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Live attenuated bacteria are attractive vaccine vectors that
can elicit host immune responses to foreign antigens. Bacterial
vectors may mimic natural infection and therefore interact
with the mucosal, humoral, and cellular compartments of the
immune system. A plethora of foreign (heterologous) antigens
derived from bacterial, fungal, viral, or parasitic organisms
have been expressed within bacterial vectors. Delivery of con-
traceptive and tumor antigens, cytokines, and adjuvants has
also been explored. The result is a type of “vaccine factory”
(29) in which the bacterial vector produces a foreign protein.
Since bacterial vectors replicate within the host, it is hoped that
they provide sustained exposure to the antigen, potentially
augmenting the type and level of immune response. In addi-
tion, bacteria naturally possess immunostimulatory molecules
such as lipopolysaccharide (LPS) and flagella that can stimu-
late immune responses (56). Internationally, there are three
live bacterial vaccines commercially available and in clinical
use: Salmonella enterica serovar Typhi Ty21a, Vibrio cholerae
CVD 103-HgR, and Mycobacterium bovis BCG. These strains
plus many other attenuated strains have been used as vectors
to express heterologous antigens. Live bacterial vector vaccines
have been evaluated in numerous animal and human studies,
but there are currently no licensed live bacterial vector vac-
cines being used clinically.

The most compelling rationales for the development of live
bacterial vectors are the possibility of oral delivery and pro-
tection at mucosal surfaces. This review will cover attenuated
bacterial enteric pathogens used as vectors to express foreign
(heterologous) antigens, with emphasis on those that have
reached clinical study, including Salmonella, Shigella, V. chol-
erae, and Listeria. This review will not cover bacterial vectors
used to deliver DNA vaccines or subunit and conjugate vac-
cines.

LIVE BACTERIAL VECTORS IN HUMANS

Live bacterial vectors offer many potential clinical advan-
tages. They are easy and relatively inexpensive to produce; they
are also well suited to large-scale manufacture and potentially
stable without refrigeration (via lyophilization), are able to
carry large or multiple antigens or adjuvants, and can be erad-
icated with antibiotics should the need arise. These attributes
may make these vaccinations more available to the developing

world. Compared to injectable vaccines, oral delivery should
result in increased compliance, safety, and ease of administra-
tion. Eliciting mucosal, cellular, and humoral immunity is de-
sirable for protection against many of the organisms that infect
at mucosal surfaces, such as human immunodeficiency virus
(HIV) and other important gastrointestinal, genital, and respi-
ratory pathogens. Attenuation can be accomplished through
the deletion of different genes, including virulence, regulatory,
and metabolic genes. Some attenuated bacterial vectors have
already been evaluated in humans, as discussed below.

Potential pitfalls of live bacterial vectors include possible
systemic dissemination, transmission to contacts of the recipi-
ent, unanticipated or undesirable immune responses, and en-
vironmental contamination. Systemic dissemination and illness
could occur in either healthy or immunocompromised individ-
uals. Postinfectious reactions are possible, including arthritis,
uveititis, and urethritis, that are similar to those seen after
natural enteric infections such as campylobacteriosis (108) or
salmonellosis (144), although these are not necessarily limited
to live vaccines, as exemplified by a recent description of ocu-
lorespiratory symptoms after immunization with inactivated
split virus influenza vaccine (125). Environmental contamina-
tion or inadvertent spread of the live bacterial strain necessi-
tates evaluation of these possibilities during the development
of live vectors.

STIMULATION OF THE IMMUNE SYSTEM

Parenteral vaccines elicit primarily a humoral (antibody)
immune response (86). Although successful for a variety of
systemic pathogens (111), it has been hoped that mucosal
vaccines may provide a more physiological and effective pro-
tective immune response, since it is estimated that 90% of
human infections are initiated at mucosal surfaces (73). Bac-
terial vaccine vectors induce the production of multiple cyto-
kines, including tumor necrosis factor alpha (TNF-�), gamma
interferon (IFN-�), and interleukin-12 (IL-12), and proinflam-
matory mediators such as nitric oxide, which enhance early
innate immunity and create a local environment favorable to
antigen presentation (31). An ideal vector should stimulate
both strong primary and lasting memory immune responses.

