acceptance issues surrounding certain intervention strategies

tions there are economic, convenience and
involving frequent community-wide screening for early detec-
tion and treatment of at-risk populations, and/or mass anti-
biotic prophylaxis in trachoma endemic populations to
prevent silent, persistent or inapparent infections [45-48].
Besides, it has been suggested from computer modelling and
prediction of the impact of a protective chlamydial vaccine
that considering the urgency and enormity of the challenges, a
partially protective vaccine that prevents certain severe seque-
lac in a partial vaccination programme would constitute an
acceptable short-term goal with a remarkable global impact in
reducing infections, disease prevalence and associated expendi-
ture [49]. Furthermore, the present need for a vaccine to pre-
vent the spread of Chlamydia in the population makes a
prophylactic vaccine that prevents infections a better anti-
chlamydial strategy than a therapeutic vaccine to prevent the
development of sequelae in infected persons. More research
efforts and support are needed to broaden the frontiers of our
knowledge of Chlamydia biology, mechanisms of host defence
against Chlamydia and modern vaccinology approaches to
boosting protective immunity. Research areas of particular
interest include: a better understanding of immunoregulation
and immunomodulation of host immunity against Chlamydia;
genomic, proteomic and bioinformatic approaches to the
identification of stable vaccine candidates; and the develop-
ment of effective delivery systems and potent adjuvants. All of
these will furnish the blueprints for designing an efficacious
chlamydial vaccine.

1.2 Chlamydia vaccine delivery challenges

It has been unequivocally demonstrated in both clinical stud-
ies and experimentation in animal models of genital, ocular
and respiratory infection that Chlamydia immunity correlates
with a strong T helper cell type 1 (T1) response and a com-
plementary antibody response that fosters a rapid and robust
memory T-cell-mediated immunity (50-54]. The obligatory
requirement for cell-mediated immunity (CMI) effectors to
control certain intracellular pathogens such as Chlamydia has
been reinforced by recent developments in human genetics
and disease susceptibility, where genetic evidence for a crucial
role of Ty1-related cytokines in protective immunity against
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mycobacterial infections was identified and established [55].
In addition, the possibility that the intact chlamydiae harbour
pathogenic components [30,56-59], and the absence of tools to
genetically modify chlamydiae to produce safe attenuated
strains with vaccine prospects make subunit vaccines the cur-
rent focus of chlamydial vaccine research. In addition, the
requirement for both T-cell and humoral immune responses
to achieve a protective immunity would suggest that a subunit
vaccine should possess both T-cell and antibody epitopes. The
potential chlamydial proteins that could form the basis of a
subunit vaccine, as predicted by immunobiochemical analysis
and functional genomics, include the 40-, 60- and 15-kDa
outer membrane proteins (OMPs), which are encoded by the
Omp-1 (omc A), Omp-2 (omp C) and Omp-3 (omp B) genes,
respectively [60-64]. These have been serologically defined and
molecularly characterised. The 40-kDa Omp-1 antigen (the
MOMP), has received an enormous amount of attention as a
promising subunit vaccine due to its immunogenicity (T and
B cells), immunoaccessibility, abundance (60% of OMP
mass), contribution to the structural integrity of the elemen-
tary body [65], function as a porin [66], possession of both spe-
cies- and genus-specific epitopes [56,67) and expression in all
phases of the developmental cycle of Chlamydia 156.681. How-
ever, the efficacy of MOMP-based vaccines has been limited,
due in part to poor immunogenicity, and consequently pro-
ducing only partial protective immunity, as measured by
either a reduction in infectious burden or pathology. The lack
of satisfactory protective immunity with MOMP-based vac-
cine regimens would suggest that either MOMP alone is
inadequate as a vaccine (calling for multisubunit vaccines), or
that more effective delivery systems are needed to optimise
the effect of MOMP or other emerging single subunit vaccine
candidates. Interestingly, the immunogenicity and protective
immunity induced by a MOMP DNA vaccine was enhanced
by the use of an adjuvant [69], suggesting that better adjuvants
and delivery systems are needed to enhance the efficacy of
potential subunit vaccines. Further efforts in chlamydial
genomics and proteomics are identifying additional vaccine
candidates [60,62-64,70-72], particularly the polymorphic outer
membrane proteins (POMPs or pmp) and the conserved
PorB family of membrane [62,64,73-75], as well as an ADP/ATP
translocase of C. pneumoniae, which was identified as a pro-
tective antigen in a DNA delivery and mouse lung infection
model [76]. In addition, a C. trachomatis plasmid protein
(pgp3) that is immunogenic after a natural infection in
humans [77] was shown to confer partial protection (56%)
against ascending genital infection in mice in an experimental
DNA vaccine [78]. Furthermore, the chlamydial proteasome/
protease-like activity factor (CPAF) (79], chlamydial toxin
mapped to the plasticity zone of several strains [64], and cer-
tain members of the chlamydial type III secretory machinery
180) have also been proposed as likely vaccine candidates. A
provisional list of patent claims on chlamydial vaccine candi-
dates was recently published [15]. Comparative structural and
immunological analyses of these antigens should lead to the
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judicious selection of a combination of immunogens for a
multisubunit vaccine. A major advantage of the multiple sub-
unit approach is the potential synergistic immunological ben-
efit of a combination of epitopes from multiple antigens,
inducing a higher frequency of immune effectors that ensures
an effective long-lasting immunity. The continuing progress
of research in chlamydial genomics and proteomics is likely to
expand the pool of available candidate antigens. In addition,
the role of conformation in the vaccine efficacy of candidate
protein antigens is yet to be fully established [81], although
most of the preparations of MOMP used so far were not
refolded. As effectors of CMI are indispensable for chlamydial
immunity, antigen conformation is less likely to affect T-cell
epitope compared with antibody epitope. However, protein
folding may control the availability of crucial peptides con-
taining relevant T-cell epitopes during antigen processing for
T-cell activation, and vaccine delivery media could potentially
affect vaccine conformation during delivery and processing as
well. Additional study is needed to clarify the role of antigen
conformation in vaccine efficacy. Finally, the mouse and
guinea-pig models of oculogenital and respiratory infections
are commonly used for experimental vaccine evaluation and
testing due to the availability of immunological reagents, the
similarity of the disease profiles and certain aspects of the
human disease, costs and the relative ease of handling [82-85].
Considering the recent study in the guinea-pig model of the
genital infection, which revealed that a dose equivalent to
200 infection-forming units was sufficient for sexual trans-
mission of the C. psittaci agent of guinea-pig inclusion con-
junctivitis [86], it may be instructive to re-evaluate the higher
doses previously used for vaccine evaluation in these models.
Vaccine delivery systems are carrier media, vectors and
other delivery vehicles used to package an immunogen as a
vaccine for administration. Although a delivery system may
or may not possess intrinsic adjuvant properties that boost
the immune response against the vaccine, the combination
of the vehicular and adjuvant functions of a delivery system
increases its attraction for use in modern vaccines that are
commonly poorly immunogenic without an adjuvant.
Delivery systems, therefore, include delivery vehicles such as
vectors, as well as carrier media and adjuvants used to for-
mulate the vaccine regimen for administration. They are
used to ensure vaccine stability and availability to the
immune system, targeting of vaccine to the desired site(s),
and to achieve an optimal induction of the desired immune
effectors that confer protective immunity against an infec-
tion or tumour. The delivery of a vaccine can have a great
impact on vaccine efficacy as it affects both the quality and
magnitude of the immune response induced. Thus, effective
vaccine delivery ensures the aggregate mobilisation of the
immune system for an optimum response, effectively boost-
ing the induction of specific immune effectors against the
vaccine, and targeting the effectors to the desired anatomi-
cal location(s) to confer protection against infections
(Box 1). The significance of vaccine delivery vehicles can be
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Box 1. Significance of optimal vaccine delivery.

¢ Impact the quality and magnitude of the immune
response to the vaccine

- Boost immune response; adjuvanticity

- Skew immune response (predominant T,,1 versus T,,2
response)

- Targets vaccine to the appropriate site for optimal immune
induction and/or target effectors to site of action

e Vital for subunit vaccines
e Ensures effective mobilisation of the immune system for
optimum response

Ty1/2: T helper cell type 1/2.

appreciated by two facts: first, the most promising vaccine
formulations may fail to establish the desired protective
immunity due to inadequate delivery; second, although the
era of epitope or subunit vaccines has obviated the concerns
inherent in inactivated or live-attenuated whole pathogens
(30], modern vaccinology has also encountered a major chal-
lenge associated with the relatively poor immunogenicity of
candidate subunit vaccines.

