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Abstract. Vaccination by intradermal or intramuscular injection of antigen-encoding plasmid-DNA elicits strong
cellular and humora immune responses. Professional antigen presenting cells (APC) seem to induce these re-
sponses, making it, therefore, desirable to deliver the plasmid molecules directly to these cells. The exploitation
of attenuated intracellular bacteria as DNA delivery vehicles makes the direct targeting of DNA vaccine vectors

to professional APC feasible.
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DNA vaccinesin general consist of plasmid vectors
which encode antigens under the control of eukaryatic
promoter sequences'. For application, the DNA can
either be dissolved in saline and injected intramuscular-
ly or coated on gold particles and introduced into the
dermis with a gene gun. Both routes of application have
been shown to result in strong cellular as well as hu-
moral immune responses, which can be directed against
a wide variety of pathogenic microorganisms, tumor
antigens and allergy antigens.

Despite its many advantages, DNA vaccination still
faces several problems: the efficiency of the DNA-up-
take seems to be quite low and dose-dependant, so that
high amounts of DNA have to be injected to elicit pro-
tective immune responses®. Furthermore, the intramus-
cular injection of plasmid DNA does not seem to in-
duce immune responses at distal mucosal surfaces®.
Reports on the successful mucosal application of DNA
vaccines are scarce. FyNaN et a.= described the appli-

cation as nose drops of plasmid DNA encoding a very
strong antigen which led to protective immunity. Addi-
tionaly, in muscle tissue thereis a very limited number
of antigen-presenting cells (APC)Y’; therefore, protec-
tion against pathogenic microorganisms might only be
possible with highly immunogenic antigens®. Bone
marrow derived APC, rather than myocytes or kerati-
nocytes, seem to be essential for the immune responses
observed after vaccination by both routes?”. This could
be due to either direct transfection of the APC® or to
cross-priming®. Furthermore, the APC have to migrate
to the spleen for the induction of the immune responses
seen after DNA vaccination® 1% 27,

Indeed, it seems to be desirable to deliver DNA
vaccine vectors directly to these cells, a task that can
be accomplished by the exploitation of attenuated intra-
cellular bacteria. These microorganisms show a pro-
nounced preference for professional APC like macro-
phages. After being phagocytosed by APC, the bacteria

Abbreviations used: APC — antigen-presenting cell, BMM — bone marrow derived macrophages, CMV — cytomegalovirus, GFP
— green fluorescent protein, LPS — lipopolysaccharide, OVA — chicken ovalbumin.
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can survive inside these cells either by modification of
the phagosoma compartment, e.g. by preventing the
fusion with the lysosome, or by egression from the
phagosome into the host cell cytosol*®. Most intracellu-
lar bacteria can be transformed with eukaryotic ex-
pression vectors. Attenuated mutant strains of these
bacteria, which lyse inside the APC, can therefore carry
these plasmids into the host cell phagosome or cytosol
and release the DNA upon intracellular desintegration.
The DNA can subsequently enter the nucleus and plas-
mid-encoded antigens can be expressed by the APC.
These antigens can be presented by the APC together
with magjor histocompatibility (MHC) class | and class
[ molecules, which should result in efficient cellular
and humoral immune responses.

DNA-Vaccine Delivery by Gram-Negative Bacteria

Attenuated mutant strains of the invasive bacteria
Shigella flexneri, Salmonella typhimurium and S typhi
were successfully exploited for the delivery of euka
ryotic antigen-expression vectors in vitro as well asin
vivo? & 12 2. 2426 Attenuation of these strains was
achieved by deletions of genesinvolved in the synthesis
of metabolites which are essential for cell wall syn-
thesis. The auxotrophic bacteria are thus able to enter
the mammalian cells, but they lyse inside their euka
ryotic prey due to the lack of these metabolites.