Mucosal immunity collectively accounts for more than two-
thirds of the activity of the entire immune system, based on
considerations of the numbers of immunocompetent cells, the
extent of the mucosal tissues, and the quantities of immuno-
globulins produced at these sites (114). Mucosal immunity is
distinguished from systemic immunity by the abundance of
secretory immunoglobulin A (IgA) and a dedicated cellular
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response. In the gut lumen, the most important protective
antibodies include those that inactivate soluble toxic protein
products of bacteria (antitoxins), facilitate phagocytosis and
intracellular digestion of bacteria (opsonins), interact with
components of serum complement and lysozyme to damage
the bacterial membrane with resultant bacteriolysis (lysins, as
with gram-negative infections), prevent proliferation or inva-
sion of infectious virus (neutralizing antibodies, as with polio),
or interact with components of the bacterial surface to prevent
adhesion to mucosal surfaces (anti-adhesins, as with Esche-
richia coli or V. cholerae) (91).

Development of immunity to Salmonella infections relies on
the cellular, humoral, and mucosal arms of the immune system
(88). Although the role of humoral immunity has been long
appreciated, recent work has explored the specifics of cellular
responses. Separate studies in primates with serovar Typhi
Ty21a and with Salmonella vectors expressing simian immuno-
deficiency virus antigens show that CD8� cellular immunity is
increased after immunization with Salmonella, specifically in
the intestinal T-cell population that is positive for the intestinal
homing receptor �4�7 (39, 87), and “homes” to and resides
within the intestinal compartment (Table 1). Other studies in
humans with serovar Typhi Ty21a demonstrate that immuni-
zation elicits a specific CD8� cytotoxic-T-lymphocyte (CTL)
response (122). Serovar Typhi CVD908-htrA also elicits both a
CD4� and a CD8� cellular immune response in humans (123).
Attenuated serovar Typhi vaccines delivered intranasally in
mice also stimulate CD8� major histocompatibility complex
(MHC) class I-restricted CTLs (103).

The intracellular pathogen Listeria monocytogenes also in-
duces both mucosal and systemic immunity. When L. monocy-
togenes was used in early work in mice to express E. coli �-ga-
lactosidase, a CD8� cellular immune response to the foreign
protein was found (124). A murine study showed that oral
inoculation of L. monocytogenes expressing HIV-1-Gag in-

duced mucosal and systemic CTL-mediated immunity to the
viral antigen (107). In the only published human trial to date,
humoral, mucosal, and cellular immune responses to attenu-
ated L. monocytogenes were all detected in individual volun-
teers (4).

The type of immunity that is elicited by bacterial vectors
depends on both the vector used and the “biological details” of
foreign antigen expression. For example, V. cholerae is nonin-
vasive and elicits mostly a secretory IgA and serum vibriocidal
antibody response, whereas the more invasive salmonellae will
elicit musosal, humoral, and systemic immunity, and Listeria
tends to elicit a predominantly cellular response. Although it is
presumed that the immunity a host engenders against the for-
eign antigen will be similar to that raised by the vector, this
may not always be true, since host responses may be strongly
influenced by factors such as method of foreign antigen ex-
pression and secretion.

EFFECT OF PREVIOUS EXPOSURE TO
BACTERIAL VECTORS

Recipients of live attenuated vaccines may have had prior
exposure to enteric pathogens that are used as vectors (some-
times this prior exposure is called “vector priming”). Whether
this previous exposure increases or decreases the immune re-
sponse to a vectored antigen remains to be determined and
may be specific to vector and antigen. Preexisting immunity
against the vaccine vector could enhance presentation of the
foreign antigen to T cells by mechanisms such as enhanced
uptake of antibody-coated recombinant bacteria by antigen-
presenting cells, by altering the cytokine milieu during presen-
tation, or by direct cell-cell interactions. Studies of vector prim-
ing in animals and humans have produced conflicting data
(73).

Most work on vector priming in animals has been done in

TABLE 1. Human studies of S. enterica vectors expressing a foreign antigena

Serovar Parent strain Vaccine strain Genetic mutation(s) Foreign antigen expressed No. of
volunteers

No. of volunteers
with IgG

response to: Reference

Vector Foreign
antigen

Typhi Ty21a 5076-1C
(different lots)

galE, rpoS, Vi antigen S. sonnei LPS 60 NA 12/56 15

Typhi Ty21a 5076-1C galE, rpoS, Vi antigen S. sonnei LPS 16 NA 3 58, 136
Typhimurium ATCC14028 LH1160 phoP, phoQ, purB H. pylori urease 6 5 3 3
Typhi Ty21a EX645 galE, rpoS, Vi antigen V. cholerae LPS O antigen 10 7 3 43
Typhi Ty21a EX645 galE, rpos, Vi antigen V. cholerae LPS O antigen