Different vaccines can require different delivery vehicles
depending on the type of immune response needed (e.g., pre-
dominantly antibodies versus CMI effectors) and the target
of effectors (mucosal versus systemic or both locations).
Table 1 shows the different classes of delivery systems that
have been commonly used in experimental, veterinary and
human vaccine designs [87]. Adjuvanticity is a desirable prop-
erty in a number of delivery systems as immonopotentiation
is an important basis for their use in vaccines. The immuno-
biochemical mechanisms of the adjuvant property of certain
delivery vehicles that are currently being studied or used have
recently been reviewed [88-91]. In general, delivery vehicles tar-
get an antigen (vaccine) to the immune inductive sites to
ensure that an appropriate lymphoid location drains the anti-
gen for immune activation, initiates the Toll-like receptor
(TLR) pathway that induces the maturation of antigen-pre-
senting cells (APCs), such as dendritic cells (DCs), to process
and present the antigen, and induces an ambient chemokine
and cytokine environment that promotes the delivery of Sig-
nal 1 in the T-cell activation cascade. In addition, effective
delivery vehicles activate an adequate costimulation to ensure
that Signal 2 is available for complete and full activation of
the immune system. Other desirable features of potentially
safe and effective delivery vehicles include the ability to sup-
port the delivery of a subunit or multisubunit vaccine where
necessary, and be devoid of toxicity. As shown in Table 1 only
alum is currently approved and licenced for human use in the
US in the delivery categories shown. Most of the other deliv-
ery vehicles (e.g., the DNA, detergent-based vehicles, such as
immune-stimulating complexes [ISCOMs], liposomes, the
RIBI adjuvants, mutant toxins, live viral and cellular vectors),

including the human compatible Montanide series and
lipopeptides, have not obtained licensure for human use in
the US. It is, therefore, a general challenge of vaccinology to
develop universally acceptable and human-compatible deliv-
ery systems to enhance the design of vaccines against various
infectious diseases and tumours.

2. Delivery systems useful for Chlamydia
vaccine design

The development of safe and effective delivery vehicles, such
as adjuvants and vectors, or biological manipulations capable
of boosting Ty1 response that is targeted to the genital or
ocular mucosa [62], is a major goal in chlamydial research. It is
important to note that all vaccines targeted for protection
against Chlamydia are at their experimental stages at present.
Therefore, all delivery methods developed for Chlamydia vac-
cines are also experimental. The working hypothesis guiding
the design of Chlamydia vaccine regimens is that the design
and delivery of Chlamydia vaccines will require immunobio-
chemical strategies that optimise a Tyl response and the
accessory humoral immunity. Unfortunately, the vast major-
ity of the delivery vehicles or adjuvants that have been used to
deliver chlamydial antigens so far have produced mixed
results in various animal models of experimental chlamydial
infections [83].

As presented in Table 2, the current chlamydial vaccine
delivery strategies include live or nonliving viral or bacterial
vectors, DNA with or without cytokine genes, CpG-rich
oligonucleotides, complete Freund’s adjuvant (CFA),
ISCOM:s and DC-based cellular delivery. Interestingly, only
the IL-10 knockout (IL-10KO) DC-based cellular vaccine
produces a sterilising, long-term immunity against Chlamy-
dia in a mouse genital infection model (92. Unlike tumour
vaccine approaches, the cellular vaccine approach may be of
less practical application when considering such a wide-
spread infection as Chlamydia; however, this protection sys-
tem furnishes a benchmark for evaluating other potential
vaccines, and its further analysis may guide vaccinologists
to design a more effective delivery vehicle for Chlamydia
vaccines. In addition, the efficacy of the system reassures us
that given the optimal conditions, a protective vaccine is
possible against Chlamydia. Certain experimental vaccine
delivery systems that have either been used in experimental
chlamydial vaccine design or hold promise for potential use
in a future vaccine are described in Section 2.1.

2.1 Experimental vaccine delivery systems

2.1.1 Vectors and adjuvants

Vector-mediated immunisation with naked DNA has recently
received a great deal of attention [69,93-99], with delivery of
MOMP and heat shock protein 60 genes showing some of the
most significant promise [95,100); however, this approach has
been mostly successful in the murine lung model, but not the
genital tract model [101]. Although it is unlikely that immunity
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Table 1. Common delivery systems used in experimental and clinical vaccines.

Delivery system

Role/function

Approval for human use

Chemical/lipid-based adjuvants
Alum: AL(OH)3 gel

Montanide series: natural oils plus mannide monooleate

as emulsifier

Lipopeptides/admixture

IFA (water in mineral oil)

Liposomes

Detergent-based: ISCOMs, QS21

Others: particulate delivery in CaPH or PLG; HSPs,
cytokines, antibodies

Microbial-related components

RIBI adjuvants; monophosphoryl lipid A, muramyl
dipeptides, CpG-rich oligonucleotides, CFA, mutant
toxins (LT, CT)

Viral/bacterial vectors

Live: vaccinia, adenovirus, Salmonella, Listeria, BCG,
canarypox virus

Nonliving: bacterial ghosts; VLPs

Cellular delivery
APCs, DCs

DNA/RNA
Expression DNA plasmid or RNA

Adjuvant (weak/moderate)
Adjuvant

Adjuvant
Adjuvant
Adjuvant
Adjuvant

Adjuvant/carrier

Adjuvant

Adjuvant/carrier

Adjuvant/carrier

Costimulation/antigen presentation/
adjuvant

Carrier/adjuvant

Yes

No (human compatible)

No (human compatible)
No (or uncertain)
Uncertain

No

No

No

No

No

No

No

APC: Antigen-presenting cell; BCG: Bacillus Calmette-Guérin; CFA: Complete Freund's adjuvant; CT: Cholera toxin; DC: Dendritic cell; HSP: Heat shock protein;
IFA: Incomplete Freund's adjuvant; ISCOM: Immune-stimulating complex; LT: Escherichia coli heat labile toxin; PLG: Poly-dl-lactide-co-glycolide; QS21: Quillaja

saponaria 21; VLP: Virus-like particle.

Table 2. Delivery systems used in Chlamydia vaccine research.

Delivery system Degree of protective immunity achieved Ref.
Viral/bacterial vectors

Live: poliovirus, vaccinia Partial [106,107]
Nonliving: bacterial ghosts Partial [119]

Cellular delivery
APCs, DC

Immunomodulation via cytokines, antibodies etc.

Detergent-based
ISCOMs

Microbial-related components
CpG-rich oligonucleotides, ospA, CT, CFA

DNA
Expression plasmid

Partial (wild-type DC)
Sterilising (IL-10 knockout DC)

Partial
Possibly sterilising

Partial

Partial

Partial

[120]
(92]

[105]
[126,127]

[69,146]

[113,114]

[54,76,78,95,101]

APC: Antigen-presenting cell; CFA: Complete Freund’s adjuvant; CT: Cholera toxin; DC: Dendritic cell; ISCOM: Immune-stimulating complex.

Expert Opin. Drug Deliv. (2005) 2(3)

553



Delivery of Chlamydia vaccines

to chlamydiae at different anatomical sites involves distinct
mechanisms, it may reflect differences in cellular targets of
infection (i.e., macrophages versus epithelial cells) in these
locations, and emphasises the use of appropriate models in
studying immunity and designing vaccines particularly against
a pathogen with multiple infection targets. The use of DNA
vectors in a prime-boost strategy, involving the sequential
delivery of MOMP with DNA and ISCOMs, was also promis-
ing [69]. Using a DNA or vector delivery strategy, genes encod-
ing candidate vaccines can be fused with T;1 enhancers, such
as immunostimulatory CpG motifs [102], or specific APC-tar-
geting domains, such as the ligands for the costimulatory B7
(103, CD40 [104], or genes expressing specific chemokines or
cytokines [105]. At present the DNA vaccine strategy consti-
tutes a highly useful tool for rapid screening for potential vac-
cine candidates in experimental models [76], pending the
alleviation of DNA integration and toxicity concerns. In addi-
tion, the use of recombinant viral vectors as delivery systems
for chlamydial vaccines deserves serious consideration beyond
earlier reports of recombinant poliovirus hybrid constructs
harbouring chlamydial sequences [106] and recent experimenta-
tion with recombinant vaccinia virus [107). Noninfectious ade-
novirus [108], canarypox virus [109], vaccinia virus [110] and
alphavirus replicons [111] are some of the well-characterised
viral delivery systems with potential in chlamydial vaccine
design. In addition, experimental mucosal adjuvants, includ-
ing cholera toxin, heatlabile enterotoxin, mutant toxin
(LTK63 and LTR7), polymerised liposomes, microparticles
and interleukins, are other potential delivery strategies for
chlamydial vaccines [112]. The development of effective and
acceptable adjuvants still constitutes a major challenge in
chlamydial vaccine research. Recent reports of partial protec-
tive immunity by delivering MOMP with CpG, or CFA [113]
or Borrelia burgdoferi ospA [114] may also suggest that these
adjuvants should be evaluated with a multi-subunit construct
that will deliver more epitopes to the immune system. Further-
more, it is likely that the ideal delivery systems for efficacious
Chlamydia vaccines would have the capacity to harbour a
multisubunit vaccine, induce an adequate cytokine and chem-
okine environment, boost the costimulation of the APCs, and
be administered via an appropriate route that fosters the activa-
tion of a high frequency of Tyl effectors as well as the
complementary antibody response.