Eukaryotic expression vectors containing Escheri-
chia coli origins of replication are fully functional also
in S flexneri. Since S flexneri is able to enter the host
cell cytosol after being phagocytosed, these bacteriaare
ideally suited for the direct delivery of plasmid vectors
to this host cell compartment. In the first such report,
a S flexneri asd mutant strain was utilized for plasmid
delivery®. This strain is unable to synthesize the bac-
terial cell wall constituent diaminopimelinic acid
(DAP) and therefore undergoes lysisinside mammalian
cells, resulting in an efficient release of plasmid mole-
cules into the host cell cytosol. Subsequent expression
of the model -antigen 3-gal actosidase by the mammalian
host cells could be demonstrated in vitro as well asin
vivo® (Fig. 1). As anticipated, a noninvasive mutant
strain of S flexneri was unable to deliver plasmid-DNA
to eukaryotic cells®. Plasmid delivery by S flexneri is
also suitable for the dlicitation of strong humoral and
cellular immune responses. Intranasal application of the
bacteria carrying a [3-galactosidase expression vector
led to strong cellular and humoral immune responses
against this model antigen in mice?®. When the S. flex-
neri asd mutant carrying DNA vaccine vectors encod-
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ing different measles virus antigens (fusion protein, he-
maggl utinin and nucleoprotein) was used for intranasal
immunization of mice, strong Thl-type T cell respon-
ses (CD8" CTLs and IFN-y-secreting helper T cells)
were observed, which could be boosted by a second
and third application of the bacteria!2. This demon-
strated that boosting with intracellular bacteria deliver-
ing DNA vaccines is interestingly feasible. The humo-
ral immune responses achieved with this immunization
scheme were only weak, though'?, As an alternative to
the asd mutant, an auxotrophic and simultaneously
spreading-negative mutant strain of S flexneri, which
was obtained by chromosomal deletions of the aroA
and vir G genes, was used for the delivery of eukaryotic
expresson vectors into a wide range of cell types in
vitro®.

Whereas S flexneri is able to escape into the host
cell cytosol, S typhimurium remains in the phago(lyso)
somal compartment. In spite of this phagosomal local-
ization of Salmonella, aroA mutant strains of S. ty-
phimurium can deliver eucaryotic expression vectors
into primary macrophages in vitro as well as in vivo
with high efficiency, leading to strong expression of
plasmid-encoded reporter genes®. The in vivo delivery
of plasmid molecules to dendritic cells could also be
demonstrated®. Attenuated S typhimurium was also
applied to thein vivo delivery of a DNA vaccine vector
encoding listeriolysin®. Listeriolysin is a major T cell-
-antigen of the intracellular bacterium Listeria monocy-

APC

Fig. 1. DNA vaccine delivery to APC by attenuated shigellee, lis-
teriae, invasive E. coli and S. typhimurium expressing active listeri-
olysin. 1—bacteriacarrying DNA-vaccine vectors are phagocytosed
by an APC, 2 — bacteria lyse the phagosoma membrane, escape
into the cytosol and 3 — release the plasmid DNA directly into this
host cell compartment upon bacterial desintegration, 4 —the plasmid
DNA enters the nucleus, 5 — plasmid-encoded antigens are ex-
pressed by the APC, processed and 6 — presented in the context of
MHC class | and possibly aso MHC class |1 (either directly or by
cross-priming) molecules
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togenes™. Vaccination of mice via the ora route re-
sulted in CD8" and CD4" T cell responses as well as
high antibody titers to this antigen. The helper T cell
responses were of Thl-type with high levels of IFN-y
and no IL-4. These immune responses were able to
protect mice against aletha challenge with L. monocy-
togenes and could be boosted by oral application of the
bacteria. Similarly, attenuated S. typhimurium carrying
a DNA vaccine encoding a model tumor antigen was
demonstrated to induce T cell mediated protection in
a mouse tumor model®®. The S typhi Ty2la strain,
which is approved for use as an oral vaccine against
typhoid fever in humans, has aso been used for the
delivery of a DNA vaccine vector coding for the meas-
les virus nucleoprotein®2, By i.p. injection of this strain
into mice, T cell responses were dlicited which were
comparable to those achieved by i.n. vaccination with
the S flexneri asd mutant carrying the same plasmid
vector'?,

However, it remains to be elucidated how the plas-
mid DNA istransported from the phagosomal compart-
ment of the host cell into the nucleus (Fig. 2). Infection
with Salmonella possibly causes leakage of the phago-
lysosome. Similarily, infection of primary macrophages
with S. typhimurium results in the presentation of pha-
gosomal proteins together with MHC class | mole-
cules®. Another explanation might be a specific and so
far unidentified transport process for the translocation
of the plasmid molecules across the phagosoma mem-
brane. Interestingly, Salmonella can deliver plasmid
DNA only in primary cells, but not in cell lines> %,

Fig. 2. DNA vaccine delivery to APC by attenuated salmonellae
without phagosomal escape function. 1 — salmonellae carrying
DNA-vaccine vectors are phagocytosed by an APC, 2 — bacteria
lyse inside phagosome, releasing the plasmid molecules into this
compartment, 3 —from where they enter the cytoplasm viaunknown
mechanisms, 4 — the plasmid DNA enters the nucleus, 5 — plasmid-
-encoded antigens are expressed by the APC, processed and 6 —
presented in the context of molecules of the MHC
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suggesting that this may be a specific property of ma-
ture macrophages.