(with challenge)
14 14 1 130

Typhi Ty21a EX645 galE, rpoS, Vi antigen V. cholerae O antigen 61 NA NA 5
Typhi Ty21a EX880 galE, rpoS, Vi antigen

rfb
V. cholerae O antigen 80 NA NA 5, 7

Typhi Ty2 CVD908 aroC, aroD, rpoS P. falciparum CSP 10 10 2 53
Typhi Ty2 CVD908-htrA aroC, aroD, htrA,

rpoS
Tetanus toxin 20 4/9b 3 131

Typhi Ty2 �4632 cya, crp, cdt, asd, rpoS Hepatitis B 40 24 0 132
Typhi Ty2 �4632 cya, crp, cdt, asd, rpoS Hepatitis B (oral) 7 6 0 94
Typhi Ty2 �4632 cya, crp, cdt, asd, rpoS Hepatitis B (rectal) 6 1 1 94

a Only IgG responses in serum are shown, since other immunological tests were not consistently performed and IgG responses in serum to vector and foreign antigen
were usually determined. A denominator in the response column implies that not all volunteers had test results. These studies differ greatly with regard to methodologies
and study designs, and this table is presented only as a compilation of study references without implied comparisons.

b Only data from highest inocula given.
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BALB/c mice, a line with genetically determined susceptibility
to intracellular pathogens. Using S. enterica serovar Dublin
aroA vectors, two studies have demonstrated some improve-
ment in response to foreign antigen delivered orally or system-
ically to vector-primed hosts (8, 141). Other groups, using S.
enterica serovar Typhimurium aroA or the naturally attenuated
S. stanley, concluded that prior exposure to the vector compro-
mises both serum and intestinal antibody responses to a range
of foreign antigens (6, 74, 112, 138, 139). Bouwer et al. showed
that previous exposure of BALB/c mice to L. monocytogenes
did not inhibit the development of a primary CTL response to
an epitope delivered by an L. monocytogenes vector (17).

Human data on vector priming is also conflicting. When
serovar Typhi Ty21a is given as a vaccine, the immune re-
sponse inversely correlates with the preimmunization IgA anti-
LPS antibody titer (86). Similarly, when serovar Typhi Ty21a
was used to express V. cholerae O antigen in a large human
study, volunteers with higher prevaccine titers against V. chol-
erae were less likely to develop significant bactericidal re-
sponses against V. cholerae after immunization (5). However,
in a study of women who were orally and rectally vaccinated
with serovar Typhi Ty21a, researchers found that Salmonella-
specific antibodies in the human female genital tract induced
by primary vaccination could be enhanced by subsequent rectal
administration of these vaccines (82). In a recent trial with
serovar Typhi Ty21a expressing H. pylori ureases A and B, one
volunteer with prior immunity to the carrier appeared to have
an enhanced immune response to the foreign antigen (19).
Further human studies are needed to clarify the significance of
vector priming.

BALANCE BETWEEN IMMUNOGENICITY AND
ATTENUATION IN ATTENUATED BACTERIAL STRAINS

Balancing immunogenicity and attenuation of vectors may
be difficult. Excessive attenuation of the bacterial vector can
render it poorly immunogenic, as seen in our human study of
Ty445, a serovar Typhi Ty2 strain with phoP/phoQ aroA de-
leted (only 2 of 14 volunteers receiving Ty445 seroconverted)
(62). Inadequate attenuation may result in excessive reactoge-
nicity or symptomatic infection, especially in immunocompro-
mised hosts.

Vectors that seem highly attenuated in animals do not al-
ways result in a lack of reactogenicity in humans. In trying to
improve upon Ty21a, Hone et al. constructed a galE mutant in
serovar Typhi Ty2 (Ty2H1) which was serum sensitive and
highly attenuated in the mouse hog gastric mucin virulence
assay compared to the Ty2 parent strain (64). When four
human volunteers ingested 7 � 108 CFU of this strain, two
became ill and developed a typhoid fever-like illness with fever
and bacteremia. The authors of that study concluded that the
galE mutation alone did not adequately attenuate serovar
Typhi Ty2 for human use. Similar results occurred with a
Shigella vaccine strain CVD1203, derived from wild-type S.
flexneri 2a by introducing deletions in chromosomal aroA and
invasion plasmid virG. This strain was highly attenuated in the
guinea pig conjunctival sac challenge (Serény) model. Two 109

CFU orogastric doses (2 weeks apart) stimulated production of
secretory IgA antibodies to S. flexneri 2a and protected against
conjunctival challenge with virulent S. flexneri 2a (99). When

given to humans, a single dose of CVD1203 at 106, 108, or 109

CFU resulted in self-limited (�48-h duration), objective reac-
togenicity (fever, diarrhea, or dysentery) in 0, 18, and 72% of
subjects, respectively, and in no placebo recipients. The ma-
jority of volunteers in each group did develop IgA-producing
anti-LPS antibody-secreting cells (ASCs), but the reactogenic-
ity of the vaccine was not predicted by the animal model (78)
data.