2.1.2 Bacterial delivery systems

Live attenuated bacteria, such as the Lactobacillus 11151, Salmo-
nella and Listeria [116] systems, are promising delivery vehicles
that should be explored in chlamydial vaccine research. In
fact, as part of a normal vaginal flora and integrity, the genera-
tion of recombinant Lactobacillus-expressing genes encoding
multiple vaccine proteins for several STD agents and Tyl
chemokines under the control of a conditionally responsive
promoter that initiates expression, during high oestrogen lev-
els for example, would constitute a reliable vaccine strategy
against STDs. In addition, nonliving bacterial delivery

systems, such as recombinant bacterial ghosts, have the poten-
tial to direct the immune response against multiple antigens
(117). Bacterial ghosts are devoid of cytoplasmic contents while
maintaining their native surface antigenic structures and cel-
lular morphology. In the novel recombinant bacterial ghost
vaccine strategy, an appropriate bacterium is transformed with
the gene of interest to express high levels of the antigen in a
targeted location on the cell, and ghosts are produced by con-
trolled lysis of the cells. Certain bacterial ghost preparations
possess intrinsic adjuvant properties that boost immune
responses against the antigen expressed. Multiple genes can be
expressed on ghosts in a deliberately controlled manner to
achieve high levels of an antigen or different antigens from the
same or different pathogens, which can be presented to the
immune system simultaneously to produce effective combina-
tion or multi-component vaccines against multiple agents
(117,118]. Recent efforts in designing experimental recombinant
bacterial ghost vaccines, by expressing select chlamydial pro-
teins on the epitheliotropic Vibrio cholerae ghosts (VCGs),
have shown promise in inducing mucosal immunity in a
mouse genital infection model [119]. Recombinant VCGs are
safe, with relatively easy and cheap production, which offers a
technological and manufacturing advantage for a vaccine

needed on a global scale.

2.1.3 Cellular vaccine delivery

Immunisation regimens that include the use of ex vivo antigen-
pulsed DCs to deliver and present chlamydia antigens 7 vivo
have produced some of the most promising experimental pro-
tection studies so far [92,120]. Chlamydial-pulsed DCs appear to
possess the necessary antigenic, costimulatory and immuno-
modulatory features for inducing high levels of T;1 response
and the accessory IgA and IgG effectors required for optimal
protective immunity against Chlamydia 192,1201. Whereas the
use of wild-type DCs produced a partial but significant protec-
tion against genital chlamydial infection, the application of the
IL-10KO DC achieved a sterilising, long-term protective
immunity that correlated with the capacity to induce a high
frequency of specific Ty1 cells and elevated titres of the CMI-
associated IgG2a and IgA antibodies [50.92. It has been sug-
gested that this high efficacy of the DC-based cellular vaccine
makes them natural adjuvants or pre-eminent delivery vehi-
cles, which are useful as tools to guide the design of effective
delivery systems that mimic the action of DCs, for immunis-
ing against chlamydial infections, and to unravel the necessary
vaccine machinery in terms of antigens, delivery, immunity
and homing requirements [118,121]. In fact, DC-based cellular
vaccines have shown that, given an effective delivery vehicle,
inactivated chlamydial elementary bodies possess sufficient
immunogenic epitopes to elicit a protective immunity against
Chlamydia. The challenge for vaccinology, therefore, is to
develop a delivery system that will mimic the superior immu-
nostimulatory properties of DCs to achieve an effective
chlamydial vaccine. Furthermore, the ability to confer genus-
specific immunity would obviously be preferred as previous
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studies have hinted that chlamydial immunity may be serovar-
or genus-specific [122,123].

2.1.4 Fc receptor-mediated delivery of antigen

The ability of Fc receptor (FcR)-mediated uptake of antigen to
induce a rapid and high level T-cell response by using specific
antibodies has suggested that FcR-mediated delivery of antigen
could potentially constitute an effective adjuvant system in a
vaccination strategy to boost protective immunity against
pathogens or tumours [124,125]. The authors recently demon-
strated that this approach is valid for activating an elevated
Tyl response against Chlamydia (126) and that it requires spe-
cific antibodies of the IgG2a and IgA isotypes [127]. FcR deliv-
ery of antigen using specific antibody isotypes is, therefore, an
additional vaccine strategy to boost protective immunity
against chlamydia. The optimisation of this delivery system
may require the use of specific antibody isotypes, which would
benefit from the readily available monoclonal antibody pro-
duction technology. In addition, the immunobiochemical
mechanism by which a monoclonal anti-idiotypic antibody, a
molecular mimic of the chlamydial glycolipid exoantigen, pro-
tect against chlamydial infection [128,129] and the role of FcRs
in its effect are yet to be determined.

2.2 Vaccine delivery using agonists that activate the
innate immune response

It is now appreciated that adjuvants function at least partly by
stimulating the innate immune response, including selectively
modifying the cytokine and chemokine environment, activate
TLRs or upregulate co-stimulatory molecules on APCs. Thus,
the recognition that certain non-toxic and human compatible
lipid structures act as powerful adjuvants by binding to and
activating specific TLRs on APCs such as DCs [130] has led to
the design of lipopeptides as potential vaccines [131]. Lipopep-
tide vaccine constructs produce effective protective immunity
against microbial pathogens (viral and bacterial), and tumours,
which was characterised by the elicitation of elevated T-cell
and antibody responses [132]. As certain lipid structures selec-
tively target Ty1- or Tpy2-associated TLRs, their application in
designing peptide vaccines against Chlamydia may lead to
interesting results.

2.3 Delivery systems for targeting and optimising
mucosal immunity

The induction of mucosal immunity by a vaccine is required
for protective immunity against Chlamydia. Therefore, effec-
tive vaccine delivery may require practical immunomodula-
tory techniques relating to a choice of appropriate routes of
vaccine administration that optimise relevant mucosal
immune response. Modern vaccinology strives towards the
exploitation of the cooperative interaction between immune
inductive sites (i.e., draining lymphoid tissue[s] containing
the primary APCs, such as DCs, where an immune response
is initiated) and immune effector sites (e.g., site of infection)
to produce an optimal vaccine efficacy. Using this approach,
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the induction of optimal mucosal immunity requires the tar-
geting of antigens to the specialised APCs of the mucosa-asso-
ciated lymphoid tissues (MALT) in specific mucosal inductive
sites [133]. MALT includes the nasal-associated lymphoid tis-
sue (NALT), gut-associated lymphoid tissue (GALT) and
bronchus-associated lymphoid tissue (BALT). As the induc-
tive and effector sites of the common mucosal immune system
(CMIS) are compartmentalised, certain inductive and effector
sites interact effectively to produce an optimal immune
response [133]; hence, during vaccine delivery it is important to
select a route of immunisation that favours an effective coop-
eration between a given mucosal inductive site and a targeted
mucosal effector site of infection.