In order to enhance the efficacy of plasmid delivery
by attenuated S. typhimurium, we chose to equip the
bacteria with a gene conferring a phagosomal escape
function, namely the listeriolysin gene of L. monocy-
togenes which is responsible for the escape of this
bacterium from the phagosomal vacuoles of infected
mammalian cells®. S typhimurium expressing a listeri-
olysin-hemolysin fusion protein and secreting this fu-
sion protein via the hemolysin transport machinery of
E. cali is able to escape from the phagosomal vacuoles
of infected macrophage cells** °. We were able to
demonstrate that this escape into the cytosol is aso
enhances the efficiency of plasmid delivery by S ty-
phimuriun? (Fig. 1). When used for the delivery of
a eukaryotic expression vector encoding the T cell
antigen chicken ovalbumin (OVA) into murine bone
marrow derived macrophages (BMM), we found the
expression of the listeriolysin-hemolysin fusion protein
to enhance the delivery of the plasmid molecules sub-
stantialy, as measured by presentation of the major
H-2K® T cell epitope of OVAs7.26:° together with
MHC class | molecules’. These results suggest that
there is potential for further enhancement of plasmid
DNA delivery by attenuated strains of S typhimurium.

Due to their invasive properties, S. flexneri and
S typhimurium are both well suited for the delivery of
macromol ecules into eukaryotic cells. In adifferent ap-
proach, a noninvasive and apathogenic bacterium, the
genetically well-defined laboratory strain E. coli K12,
was equipped with genes conferring invasiveness> *°.
Again, an auxotrophic cell wall synthesis mutant was
used. This strain was transformed either with the 200
kb virulence plasmid of S flexneri, which contains the
genes for invasion, intra- and intercellular motility®, or
aternatively with theinvasin geneinv of Yersinia pseu-
dotuberculosis and the hly gene of L. monocytogenes,
coding for listeriolysin®®. Both strains are able to deliver
eucaryotic expression vectors directly to the host cell
cytosol with high efficiency in vitro> ** (Fig. 1), but
have not yet been used in DNA vaccine settings.

DNA-Vaccine Delivery by Gram-Positive Bacteria

Gram-negative bacteria as vehicles for the delivery
of DNA vaccines have the disadvantage of producing
high amounts of the toxic lipopolysaccharide (LPS),
which might be inhibitory for the synthesis of plasmid-
-encoded antigens by the host cells. Thus, it might be
advantageous to apply Gram-positive DNA vaccine
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carriers. A promising candidate is the Gram-positive
bacterium L. monocytogenes. L. monocytogenes is
found in high numbers in splenic APC shortly after
infection through the intestinal mucosa and it is able to
enter the cytosol of these APC after phagocytosis.
L. monocytogenes was attenuated by a deletion of the
genes mpl, actA and plcB, which are necessary for
intra- and intercellular movement after the bacteria es-
cape from the host cell phagosome into the cytosol®.
Delivery of the plasmid DNA into the cytosol was
achieved by specific autolysis of the bacteria in this
compartment (Fig. 1). To this end, we cloned a gene
encoding the lysis protein of a Listeria-specific bacte-
riophage under the control of the listeria actA-pro-
moter, which is active only in the host cell cytosol.
Bacteria carrying this transcription unit undergo rapid
lysis upon entering the cytosol of the host cell®. This
attenuated suicide strain of L. monocytogenes was used
asavehicle for the delivery of plasmid vectors carrying
either the gfp- (coding for the green fluorescent protein
— GFP) or the cat-gene (encoding chloramphenicol ace-
tyl tranferase — CAT) under the control of the cyto-
megalovirus (CMV)-promoter. Efficient plasmid de-
livery as well as GFP- and CAT-expression were
obtained in a murine macrophage-like cell line® as well
as in murine fibroblast cells (DieTRICH €t a., unpub-
lished data). Lysin-mediated plasmid-delivery could be
demonstrated to be even more efficient than the killing
of the intracellular bacteria by treatment with antibio-
tics’.

Attenuated suicide L. monocytogenes are also suit-
able for the delivery of plasmid DNA in primary cells.
The infection of BMM from BALB/c mice with bac-
teria carrying a GFP-expression vector led to strong
GFP-expression by the macrophage cells (DieTricH and
GeNTscHEv, unpublished data). The expression of he-
terologous antigens obtained by this procedure results
in efficient processing and presentation together with
MHC class | molecules. This could be shown with
a plasmid construct which codes for the major H-2K"
T cell epitope of ovalbumin, OV Azs7_oe4, €XpPressed under
the control of the CMV-promoter. When this plasmid
was delivered to BMM by the attenuated suicide
L. monocytogenes, the T cell epitope was presented ef-
ficiently together with MHC class | molecules, as shown
by the activation of a OV A s7_se-Specific T cdl hybrido-
me’. Thus, the delivery of DNA by attenuated suicide
L. monocytogenes leads to efficient expression and pres-
entation of plasmid-encoded antigens. We are currently
evaluaing the suitability of attenuated suicide L. monocy-
togenes for the dicitation of protective immune respon-
ses in different viral and bacterial infection models.