The specific attenuation(s) chosen for a vaccine vector strain
can have a significant impact on its immunogenicity (13, 27, 36,
134, 137, 142). For example, Salmonella PhoP-null mutants are
more efficiently processed by macrophages in vitro than wild-
type bacteria; salmonellae constitutively expressing PhoP
(PhoPc) are processed even less efficiently than wild-type sal-
monellae (142). The altered processing and presentation effi-
ciency is not due to differences in the level of antigen expressed
by the bacteria or differences in the level of bacterial uptake by
the macrophages. Paradoxically, Salmonella PhoPc mutants
have been shown to be highly immunogenic vectors for delivery
of papillomavirus antigens in mice (11, 95). Although the Sal-
monella PhoPc mutant was more efficient at infecting dendritic
cells in vitro than the wild type and the phoP and aroA mutants,
PhoPc mutants induced significantly less IL-10, suggesting that
this mutant suppressed the secretion of IL-10 by dendritic cells
and may result in a stronger cell-mediated immune response
than the other attenuations (33). These data not only demon-
strate a role for virulence loci in directing induction of specific
immune responses (142) but also highlight the idiosyncratic
nature of antigen-vector combinations.

Recent work with a panel of purine (purEK and purHD) and
guanine (guaAB) auxotrophs in S. flexneri 5 was undertaken to
maximize immunogenicity and minimize reactogenicity. The
best vaccine candidate in mice was the S. flexneri 5 guaAB
purHD strain, which was markedly attenuated but still induced
proinflammatory cytokines and factors such as IL-1�, IL-6,
tumor necrosis factor alpha, and inducible nitric oxide syn-
thase. This strain upregulated cytokines such as IL-12 and
IFN-� and also highly stimulated MHC class II expression,
suggesting activation of innate immunity (21). A detailed com-
parison of rationally designed attenuated mutants would be
ideal, but a lack of good animal models makes vector devel-
opment an empirical business requiring human clinical studies.

OPTIMIZING EXPRESSION: CODONS, PLASMIDS,
AND CHROMOSOMES

Expression of foreign antigens in live bacterial vectors can
be complicated. The possibility of improper protein folding,
lack of posttranslational modification, degradation of foreign
proteins by bacterial proteases, inclusion of toxic protein se-
quences, lack of proper secretion, or ineffective presentation to
the immune system can lead to the induction of nonprotective
immune responses or the complete abolition of immune re-
sponses. Choice of promoter, localization within the vector,
construction of protein fusions to promote secretion, codon
optimization for a bacterial host, and plasmid copy number can
all affect foreign antigen expression.

Differences in codon usage between organisms can have a
significant impact on heterologous protein production. A gene
with a codon usage different from the targeted bacterial host
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can have poor expression in that particular host. The presence
of rare codons in cloned genes can affect protein expression
level and mRNA and plasmid stability. In some cases, rare
codons can inhibit protein synthesis and cell growth. Although
more often cited for DNA vaccine work, codon optimization of
tetanus toxin fragment C expressed by serovar Typhimurium
aroA resulted in protection of orally immunized mice against
an otherwise-lethal tetanus toxin challenge (40).

Foreign antigens may be expressed from a chromosomal
integration or from a plasmid. Chromosomal integration of
single gene copies generally increases the stability of the for-
eign antigen genes but reduces antigen mass compared to
multicopy plasmids. A single chromosomal gene copy may be
adequate when stable proteins are expressed from strong pro-
moters in a highly immunogenic vector, as in the case of an L.
monocytogenes strain expressing HIV gene products under the
control of the hemolysin promoter (89). This Listeria construct
was able to induce Th1-type HIV-Gag specific CD4� T cells in
mice. Cells were of the Th1 phenotype and produced IFN-� at
levels similar to CD4� T cells directed against an endogenous
listerial antigen. However, another group reported 50-fold less
antigen production and no immune responses in mice after
receipt of serovar Typhimurium bearing a chromosomal inte-
gration of the HIV-1 gp120 gene compared to a similarly
attenuated strain expressing the same antigen from a multi-
copy asd-stabilized plasmid (44). Other investigators reported
10-fold-lower production of a fusion protein composed of the
cholera toxin B subunit (CT-B) and the serine-rich Entamoeba
histolytica protein in vitro in a V. cholerae chromosomal inte-
gration strain compared to their glnA balanced lethal plasmid
strain (121). Decreased antigen expression correlated with a
decreased immune response in mice. In a different study, these
authors reported 100- to 1,000-fold-greater expression of the
foreign antigen from a plasmid-bearing strain compared to the
chromosomal integration strain, as well as a greater immune
response in mice (118); another group showed similar findings
with E. coli mutant heat-labile enterotoxin in serovar Typhi-
murium in mice (27).