To optimise chlamydial vaccine efficacy, it is crucial to both
develop mucosal-compatible delivery vehicles and select a
route of administration that targets the inductive sites that pro-
duce high levels of T;1 response in bronchial and oculogenital
mucosae. Systemic immunisation routes are not effective for
inducing significant protective immunity in mucosal tissues
[134,135]. Intranasal immunisation with live chlamydiae or acell-
ullar outer membrane complex preparation induced protective
chlamydial immunity 136,137, which correlated with rapid
elicitation of a genital mucosal Ty1 response and the CMI-
associated IgG2a and secretory IgA (138]. In addition, intra-
nasal delivery of an experimental DNA-based vaccine pro-
tected against C. pneumoniae in a lung infection model [93].
Nasal immunisation caused rapid generation of effector lym-
phocytes detectable within days of exposure [139] and was supe-
rior to vaginal, gastric, peritoneal, or rectal immunisation for
inducing mucosal anti-HIV or anti-herpes simplex viruse
immune responses [140,141]. Therefore, in terms of compart-
mentalisation within a CMIS, there is a strong link between
NALT, BALT and the genital mucosa [133]. The cellular and
molecular basis for this cooperation involves, among others,
adhesion molecules, cytokines and chemokines that direct cell
trafficking by distinct homing pathways [142]. The specific bio-
logical processes include the induction and retention of T cells
in the genital mucosa [143] via the o,f3,-vascular cell adhesion
molecule and the o,,-mucosal addressin cell adhesion mole-
cule in the leukocyte adhesion pathways [144,145]. In addition to
intranasal delivery, the intramuscular route has been used suc-
cessfully in experimental DNA immunisations against chlamy-
dial respiratory infections [94]. Moreover, intramuscular
delivery of MOMP-ISCOMS or VCGs expressing MOMP
induced a genital mucosal Ty1 response and protected mice
against genital challenge [119,146]. Intranasal and intramuscular
routes are, therefore, well established vaccine delivery routes
that lead to the induction of protective immunity against
Chlamydia. Current vaccine delivery and testing should focus
on these routes among others, including intravaginal delivery
for vaccinating against genital infections [138]. A potential vac-
cine delivery strategy that could exploit the immune coopera-
tion between NALT and the genital mucosa is the use of live
attenuated respiratory viral vaccines as vectors for STD vac-
cines. Thus, it is conceivable for a future Chlamydia vaccine
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Box 2. Lessons from experimental Chlamydia
vaccine delivery.

Box 4. Requirements for inducing protective
immunity.

e Protection induced by existing methods is partial

- Need to boost immune response during immunisation
- Need to increase the frequency of primed T cells

* Immunity is temporary

- Need to increase the frequency of primed cells
- Need to maintain local mucosal immunity

e Multisubunit vaccines or “special delivery” needed

- Need to deliver sufficient epitopes to induce high
frequency of effectors
- Need to use more potent delivery systems and adjuvants

¢ Antigens/vaccine with sufficient T,;1 epitopes
- Multiple subunits; attenuated strains (some concerns)
e Efficient delivery, processing/presentation

- Specific antibodies (e.g., IgG2a)
- Other delivery vehicles and adjuvants; immunomodulators

¢ Adequate costimulation

- Upregulation of ICAM-1, B7, CD40 etc.
- Use of immunomodulators: IL-12, IL-1, chemokines etc.

e Induction of high frequency T,1 effectors and the
complementary antibodies

ICAM: Intracellular adhesion molecule; T,1: T helper cell type 1.

Box 3. Conditions favouring protective immunity.

¢ Rapid elicitation of high-level T,;1 response

- Leads to rapid clearance of Chlamydia

- Prevents ascending infection (genital)

- Prevents persistant infection

- Eliminates injurious antigens and chronic inflammation
- Prevents immunopathology

¢ Role of chlamydial antigens and individual health status
and genetics

Ty1: T helper cell type 1.

regimen to be delivered with the live attenuated cold-adapted
influenza virus vaccine [147,148] as the vector. The continued
progress in influenza virus genetics and the recent report of
methodologies for expressing foreign genes in these viruses [149]
is likely to facilitate the use of the vaccine strain (already
licenced for human use) as a vector for delivering vaccines

against certain STD agents, including Chlamydia.

3. Expert opinion and conclusion

The development of effective, safe and practical delivery sys-
tems and adjuvants remains an important objective in
chlamydial vaccine research. The lessons from experimental
vaccine designs using current approaches reveal that the
delivery of a potentially efficacious chlamydial vaccine
requires a vehicle with a strong mucosal adjuvant property to
boost immune response and increase the frequency of primed
effector cells (Box 2).

The high frequency of primed immune effectors is required
for long-term immunity. Moreover, specialised delivery such as
the protective experimental system provided by the IL-10KO
DC cellular delivery, or the lipopeptide design strategy may be
required to achieve an efficacious Chlamydia vaccine. With

respect to the antigenic requirement, a multisubunit approach
seems best for the purpose of furnishing more epitopes to the
immune system. If the IL-10KO DC cellular vaccine is named
as a reference experimental vaccine, further analysis of the sys-
tem could lead to defining the essential requirements of a prac-
tical delivery system for a human Chlamydia vaccine.
Furthermore, as Chlamydia may be capable of inducing both
protective and immunopathological immune responses, a chal-
lenge in chlamydial vaccinology is to clearly define the vaccina-
tion or delivery conditions that favour either response in order
to skew responses against vaccines to the favourable protective
pathway (Box 3).

In this respect, the recent finding from the experimental
IL-10KO DC-based cellular vaccine [92] would suggest that
vaccine delivery that produces a fast and vigorous Tyl
response after an infection will rapidly arrest chlamydial repli-
cation, clear the infection, eliminate residual antigens and pre-
vent the establishment of a latent infection. On the other
hand, an inadequate or suboptimal Ty;1 response delays clear-
ance of the pathogen, and may lead to the establishment of a
latent or persistent infection, which fuels a low-grade chronic
immune response that causes tissue damage. This proposition
is supported by other findings in experimental chlamydial
infection, as recently reviewed [50].

As shown in Box 4, the requirements of a vaccine to induce
protective immunity against Chlamydia include the possession
of adequate Tyl and Ty2 epitopes, effective delivery to
enhance antigen presentation, the ability to produce adequate
costimulatory signals and potent adjuvanticity. The ultimate
requirement is the induction of a high frequency of Ty1 cells
with other CMI and humoral immune effectors. Guided by
this paradigm, Igietseme et al. have so far designed and deliv-
ered four experimental Chlamydia vaccines that have yielded
encouraging results.

In conclusion, the ideal delivery systems for efficacious
Chlamydia vaccine would have the capacity to harbour a
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multi-subunit vaccine, induce an adequate cytokine and
chemokine environment, boost the costimulation of the
APCs, and be administered via an appropriate route that fos-
ters the activation of a high frequency of Tyl effectors as
well as the complementary antibody response. More research
efforts and support are needed to broaden the frontiers of
our knowledge of Chlamydia biology, mechanisms of host
defence
approaches to boosting protective immunity. Research areas

against Chlamydia and modern vaccinology
of particular interest include a better understanding of
immunoregulation and immunomodulation of host immu-
nity against Chlamydia, genomic, proteomic and bioinfor-
matic approaches to the identification of stable vaccine
candidates, and the development of effective delivery sys-
tems and potent adjuvants, all of which will furnish the
blueprints for designing an efficacious chlamydial vaccine.
In this respect, further molecular analysis of the delivery
apparatus furnished by the highly efficacious IL-10KO DC
cellular vaccine system using proteomics and other func-
tional methodologies may guide vaccinologists to design a
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more effective delivery vehicle for Chlamydia vaccines. Fur-
thermore, the need to better define the level of immune
response that is adequate for protective immunity and
devoid of deleterious effects should also be determined to
achieve a safe and reliable Chlamydia vaccine. Finally,
because even a partially protective vaccine has the potential
to make a remarkable impact on global infection, a relatively
safe chlamydial vaccine that prevents the most serious com-
plications of the infection would deserve the opportunity for
clinical trials beyond the current laboratory status of most
vaccine designs.

Acknowledgements

This work was supported by PHS grants (Al41231,
GMO08248 and RR03034) from the National Institutes of
Health and the Centers for Disease Control and Prevention.
The authors thank D Lyn and GA Ananaba for their sugges-
tions and critical review of the manuscript. The authors
appreciate the editorial assistance and graphics by ML Ward.