G. Dietrich: DNA Vaccine Delivery by Bacteria

Potential Risks of DNA Vaccine Delivery
by Attenuated Intracellular Bacteria

The invasive nature of the employed bacteriais cer-
tainly advantageous for DNA vaccine delivery, but it
also implies the potential for pathogenicity of these
strains for their host, making it necessary to prove their
safety. Attenuated Salmonella strains which are used as
vaccines in human and veterinary medicine have been
demonstrated to be sufficiently safe. Attenuated S flex-
neri and invasive E. coli till have to be examined in
this respect. Furthermore, the potential endotoxic effect
of the LPS expressed by these bacteria has to be evalu-
ated very carefully. Spreading-negative L. monocy-
togenes are highly attenuated in mice’ and the intracel-
lular expression of the phage lysin should add to the
safety of these bacteria

A very important issue concerning the safety of
DNA vaccinesistheir possible integration into the host
cell genome, which might potentiate oncogenesis.
Whereas the immunization with naked DNA does not
seem to lead to genomic integration'!, the delivery of
eukaryotic expression vectors by invasive E. coli and
attenuated suicide L. monocytogenes results in chromo-
somal integration at least in vitro> °. These findings
may be due to the high plasmid copy numbers which
are delivered to each single cell by the bacterial car-
riers; furthermore, they still await anin vivo evaluation.
Additionally, the cells carrying genomic integrations
should ultimately be destroyed by the CTL responses
against plasmid encoded antigens’ and antigens derived
from the carrier bacteria®®.

Discussion

The application of DNA vaccines by intramuscular
injection or gene gun inoculation leads to the transfec-
tion of only very limited numbers of professional APC,
which is a possible reason for the low efficiency of
DNA vaccination in primates'. Delivery of DNA vac-
cines by suitableintracellular bacteria might enable tar-
geting the plasmid vectors more specifically to the APC
in immunologically relevant organs, which should sub-
stantially enhance the immune response. S typhimu-
rium and L. monocytogenes show a strong preference
for macrophages'®. Bacterial components like LPS or
unmethylated sequence motifs in the bacterial DNA
might serve as adjuvants and thereby potentiate the im-
munogenicity of the DNA vaccines. Bacteria carriers
also have the advantage of being applicable viathe oral
route?, resulting in the transfection of cells of the gut-
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-associated lymphoid tissue (GALT), which should re-
sult in efficient mucosal immune responses. For the
future it should be interesting to see how the efficacy
of bacterial delivery of DNA vaccines compares with
naked DNA vaccination in a side-by-side study.

There are several approaches to enhancing the de-
livery of DNA vaccines by intracellular bacteria
Whereasthe delivery by auxotrophic cell wall synthesis
mutants relies on passive desintegration of the bacteria
due to the lack of essential metabolites, the active lysis
of the carriers (e.g. by the expression of a phage lysin)
might accelerate the process of plasmid transfer and
also limit the damage to the host cell. S. flexneri and
L. monocytogenes can transfer plasmid molecules di-
rectly to the host cell cytosol due to their ability to
escape from the phagosome. Subsequently, the plasmid
molecules can enter the host cell nucleus. The effi-
ciency of the plasmid delivery by bacteria which are
usualy confined to the host cell phagosome can be
substantially enhanced by bacteria expression of an
enzyme with phagosomal escape function, like listeri-
olysin®®. Therefore, Salmonella strains which enter the
cytosol of infected host cells due to the secretion of
active listeriolysin are interesting candidates for the de-
livery of DNA vaccines®,

Next to macrophages, which are the preferential first
habitat of Salmonella and Ligteria, it should be advant-
ageous to target the bacterial carriers aso to dendritic
cells, which have a much stronger capacity in antigen
presentation when compared to other monocytes'.

Despite the numerous advantages, the risk factors
associated with the delivery of DNA vaccines by atte-
nuated intracellular bacteria, such as safety of the bac-
terial strains and possible genomic integration of the
plasmid DNA, have to be addressed very carefully. Fur-
thermore, the broad applicability of these systems to
awide range of antigens and animal models still awaits
further proof.

If these issues can be resolved, though, the delivery
of DNA vaccines by attenuated intracellular bacteria
has the capacity to combine the advantages of live vac-
cine vectors with those of naked DNA vaccines.
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