For ease of manipulation and copy number effects, plasmids
are often used in bacterial vectors. An optimal plasmid is stable
in vivo, has a copy number which supports vigorous antigen
production but does not compromise the growth rate or me-
tabolism of the vector (48), is nonconjugative, and has a narrow
host range. Antibiotic resistance genes are in general pro-
scribed in clinical products. Attempts to optimize plasmid-
based expression systems have resulted in several clever ideas
that are discussed below.

PLASMID STABILITY

To be effective, an antigen-encoding plasmid must be re-
tained by the vector microorganism. Although antibiotic pres-
sure works well for plasmid maintenance in vitro, this selective
pressure is not present in vivo. Balanced lethal host-vector
systems ensure that plasmid is maintained in the bacterial
vector by requiring that the proteins expressed by the plasmid
are essential for survival of the vector. A classic example is the
asd system. A deletion of the chromosomal aspartate-semial-
dehyde dehydrogenase (asd) gene is made in the bacterial
vector, resulting in an absolute requirement for diamin-

opimelic acid, an essential component of the peptidoglycan of
the cell wall of gram-negative bacteria that is not found in
mammalian hosts. The asd gene is supplied on a plasmid and
complements the mutation. In the original work describing this
system in serovar Typhimurium, the plasmid was stable in the
absence of any exogenous selective pressure in vitro or in vivo
(30). The system has since been used to express varied foreign
antigens in both murine and human studies (94). A similar
system is the glnA balanced lethal system in V. cholerae (121).

The hok-sok system, initially developed for use in serovar
Typhi, is similar to the balanced lethal system but does not
require genetic manipulation of the vector organism. It was
developed for use in serovar Typhi, since the asd-based plas-
mids, successfully used in serovar Typhimurium, were less suc-
cessful at eliciting immunity to the foreign antigen in these
strains (94, 132). This two-component toxin-antitoxin system or
“killer locus” is based on the naturally occurring hok-sok post-
segregational killing system on the E. coli antibiotic resistance
factor pR1. Synthesis of Hok (a lethal pore-forming protein) is
blocked by binding of a sok mRNA to hok mRNA. However,
sok mRNA is highly susceptible to degradation, and its intra-
cellular concentration must be maintained by constitutive tran-
scription from plasmids carrying hok-sok. Thus, bacteria that
lose these plasmids are postsegregationally killed when the
levels of the protective sok mRNA rapidly drop, and the levels
of the more stable toxin-encoding hok mRNA quickly lead to
Hok synthesis and cell death (52). Unfortunately, some work
showed that �50% of bacteria that lost the plasmid were still
viable, suggesting that the presence of a hok-sok postsegrega-
tional killing system is not sufficient to ensure vector death
(49). The highest levels of sustained synthesis of the test het-
erologous antigen were detected from expression plasmids car-
rying the full complement of maintenance functions, including
at least one partition function that mediates pairing of plas-
mids at mid-cell and subsequently moves them to the cell poles
before cell division. Although less successful than the asd bal-
anced lethal system, this system is conceptually appealing.
Other plasmid-based mechanisms that result in carefully cho-
reographed, time-limited antigen secretion and/or pro-
grammed vector death can also be envisioned.

HOST FITNESS AND PLASMID BURDEN: POOR
HOUSEGUESTS?

Some part of a bacterial vector’s metabolism is usurped by
maintenance of an antigen-bearing plasmid, potentially com-
promising the vector’s growth rate, fitness, persistence, and
immunogenicity. Studies with E. coli have clearly established
that plasmid-bearing bacteria grow more slowly than plasmid-
less bacteria (16, 90). Since mucosal vaccines are sometimes
designed to not replicate extensively in vivo, this is not always
detrimental. Plasmid copy number has a significant impact on
the survival and success of the bacterial vector. As the copy
number increases, the toxicity to the vector increase as well
(49) and the growth rate of such strains decreases. Similarly, as
expression of heterologous genes increases, for example, by
manipulation of promoter strength or promoter induction, the
growth rate decreases further (14, 104, 143). Enterotoxigenic
E. coli (ETEC) antigens expressed in Shigella resulted in a
slowing of the intracellular growth rate and a decrease in
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invasiveness in HeLa cells (1). Covone et al. found that a
serovar Typhimurium strain expressing mutant E. coli heat-
labile enterotoxin with a high-copy-number plasmid underwent
lysis in stationary phase, a phenomenon which was not ob-
served with a medium-copy-number plasmid (27). Thus, there
is a fine balance between adequate antigen production, toxic-
ity, invasiveness, and immunogenicity.