Bibliography 7. WHO: Global prevalence and incidence of 13.  REES E: Treatment of pelvic inflammatory
apers of special note have been highlighted as selected curable sexually transmitted diseases: isease. Am. J. Obstet. Gynecol.
Pap f special have been highlighted lected curabl Iy itted di di Am. . Obstet. Gynecol. (1980)
either of interest (*) or of considerable interest overview and estimates (1996). 138:1042-1047.
(**) to readers. 8. SCHACHTER J, GRAYSTON JT: 14. WESTROM L, JOESOEF R,
1. BUSH RM, EVERETT KD: Molecular Epidemiology Of human Chlamydial REYNOLDS G, HADGU A,
evolution of Chlamydiaceae. Inz. /. Syst. infections. In: Chlamydial Infections. THOMPSON SE: Pelvic inflammatory
Evol. Microbiol. (2001) 51:203-220. RS Stephens, GI Byrne, G Christiansen, inflammatory disease and infertility: a
IN Clarke, JT Grayston, RG Rank, cohort study of 1,844 women with
2. SCHACHTER J, STEPHENS RS, . ; . . .
TIMMS P er /JRad‘ A ch . GL Ridgway, P Saikku, J Schachter, laparoscopically verified disease and 657
al.: i
hlamydi li e atnges © st WE Stamm (Eds), University of California, control women with normal laparoscopy
mydi: nomy are not n r
E tal}; jasa);oEo l};\;e :, le(cze(:(s)al)yjus Berkeley, CA, USA (1998):3-10. results. Sex. Transm. Dis. (1992)
yet. Int. ]. Syst. Evol. Microbiol.
51:251.253. 9. JOHNSON RE, NEWHALL WJ, 19:185-192.
5 STEPHENS RS, TAM MR, KUO CC PAPP JR ez al.: Screening tests to detect 15.  MAHDI OS, BYRNE GI,
' NOWINSKI R é Monodl ’ Lantib d') ) Chlamydia trachomatis and Neisseria KALAYOGLU M: Emerging strategies in
: Monoclonal antibodi
Chlamvdia trach to, 'OC o.ba da odies to gonorrhoeae infections — 2002. MMWR the diagnosis, prevention and treatment of
ﬂ;_ny_;ﬂ Md gm‘f zs. an}:l © ty L Recomm. Rep. (2002) 51:1-40. chlamydial infections. Expert Opin. Ther.
specificities and antigen characterization. )
J. Immunol. (1982) 128:1083-1089. 10. GROSECLOSE SL, ZAIDI AA, Patenss (2001) 11:1253-1265.
4 STEPHENS RS. WAGAR EA DELISLE SJ, LEVINE WC, 16. SCHACHTER J, OSOBA AO:
' SCHOOLNIK ,GK' Hich ’l ‘ ST LOUIS ME: Estimated incidence and Lymphogranuloma venereum. Br. Med. Bull.
mapping of serovar ‘spelcgi ﬁ:z;oduc(l):lmon prevalence of genital Chlamydia trachomatis (1983) 39:151-154.
var- . . . .
antigenic determinants of the major outer infections in the United States, 1996. Sex. 17. MABEY D, PEELING RW:
membrane protein of Chlamydia Transm. Dis. (1999) 26:339-344. Lymphogranuloma venereum. Sex Transm.
rachomatis. |, Esp. Med, (1988) 1. PAAVONEN J, WOLNER-HANSSEN P: Infect (2002) 78:90-92.
167:817-831. Chlamydia trachomatis: a major threat to 18. NIEUWENHUIS RE
reproduction. J. Hum. Reprod (1989) OSSEWAARDE M, GOTZ HM et al.:
5. BANDEA CI, KUBOTAA K,
BROWN TM ez al.: Typing of Chlamydia 4111-124. Resurgence of lymphogranuloma venereum
trachomatis strains from urine samples by 12.  STAMM WE, GUINAN ME, in Western Europe: an outbreak of
amplification and sequencing the major JOHNSON C, STARCHER T, Chlamydia trachomatis serovar L2 proctitis
outer membrane protein (ompl). Sex. HOLMES KK, MCCORMACK WM: in The Netherlands among men who have
Transm. Infect. (2001) 77:419-422. Effect of treatment regimens for Neisseria sex with men. Clin. Infect. Dis. (2004)
P SCHACHTER J: Infect ddi gonorrhoeae on simultaneous infection with 39:996-1003.
. : Infection and disease
demiol I Chlamvdiar Intracellul Chlamydia trachomatis. N. Engl. J. Med. *e  Reports evidence of increasing problems of
epidemiology. In: mydia: Intracellular .
1984) 310:545-549. Chlamydia.
Biology, Pathogenesis, and Immunity. ( ) o455 s
RS Stephens (Ed.), ASM Press, Washington 19. CDC: Sexually transmitted disease

DC, USA (1999):139-169.

surveillance, 2000. GA Atlanta (Ed.), US

Expert Opin. Drug Deliv. (2005) 2(3)

557



Delivery of Chlamydia vaccines

Department of Health and Human
Services, CDC, Atlanta, GA, USA (2001).

20. THIOR T, DIOUF G, DIAW IK et al.:
Sexually transmitted diseases and risk of
HIV infection in men attending a sexually
transmitted diseases clinic in Dakar,
Senegal. Afr. J. Reprod. Health (1997)
1:26-35.

21.  WILKINSON D, RUTHERFORD G:
Population-based interventions for reducing
sexually transmitted infections, including
HIV infection. Cochrane Database Syst. Rev.
(2001) (2):CD001220.

22.  MONNO R, MAGGI P, CARBONARA S
et al.: Chlamydia trachomatis and
Mycobaterium tuberculosis lung infection in
an HIV positive homosexual man. AIDS
Patient Care STDs (2001) 15:607-610.

23.  KILMARX PH, MOCK PA, LEVINE WC:
Effect of Chlamydia trachomatis coinfection
on HIV shedding in genital tract secretion.

Sex. Transm. Dis. (2001) 28:347-348.

24, MCCLELLAND RS, WANG CC,
MANDALIYA K et al.: Treatment of
cervicitis is associated with decreased
cervical shedding of HIV-1. AIDS (2001)
15:105-110.

25. CHESSON HW, PINKERTON SD:
Sexually transmitted diseases and the
increased risk for HIV transmission:
implications for cost-effectiveness analyses
of sexually transmitted disease prevention
interventions. /. Acquir. immune Defic.
Syndr (2000) 24:48-56.

*  Chlamydia infection and HIV risk.

26. ROTCHFORD K, STRUM AW,
WILKINSON D: Effect of coinfection with
STDs and STD treatment on HIV
shedding in genital-tract secretions:
systematic review and data synthesis. Sex.
Transm. Dis. (2000) 27:243-248.

27.  KUO CC, JACKSON LA,
CAMPBELL LA, GRAYSTON JT:
Chlamydia pneumoniae (TWAR). Clin.
Microbiol. Rev. (1995) 8:451-461.

28.  GAILLAT J: Clinical manifestations of
Chlamydia pneumoniae infections. Revue

Med. Interne (1996) 17:987-999.

29.  SAIKKU P, WANG SP, KLEEMOLA M,
BRANDER E, RUSANEN E,
GRAYSTON JT: An epidemic of mild
pneumonia due to an unusual strain of
Chlamydia psittaci. J. Infect. Dis. (1985)
151:832-839.

30. COHEN CR, BRUNHAM RC:
Pathogenesis of Chlamydia induced pelvic

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

inflammatory disease. Sex. Transm. Infect.

(1999) 75:21-24.
SCHACHTER J: NAATs to diagnose

Chlamydia trachomatis genital infection: a
promise still unfulfilled. Expert Rev. Mol.
Diagn. (2001) 1:137-144.

THEIN J, ZHAO P, LIU H ez al.: Does
clinical diagnosis indicate chlamydial
infection in areas with a low prevalence of
trachoma? Ophthalmic Epidemiol. (2002)
9:263-269.

BRAGINA EY, GOMBERG MA,
DMITRIEV GA: Electron microscopic
evidence of persistent chlamydial infection
following treatment. /. Eur. Acad. Dermatol.
Venereol. (2001) 15:405-409.

BYRNE GI: Chlamydial treatment failures:
a persistent problem? /. Eur. Acad.
Dermatol. Venereol. (2001) 15:381.

The possibility that treatment failures are

due to persistence.

DRESES-WERRINGLOER U,
PADUBRIN I, JURGENS-SAATHOFF B,
HUDSON AP, ZEIDLER H, KOHLER L:
Persistence of Chlamydia trachomatis is
induced by ciprofloxacin and ofloxacin

in vitro. Antimicrob. Agents Chemother.

(2000) 44:3288-3297.

MIYASHITA N, FUKANO H, HARA H,
YOSHIDA K, NIKI'Y, MATSUSHIMA T:
Recurrent pneumonia due to persistent

Chlamydia pneumoniae infection. Intern.

Med. (2002) 41:30-33.

REES E, TAIT IA, HOBSON D,
KARAYIANNIS P, LEE N: Persistence of
chlamydial infection after treatment for
neonatal conjunctivitis. Arch. Dis. Child.
(1981) 56:193-198.

BABALOLA OE, BAGE SD: The
persistence of chlamydial inclusions in
clinically quiescent trachoma. West Afr. /.
Med. (1992) 11:55-61.

THEJLS H, GNARPE ], LUNDKVIST O,
HEIMER G, LARSSON G, VICTOR A:
Diagnosis and prevalence of persistent
Chlamydia infection in infertile women:
tissue culture, direct antigen detection, and

serology. Fertil. Steril (1991) 55:304-310.
DEAN D, SUCHLAND R]J, STAMM WE:

Evidence for long-term cervical persistence
of Chlamydia trachomatis by omp1
genotyping. /. Infect Dis. (2000)
182:909-916.

SMITH A, MUNOZ B, HSIEH YH,
BOBO L, MKOCHA H, WEST S: OmpA
genotypic evidence for persistent ocular

Chlamydia trachomatis infection in Tanzania

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

village women. Ophthalmic Epidemiol.
(2001) 8:127-135.

BLACK CM, MORSE SA: The use of
molecular techniques for the diagnosis and
epidemiologic study of sexually transmitted
infections. Curr. Infect. Dis. Rep. (2000)
2:31-43.

JOHNSON RE, GREEN TA,
SCHACHTER ] et al.: Evaluation of
nucleic acid amplification tests as reference
tests for Chlamydia trachomatis infections in
asymptomatic men. J. Clin. Microbiol.

(2000) 38:4382-4386.

STERLIN M, SHAFER MA, TEBB K

et al.: What sexually transmitted disease
screening method does the adolescent
prefer? Adolescents’ attitudes toward first-
void urine, self-collected vaginal swab, and
pelvic examination. Arch. Pediatr. Adolesc.
(2002) 156:588-591.

HOLM SO, JHA HC, BHATTA RC et al.:
Comparison of two azithromycin
distribution strategies for controlling
trachoma in Nepal. Bull. World Health
Organ. (2001) 79:194-200.

DIAMANT J, BENIS R, SCHACHTER ]
et al.: Pooling of Chlamydia laboratory tests
to determine the prevalence of ocular
Chlamydia trachomatis infection.
Ophthalmic Epidemiol. (2001) 8:109-117.

BAIN DL, LIETMAN T, RASMUSSEN S
et al.: Chlamydial genovar distribution after
community wide antibiotic treatment.

J. Infect. Dis. (2001) 184:1581-1588.
DAWSON CR, SCHACHTER J: Should

trachoma be treated with antibiotics? Lancet

(2002) 359:184-185.
DE LA MAZA MA, DE LA MAZA LM:

A new computer model for estimating the
impact of vaccination protocols and its
application to the study of Chlamydia
trachomatis genital infections. Vaccine
(1995) 13:119-127.

Computer modelling of the potential

impact of a vaccination.

IGIETSEME JU, EKO FO, BLACK CM:
Contemporary approaches to designing and
evaluating vaccines against Chlamydia.
Expert Rev. Vaccines (2003) 2:129-146.
MORRISON RP, CALDWELL HD:
Immunity to murine chlamydial genital
infection. Infect. Immun. (2002)
70:2741-2751.

LOOMIS PW, STARNBACH MN: T cell

responses to Chlamydia trachomatis. Current

Opin. Microbiol. (2002) 5:87-91.

558

Expert Opin. Drug Deliv. (2005) 2(3)



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

IGIETSEME JU, EKO FO, HE Q,
BLACK CM: Antibody regulation of T-cell

immunity: implications for vaccine 65

strategies against intracellular pathogens.

Expert Rev. Vaccines (2004) 3:23-34.

ROTTENBERG ME,
GIGLIOTTI-ROTHFUCHS A,
WIGZELL H: The role of IFN-gamma in

the outcome of chlamydial infection. Curr. 66.

Opin. Immunol. (2002) 14:444-451.
FIESCHI C, CASANOVA J: The role of

interleukin-12 in human infectious diseases:
only a faint signature. Eur. J. Immunol.

(2003) 33:1461-1464.
BRUNHAM RC, PEELING RW:

Chlamydia trachomatis antigens: role in 67.

immunity and pathogenesis. Infect. Agents
Dis. (1994) 3:218-233.

LAVERDA D, KALAYOGLU MV,
BYRNE GI: Chlamydial heat shock

proteins and disease pathology: new 68.

paradigms for old problems? nfect Dis

Obstet. Gynecol. (1999) 7:64-71. 69.

TAYLOR HR, MACLEAN IW,
BRUNHAM RC, PAL S,
WHITTUM-HUDSON J: Chlamydial
heat shock proteins and trachoma. /nfect.

Immun. (1990) 58:3061-3063.

HASSELL AB, REYNOLDS D],
DEACON M, GASTON JSH,
PEARCE JH: Identification of T-cell

stimulatory antigens of Chlamydia 70.

trachomatis using synovial fluid-derived
T-cell clones. Immunology (1993)
73:513-519.

KALMAN S, MITCHELL W,
MARATHE R ¢t al.: Comparative genomes
of Chlamydia pneumoniae and

C. trachomatis. Nat. Genet. (1999)
21:385-389.

READ TD, BRUNHAM RC, SHEN C 71.

et al.: Genome sequence of Chlamydia
trachomatis MoPn and Chlamydia
pneumoniae AR39. Nucleic Acids Res. (2000)
28:1397-1406.

STEPHENS RS: Chlamydial Genomics
and vaccine antigen discovery. /. Infect. Dis.

(2000) 181:5521-5523. 72.

STEPHENS RS, KALMAN S,

LAMMEL C et al.: Genome sequence of an
obligate intracellular pathogen of humans:
Chlamydia trachomatis. Science (1998)

282:754-759. 73

BELLAND R]J, SCIDMORE MA,
CRANE DD et al.: Chlamydia trachomatis

cytotoxicity associated with complete and

Igietseme, Eko, He, Bandea, Lubitz, Garcia-Sastre & Black

partial cytotoxin genes. PNAS (2001)
98:13984-13989.

SU H, WATKINS NG, ZHANG YX,
CALDWELL HD: Chlamydia trachomatis-
host cell interactions: Role of the chlamydial
major outer membrane protein as an
adhesin. Infect. Immun. (1990)
58:1017-1025.

WYLLIE S, LONGBOTTOM D,
HERRING AJ, ASHLEY RH: Single
channel analysis of recombinant major
outer membrane protein porins from
Chlamydia psittaci and Chlamydia
pneumoniae. FEBS Lett. (1999)
445:192-196.

BAEHR W, ZHANG YX, JOSEPH T

et al.: Mapping antigenic domains expressed
by Chlamydia trachomatis major outer
membrane protein genes. Proc. Natl. Acad.
Sci. USA (1988) 85:4000-4004.

‘WARD ME: Chlamydial vaccine — future
trends. /. Infect. (1992) (Suppl. 1):11-26.

DONG-Ji Z, YANG X, SHEN C, LU H,
MURDIN A, BRUNHAM RC: Priming
with Chlamydia trachomatis major outer
membrane protein (MOMP) DNA
followed by MOMP-ISCOM boosting
enhances protection and is associated with
increased immunoglobulin A and Th1
cellular immune responses. Infect. Immun

(2000) 68:3074-3078.

JACKSON JW, MAISONNEUVE ],
TAYLOR RB, TIAN J, YANG H,
HARRIS A: Immunization with a high
molecular weight protein (pmpG) from
Chlamydia trachomatis confers heterotypic
protection against infertility. 1015t General
Mecting of the American Society for
Microbiology. Orlando, FL, USA
(2001):333.

JEN SS, STROMBERG EJ, PROBST 1,
BHATIA A, SKEIKY YAW: Discovery of
new vaccine candidates for prevention and
treatment of Chlamydia. 101st General
Meeting of the American Society for
Microbiology. Orlando, FL, USA
(2001):343.

MONTIGIANI S, FALUGI E
SCARSELLI M et al.: Genomic approach
for analysis of surface proteins in Chlamydia
pnewmoniae. Infect. Immun. (2002)
70:368-379.

ROCKEY DD, STEPHENS RS: Genome
sequencing and our understanding of
chlamydiae. Infect. Immun. (2000)
68:5473-5479.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

STEPHENS RS, LAMMEL CJ: Chlamydia
outer membrane protein discovery using
genomics. Curr. Opin. Microbiol. (2001)
4:16-20.

KAWA DE, STEPHENS RS: Antigenic
topology of chlamydial PorB protein and
identification of targets for immune

neutralization of infectivity. /. Immunol.

(2002) 168:5184-5191.
MURDIN AD, DUNN P, SODOYER R

et al.: Use of a mouse lung challenge model
to identify antigens protective against
Chlamydia pnewmoniae lung infection.

J. Infect. Dis. (2000) 181:5544.

GHAEM-MAGHAMI S, RATTI G,
GHAEM-MAGHAMI M et al.: Mucosal
and systemic immune responses to plasmid
protein pgp3 in patients with genital and

ocular Chlamydia trachomatis infection.
Clin. Exp. Immunol. (2003) 132:436-442.

DONATI M, SAMBRI YV,
COMANDUCCI M ¢t al.: DNA
immunzation with pgp3 gene of Chlamydia
trachomatis inhibits the spread of chlamydial
infection from the lower to the upper
genital tract in C3H/HeN mice. Vaccine
(2003) 21:1089-1093.

SHARMA ], BOSNIC AM, PIPER JM,
ZHONG G: Human antibody responses to
a Chlamydia-secreted protease factor. Infect.
Immun. (2004) 72:7164-7171.