LOCATION, LOCATION, LOCATION

Expression of a foreign antigen on the outer surface of a
bacterial vector or secretion of an antigen into the extracellular
milieu (51, 59, 71) appears to be immunologically advanta-
geous in many instances. Recent work in mice with serovar
Typhimurium expressing the recombinant Streptococcus pneu-
moniae antigen PspA compared expression in the cytoplasm
with secretion into the periplasm and culture supernatant.
There was a 104 increase in IgG titer in animals that received
the strain bearing a secreted antigen (70).

Foreign antigen genes may be fused with those of naturally
occurring secreted bacterial protein(s). A popular system is the
hemolysin A (HlyA) export-expression system of uropatho-
genic E. coli. Heterologous antigens are inserted into a trun-
cated version of the HlyA protein and secreted by the hemo-
lysin type I secretion apparatus. More than a dozen foreign
antigens have used this secretion system successfully (50, 117).

The Lpp-OmpA system can successfully target foreign anti-
gens to bacterial outer membrane. A fusion between the signal
sequence and first nine N-terminal amino acids of the mature
major E. coli lipoprotein (Lpp) and five transmembrane seg-
ments of the outer membrane protein A (OmpA) effectively
exposes homologous and heterologous proteins on the external
side of the E. coli outer membrane in vitro (45–47). This
system has been used in attenuated serovar Typhimurium to
express an immunodominant epitope of HIV transcriptase,
resulting in mucosal IgA and cellular immune responses in
mice (20).

The type III secretion system of Salmonella and Yersinia spp.
has also been exploited for foreign antigen delivery (39, 55,
116). Upon bacterial contact with a eukaryotic cell, the Salmo-
nella type III secretion system creates a hypodermic needle-
like apparatus that spans the bacterial envelope and “injects”
proteins from the bacteria into the host cell. Type III secretion
systems have been used as delivery mechanisms for vaccine
antigens because effector proteins such as SopE directly access
MHC class I-restricted, cytosolic antigen-processing pathways.
SopE fusion proteins with H-2-restricted influenza virus
epitopes expressed by Salmonella can effectively present influ-
enza virus antigens to MHC class I-restricted T-cell hybridoma
cells in vitro (3, 39, 116). Salmonella vectors expressing SopE
fusion proteins with lymphocytic choriomeningitis virus
(LCMV) epitopes protected mice from fatal intracerebral
challenge with LCMV (116).

The autotransporter secretion pathway of gram-negative
bacteria has been used for the surface display of antigenic
determinants (81). Autotransporters are expressed as a single
polypeptide chain containing all of the features necessary to
translocate an N-terminal passenger domain to the cell sur-
face, which makes them attractive candidates for antigen dis-
play. For example, the autotransporter domain of the E. coli

adhesion AIDA-I (for adhesin involved in diffuse adherence)
was fused to a Yersinia heat shock protein and expressed in E.
coli and serovar Typhimurium. This vaccine strain had high
genetic stability in vivo and resulted in a pronounced cellular
immune response in mice (81) vaccinated intragastrically. In a
similar study, the same autotransporter domain was used to
express both nearly full-length H. pylori UreA and defined
T-helper-cell epitopes on the surface of attenuated serovar
Typhimurium, which were much more protective vaccines in
subsequent challenge experiments than a similar vaccine strain
that expressed UreA in the cytoplasm (110).

The ice nucleation protein of Pseudomonas syringae is an-
other cell surface display system that has been used for display
of foreign antigens (84). The ice nucleation protein is an outer
membrane protein that accelerates ice crystal formation in
supercooled water and has been used to express large proteins
at the cell surface. When used to express the foreign antigens
hepatitis B surface antigen and the core protein of hepatitis C
in serovar Typhi strain Ty21a, this expression system was able
to elicit a much higher antibody response in mouse serum than
a system that expressed antigens intracellularly (84).

Other methods to improve presentation to the immune sys-
tem include fusions to the E. coli heat-labile LT-B (66), the
MalE export signal (72), the Salmonella autotransporter MisL
(113), and insertion of antigen into several cell surface pro-
teins, including the main Salmonella flagellar component FliC
(96) and the E. coli-derived P87 fimbriae (24), LamB (57),
TolC (128), and PhoE (67).