SLEPENKIN A, DE LA MAZA LM,
PETERSON EM: Interaction between
components of the type III Secretion system
of chlamydiaceae. /. Bacteriol. (2005)
187:473-479.

PAL S, THEODOR I, PETERSON EM,
DE LA MAZA LM: Immunization with the
Chlamydia trachomatis mouse pneumonitis
major outer membrane protein can elicit a
protective immune respose against a genital
challenge. Infect. Immun. (2001)
69:6240-6247.

RANK RG: Animal models of urogenital
infections. Methods Enzymol. (1994)
235:83-93.

RANK RG: Models of immunity.

In: Chlamydia: Intracellular Biology,
Pathogenesis and Immunity. RS Stephens
(Ed.), ASM Press, Washington DC, USA
1999:239-295.

RANK RG, WHITTUM-HUDSON JA:
Animal models for ocular infections.

Method Enzymol. (1994) 235:69-83.

SAIKKU P, LAITINEN K,
LEINONEN M: Animal models for

Chlamydia pneumoniae infection.

Expert Opin. Drug Deliv. (2005) 2(3)

559



Delivery of Chlamydia vaccines

Atherosclerosis (1998) 97. WIZEL B, STARCHER BC, SAMTEN B trachomatis-neutralizing antibodies. Infect.
140(Suppl. 1):517-S19. et al.: Multiple Chlamydia pnewmoniae Immun. (1995) 63:1116-1121.

86. RANK RG, BOWLIN AK, REED RL, antigens prime CD8" Tel responses thar 107. STARNBACH MN, LOOMIS WP,
DARVILLE T: Characterization of inhibit intracellular growth of this vacuolar OVENDALE P ez al.: An inclusion
chlamydial genital infection resulting from pathogen. /. Immunol (2002) membrane protein from Chlamydia
sexual transmission from male to female 169:2524-2535. trachomatis enters the MHC class I pathway
guinea pigs and determination of infectious 98. GURUNATHAN S, KLINMAN DM, and stimulates a CD8(*) T cell response.
dose. Infect. Immun. (2003) 71:6148-6154. SEDER RA: DNA vaccines: immunology, J. Immunol. (2003) 171:4742-4749.

87. IGIETSEME JU, EKO FO, HE Q, application, and optimization. Ann. Rev. 108. BABIUK LA, TIKOO SK: Adenoviruses as
BANDEA C, BLACK C: Developing Immunol. (2000) 18:927-974. vectors for delivering vaccines to mucosal
effective delivery systems for Chlamydia 99. VANROMPAY D, COXE, surfaces. /. Biotechnol. (2000) 83:105-113.
vaccines. Curr. Opin. Mol. Therapeutics VOLCKAERT G, GODDEERIS B: 109. HEWSON R: RNA viruses: emerging
(2004) 6:182-194. Turkeys are protected from infection with vectors for vaccination and gene therapy.

88. SCHIJNS VE]JC: Antigen delivery systems Chlamydia psittaci by plasmid DNA Mol. Med. Today (2000) 6:28-35.
and immunostimulation. Vet. Immunol. vaccination agair?st the major outer 110. BENNINK JR, YEWDELL JW:
Immunopathol. (2002) 87:195-198. membrane protein. Clin. Egp. lmmunol. Recombinant vaccinia viruses as vectors for

89. RAYCHAUDHURI S, ROCK KL: Fully (1999) 118:49-55. studying T lymphocyte specificity and
mobilizing host defense: building better 100. STAGG AJ: Vaccines against Chlamydia: function. Curr. Top. Microbiol. Immunol.
vacines. Nat. Biotechnol. (1998) approaches and progress. Mol. Med. Today (1990) 163:153-184.

16:1025-1031. (1998) 4:166-175. 111. SCHLESINGER S, DUBENSKY TW:

90. GREEN BA, BAKER SM: Recent advances 101. PAL 'S, BARNHART KM, WEI Q, Alphavirus vectors for gene expression and
and novel strategies in vaccine development. ABAI AM, PETERSON EM, vaccine. Curr. Opin. Biotechnol. (1999)
Curr. Opin. Microbiol .(2002) 5:483-488. DE LA MAZA LM: Vaccination of mice 10:434-439.

91, FLETCHER MA: Vaccine candidate in VCVZZZZ: " i:;;::;fi‘;i f‘;:f 112. SINGH M, O’HAGAN D: Advances in
STD. Int. J. STD AIDS (2001) 12:419-422. .. . vaccine adjuvants. Nat. Biotechnol. (1999)

membrane protein elicits an immune

92. IGIETSEME JU, ANANABA GA, response but fails to protect against genital 17:1075-1081.

BOLIER J et al.: Suppression of challenge. Vaccine (1999) 17:459-465. 113. PALSS, DAVIS HL, PETERSON EM,
endogenous IL-10 gene expression in 102. KLINMAN DM, BARNHART KM, DE LA MAZA LM: Immunization with the
dendritic cells enhances antigen CONOVER J: CpG motifs as immune Chlamydia trachomatis mouse pneumonitis
presentation for enhanced specific Th1 adjuvants. Vaccine (1999) 17:19-25. major outer membrane protein by use of
induction: potential for cellular vaccine CpG oligodeoxynucleotides as an adjuvant
development. J. Immunol. (2000) 103. IWASAKI A, STIERNHOLM BJ, induces a protective immune response
164:4212-4219. CHAN AK, BERINSTEIN NL, against an intranasal challenge. Infect.

e¢  Cellular vaccine producing sterilising BARBER BH: Enhanced CTL responses Immun. (2002) 70:4812-4817.
protection against Chlamydia. mediaFed by p'lasnllid DNA limrrllunogens 114. PAL S, LUKE CJ, BARBOUR AG,

93. SVANHOLM C, BANDHOLTZ L, enwsmg costimulatory molecules and PETERSON EM, DE LA MAZA LM:
CASTANOS-VELEZ E, WIGZELL H, ;y;j”::::m L (1997) 15845914601 Immunization with the Chlamydia
ROTTENBERG ME: Protective DNA trachomatis major outer membrane protein,
immunization against Chlamydia 104. GURUNATHAN S, IRVINE KR, WU CY using the outer surface protein A of Borrelia
pneumoniae. Scand. J. Immunol. (2000) et al.: CD40 ligand/trimer DNA enhances burgdorferi as an adjuvant, can induce
51:345-353. both humoral and cellular immune protection against a chlamydial genital

94 BRUNHAM RC, ZHANG DJ, YANG X, res.pofnse.s and ir(liduces pro}:e;:ltive immunity challenge. Vaccine (2003) 21:1455-1465.
MCCLARTY GM: The potential for ;0 1‘;22;‘5 gr; Y ;‘Tg{; ;6 ;‘;g; . 115. TURNER MS, GIFFARD PM: Expression
vaccine development against chlamydial of Chlamydia psittaci- and human
infection and disease. /. Infect. Dis. (2000) 105. LU H, XING Z, BRUNHAM RC: immunodeficiency virus-derived antigens
181:5538-5543. GM-CSF transgene-based adjuvant allows on the cell surface of Lactobacillus

95. BRUNHAM RC, ZHANG DJ: Transgene the establishment of protective mucosa fermentum BR11 as fusion to bspA. nfect
as vaccine for Chlamydia. Am. Heart ]. ;;n;:t?‘:::df()clzt;zv;r}l’i;a::;;j:;z;:1th Immun. (1999) 67:5486-5489.

(1999) 138:5519-S522. . Inomaunol. (2002) 169:6324-6331. 116. GENTSCHEV I, DIE.TRICH G, 4

96. ZHANG DJ, YANG X, BERRY ], *e  Vaccine delivery in combination with SPBENG S etal: Dehvsry of protein
SHENCACCLAIYG, immnomodulatory yokine. i o el et
the outer membr::me Pro;?r;i:?zjzis 106. MURDIN AD, SU H’.KIjEIN MI_{’ Listeria monocytogenes. J. Biotechnol. (2000)

o ; . CALDWELL HD: Poliovirus hybrids 83:19-26.
acquired immunity to Chlamydia expressing neutralization epitopes from
trachomatis (mouse pneumonitis) infection. variable domains I and IV of the major 117. EKO FO, WITTE A, HUTERV ez al.:
J. Infect. Dis. (1997) 176:1035-1040. outer membrane protein of Chlamydia Ib\laf;\:ds(t)rjttef;eesxft(;Zz?lr)eljoart;ix:n\::tcmes
trachomatis elicit broadly cross-reactive C.
560 Expert Opin. Drug Deliv. (2005) 2(3)



118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

bacterial ghost system. Vaccine (1999)
17:1643-1649.

IGIETSEME JU, BLACK CM,
CALDWELL HD: Chlamydia vaccine:
strategies and status. BioDrugs (2002)
16:19-35.

EKO FO, LUBITZ W, MCMILLAN L

et al.: Recombinant Vibrio cholerae ghost as
a delivery vehicle for vaccinating against
Chlamydia trachomatis. Vaccine (2003)
21:1694-1703.

SU H, MESSER R, WHITMIRE W,
FISCHER E, PORTIS JC,
CALDWELL HD: Vaccination against
chlamydial genital tract infection after
immunization with dendritic cells pulsed
ex vivo with nonviable Chlamydiae.

J-Exp.Med (1998) 188:809-818.
CITTERIO S, RESCIGNO M, FOTIM

et al.: Dendritic cells as natural adjuvants.

Methods (1999) 19:142-147.

GRAYSTON JT, WANG SP, YANG YE
WOOLRIDGE RL: The effect of trachoma
virus vaccine on the course of experimental
trachoma infection in blind human
volunteers. /. Exp. Med (1962)
115:1009-1022.

RAMSEY KH, COTTER TW,

SALYER RD ez al.: Prior genital infection
with a murine or human biovar of
Chlamydia trachomatis protects mice against
heterotypic challenge infection. Infect.
Immun. (1999) 67:3019-3025.

HEIJNEN IAFM, VAN VUGT M],
FANGER NA ¢t al. Antigen targeting to
myeloid-specific human FckRI/CD64
triggers enhanced antibody responses in
transgenic mice. /. Clin. Invest. (1996)
97:331-338.

GOSSELIN EJ, WARDWELL K,
GOSSELIN DR, ALTER N, FISHER JL,
GUYRE PM: Enhanced antigen
presentation using human Fck receptor
(monocyte/macrophage)-specific
immunogens. /. fmmunol. (1992)

149:3477-3481.
MOORE T, ANANABA GA, BOLIER ]

et al.: Fc Receptors regulation of protective
immunity against Chlamydia trachomatis.
Immunol (2002) 105:213-221.

MOORE T, EKWOROMADU C, EKO F
et al.: Fc receptor-mediated antibody
regulation of T cell immunity against
intracellular pathogens. /. Infect. Dis. (2003)
188:617-624.

WHITTUM-HUDSON JA, ANN LL,
SALTZMAN WM, PRENDERGAST RA,

129.

130.

131.

132.

133.

134.

135.

136.

137.

Igietseme, Eko, He, Bandea, Lubitz, Garcia-Sastre & Black

MACDONALD AB: Oral immunization
with an anti-idiotypic antibody to the
exoglycolipid antigen protects against

experimental Chlamydia trachomatis
infection. Nat. Med. (1996) 2:1116-1121.

WHITTUM-HUDSON JA, RUDY D,
GERARD H ez al.: The anti-idiotypic
antibody to chlamydial glycolipid
exoantigen (GLXA) protects mice against
genital infection with a human biovar of
Chlamydia trachomatis. Vaccine (2001)
19:4061-4071.

TAKEUCHI O, AKIRA S: Toll-like
receptors: their physiological role and signal
transduction system. /nt.

Immunopharmacol. (2001) 1:625-635.

BENMOHAMED L, WECHSLER SL,
NESBURN AB: Lipopeptide vaccines-
yesterday, today, and tomorrow. Lancet

Infect Dis (2002) 2:425-431.
JACKSON DC, LAU YE LE T et al.:

A totally synthetic vaccine of generic
structure that targets toll-like receptor 2 on
dendritic cells and promote antibody or
cytotoxic T cell responses. Proc. Natl. Acad.
Sci. USA (2004) 101:15440-15445.

Lipoproteins as vaccine delivery systems.

WU H-Y, RUSSELL MW: Nasal lymphoid
tissue, intranasal immunization, and
compartmentalization of the common

mucosal immune system. fmmunol. Res.

(1997) 16:187-201.

HOLMGREN J, CZERKINSKY C,
LYCKE N, SVENNERHOLM AM:
Mucosal immunity: implications for vaccine
development. Immunobiology (1992)
184:157-179.

MCGHEE JR, MESTECKY ],
DERTZBAUGH MT, ELDRIDGE JH,
HIRASAWA M, KIYONO H: The mucosal
immune system: from fundamental
concepts to vaccine development. Vaceine

(1992) 10:75-88.

PAL S, PETERSON EM,

DE LA MAZA LM: Intranasal
immunization induces long-term protection
in mice against a Chlamydia trachomatis
genital challenge. Infect. Immun. (1996)
64:5341-5348.

PAL S, THEODOR I, PETERSON EM,
DE L MAZA LM: Immunization with an
acellular vaccine consisting of the outer
membrane complex of Chlamydia
trachomatis induces protection against a
genital challenge. Infect. Immun (1997)
65:3361-3369.

138.

139.

140.

141.

142.

143.

144.

145.

146.

IGIETSEME JU, URIRI IM, KUMAR SN
et al.: Route of infection that induces a high
intensity of gamma interferon-secreting

T cells in the genital tract produces optimal
protection against Chlamydia trachomatis
infection in mice. Infect. Immun (1998)
66:4030-4035.

Effect of the route of delivery on the

induction of protective immunity.

WU H-Y, NIKOLOVA EB,

BEAGLEY KW, RUSSELL MW’ Induction
of antibody-secreting cells and T helper and
memory cells in murine nasal lymphoid

tissue. [mmunology (1996) 88:493-500.
GALLICHAN WS: Specific secretory

immune responses in the female genital
tract following intranasal immunization
with a recombinant adenovirus expressing
glycoprotein B of herpes simplex virus.
Vaccine (1995) 13:1589-1595.

STAATS HE MONTGOMERY SP,
PALKER TJ: Intranasal immunization is
superior to vaginal, gastric, or rectal
immunization for induction of systemic and
mucosal anti-HIV antibody responses.
AIDS Res. Hum. Retroviruses (1997)
13:945-952.

Value of intranasal route in vaccination

against STDs.

BONECCHI R, BIANCHI G,
BORDIGNON PP ¢t al.: Differential
expression of chemokine receptors and
chemotactic responsiveness of type 1 T
helper cells (Th1s) and Th2s. /. Exp. Med
(1998) 187:129-134.

IGIETSEME JU, RANK RG: Susceptibility
to reinfection after a primary chlamydial
genital infection is associated with a
decrease of antigen-specific T cells in the
genital tract. Infect. Immun. (1991)
59:1346-1351.

KELLY KA, RANK RG: Identification of
homing receptors that mediate the
recruitment of CD4 T cells to the genital
tract following intravaginal infection with
Chlamydia trachomatis. Infect. Immun
(1997) 65:5198-5208.

IGIETSEME JU, PORTIS JL, PERRY LL:
Inflammation and clearance of Chlamydia
trachomatis in enteric and nonenteric
mucosae. Infect. Immun. (2001)
69:1832-1840.

IGIETSEME JU, MURDIN A: Induction
of protective immunity against Chlamydia
trachomatis genital infection by a vaccine
based on major outer membrane protein-

lipophilic immune response-stimulating

Expert Opin. Drug Deliv. (2005) 2(3)

561



Delivery of Chlamydia vaccines

complexes. Infect. Immun. (2000)
68:6798-6806.

147. Influenza virus vaccine live intranasal-
MedImmune vaccines: CAIV-T, influenza
vaccine live intranasal. Drugs R D (2003)
4:312-319.

148. GRUBER W(C: The role of live influenza
vaccines in children. Vaccine (2002)
20:566-S73.

149. WATANABE T, WATANABE S, NODA T,
FUJIT'Y, KAWAOKA Y: Exploitation of

nucleic acid packaging signals to generate a
novel influenza virus-based vector stably
expressing two foreign genes. /. Virol.
(2003) 77:10575-10583

ee  Use of influenza virus as vaccine delivery

vector.

Affiliation

Joseph Igietsemel’zi Francis Ekoz, Qing Hel’z,
Claudiu Bandea!, Werner Lubitz,

Adolfo Garcia-Sastre? & Carolyn Black!

fAuthor for correspondence

'National Center for Infectious Disease, CDC,
Atlanta, GA 30333, USA

Tel: +1 404 639 3352; Fax: +1 404 639 3199;
E-mail: jigietseme@cdc.gov

2Morehouse School of Medicine, Department of
Microbiology & Immunology, Morehouse School
of Medicine, Atlanta, GA 30310, USA
3University of Vienna, University of Vienna,
Vienna, A-1090, Austria

4Mount Sinai School of Medicine, Department of
Microbiology, Box 1124, Mount Sinai School of
Medicine, New York, NY 10029, USA

562

Expert Opin. Drug Deliv. (2005) 2(3)