PROMOTERS

Choice of promoter can have a significant impact on the
amount of antigen produced and on the immunogenicity of the
vaccine. In early studies, strong constitutive promoters were
often used with the expectation that “more is better.” Since
constant antigen synthesis may result in decreased vector fit-
ness, increased attenuation, and decreased immunogenicity
(29), some recent work has focused on promoters that are in
vivo inducible, such as the anaerobically inducible nirB (23)
and dmsA (101) promoters. A recent comparison of seven
different promoters in Salmonella used flow cytometry to quan-
tify in vivo antigen levels and to simultaneously monitor the
early steps of antigen-specific T-cell responses in mice. The
present study demonstrated that in vivo expression levels for
an antigen can be rationally selected, perhaps allowing one to
fine-tune and time the expression of foreign antigens (18) to
direct specific immune responses. The pagC promoter was
found to have especially high in vivo activity with low in vitro
activity, which may explain why it has generated strong hu-
moral immune responses in prior studies (18). John et al.
evaluated the strong constitutive tac promoter, the in vivo-
induced htpG promoter, and the in vivo-induced iron-regu-
lated irgA promoter to express CT-B in V. cholerae strain Peru
2 (69). In vitro expression was greatest under the control of the
tac promoter and the irgA promoter when under low-iron con-
ditions. Interestingly, although the gut is a low-iron environ-
ment, the immune response in mice was much higher when the
tac promoter was used. The failure of in vitro testing to predict
in vivo responses is not unique to live bacterial vectors, but the
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complexity of living vectors interactions’ with mammalian hosts
adds to the challenge of developing this type of vaccine.

ALTERNATIVE DELIVERY SITES

Although the majority of mucosal vaccines have been deliv-
ered orally, other mucosal sites, such as the nares, vagina, and
colon, could also be used as delivery sites. Inoculation at one
mucosal surface can confer immunity at other sites (56, 68, 82,
94), and the site of administration can have a significant impact
on the type of immune response (68). Some studies evaluating
live vectors for cancer immunotherapy have used intravenous
administration of attenuated bacteria (22). Intranasal admin-
istration of mucosal vaccines has been popular in multiple
animal models. Some studies report higher antibody titers via
the intranasal route compared to oral inoculation (98). To our
knowledge, there have been no published human trials in
which live attenuated bacteria have been administered intra-
nasally. Given the proximity of the central nervous system to
the nares, complications of direct spread of an infection into
the brain, i.e., “vector sinusitis,” could be of concern and might
not be predictable from animal models. Although not a live
vaccine, a recent inactivated intranasal influenza vaccine given
with E. coli heat-labile toxin as a mucosal adjuvant was asso-
ciated with Bell’s palsy in humans, resulting in the vaccine
being removed from the market (93).

Rectal vaccination has also been evaluated for attenuated
enteric pathogens as vaccine vectors, with the hope that this
route might be more immunologically relevant for important
sexually transmitted pathogens. In 1996, Nardelli-Haefliger et
al. showed for the first time that it was possible to induce
specific secretory IgA in the genital and rectal tracts of women
by using an attenuated serovar Typhi �4632 cya crp-cdt asd
expressing a gene encoding a hepatitis B virus core-pre-S pro-
tein vaccine strain given orally or rectally (94). These investi-
gators found that the secretory IgA response was predomi-
nantly against the vector rather than the foreign antigen and
that oral immunization was more effective than rectal immu-
nization in inducing a systemic humoral response: while oral
immunization induced seroconversion against Salmonella LPS
in six of seven volunteers, only one of six women developed
anti-LPS and anti-pre-S1 after rectal immunization. In another
study of 26 women who underwent oral and/or rectal immuni-
zation with Ty21a, Salmonella-specific IgG and IgA antibodies
were measured periodically in vaginal lavage and cervical mu-
cus. Salmonella-specific antibodies (especially IgA) were sig-
nificantly increased in vaginal fluids and cervical mucus in
seven women who were given an oral priming dose followed by
rectal booster at 6 months (82). These results suggest that
specific antibodies in the human female genital tract induced
by primary oral vaccination can be boosted by subsequent
rectal administration of vaccines. Human studies with CT-B-
subunit conducted by Holmgren and coworkers (68) showed
that a combination of nasal and vaginal immunization was the
most effective way to induce genital tract IgA; results obtained
with this unique adjuvant molecule may not extend generally to
bacterial vectors.

SPECIFIC ENTERIC PATHOGENS USED AS VECTORS

Salmonellae. Salmonellae were among the first bacteria
used as recombinant vectors for antigen delivery (29). In their
seminal study in 1981, Formal et al. demonstrated that live,
attenuated serovar Typhi Ty21a expressing a Shigella surface
antigen protected mice against subsequent serovar Typhi and
S. sonnei challenges (42). Salmonellae are the most commonly
studied vectors, perhaps in part because of the ease with which
they are genetically manipulated, the existence of the serovar
Typhimurium BALB/c (NRAMP1	/	) mouse model for pre-
clinical work, and favorable prior human experience with the
live attenuated vaccine U.S. Food and Drug Administration-
approved vaccine for typhoid fever, Ty21a. Ty21a serves as an
important safety benchmark for researchers undertaking clin-
ical trials. Ty21a was created from Ty2, which has been main-
tained in laboratories since its isolation in 1918. Ty2, which is
known to have a frameshift mutation in rpoS (28), underwent
chemical mutagenesis with nitrosoguanidine to create Ty21a.
Ty21a is known to be Vi antigen negative and harbors a galE
mutation that results in altered biosynthesis of smooth LPS.
Other mutations are suspected but not identified thus far;
sequencing of Ty21a is currently under way (D. J. Kopecko and
D. Q. Xu, unpublished data). Because Ty21a requires three or
four doses to induce a significant protective immunity in two-
thirds of people immunized (86), work has focused on devel-
oping a live attenuated serovar Typhi derivative that survives
longer in the gut to trigger both a priming and booster immune
response with a single dose. Recent work has shown that im-
munization of human volunteers with Ty21a elicits specific
CD8� CTL (87, 103, 122) and specific circulating mucosa-
homing CD4� and CD8� T cells, almost all of which express
the gut-homing integrin �4�7 (87).

Serovar Typhi Ty21a has been used for the delivery of for-
eign antigens (42, 58). When Helicobacter pylori urease was
expressed in serovar Typhi Ty21a (19), 10 of 12 human volun-
teers developed humoral immune responses to the Salmonella
carrier, as detected by examining antigen-specific ASCs, but
only two volunteers seroconverted to serovar Typhi LPS, as
measured by enzyme-linked immunosorbent assay (ELISA).
Five volunteers had positive responses in at least one of three
assays for cellular responses to the vector (i.e., lymphoprolif-
eration, IFN-� secretion, and IFN-� enzyme-linked immuno-
spot [ELISPOT] assays), and three volunteers showed a weak
but significant T-cell response to H. pylori urease. No volunteer
had detectable humoral responses to urease.

Since Ty21a was constructed by general chemical and UV
mutagenesis techniques (i.e., the strain contains uncharacter-
ized mutations) and requires multiple doses, recent serovar
Typhi vaccine development efforts have focused on creating
defined mutations that retain immunogenicity but allow for a
more effective attenuation. Common attenuations in serovar
Typhi include mutations that render the bacteria auxotrophic
for nutrients that are scarce or absent in mammals (e.g., purA
or aro mutations), mutations that alter important regulatory
genes (e.g., cya/crp, phoP/phoQ, and rpoS), mutations in secre-
tory function (e.g., ssaV), and temperature-sensitive mutations
(e.g., ts) (56, 60). Often more than one defined deletion mu-
tation has been introduced to minimize the chance of reversion
to a wild-type virulent phenotype.
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Defects in the aromatic amino acid synthesis pathway (in-
cluding the aroA, aroC, and aroD genes) were one of the first
attenuating mutations investigated, after an aroA mutant of
serovar Typhimurium was shown to elicit protective immunity
against fatal salmonellosis in a mouse model (63). Human
studies of serovar Typhi Ty2 aroC aroD (CVD908) expressing
the Plasmodium falciparum circumsporozoite protein (CSP)
provided the first report of attenuated serovar Typhi eliciting a
human serologic or a CTL response to a foreign protein. This
investigational strain was well tolerated by 10 volunteers given
two doses of 5 � 107 organisms 8 days apart. All 10 subjects
developed serologic responses to O and H antigens of the live
serovar Typhi vector, whereas three vaccinees responded to
the foreign antigen: one developed an 80-fold rise in serum
anti-sporozoite antibody, another had a 4-fold rise in antibody
to a recombinant portion of CSP, and a third developed CSP-
specific CD8� CTL activity. Unfortunately, positive blood cul-
tures and fevers were seen in some volunteers when early aro
strains were administered to humans (65). Introduction of an-
other mutation in the stress response gene htrA (133) appears
to have eliminated this problem. The serovar Typhi strain
CVD 908-htrA, with aroC aroD and htrA deleted, has been
used in multiple human and animal studies. CVD908-htrA was
used as a vector to deliver nontoxic fragment C of tetanus toxin
to human volunteers. Although hampered by preexisting im-
munity to tetanus in healthy adults, increases in the levels of
IgG antitoxin in serum were elicited in three of nine volunteers
who received �108 CFU doses of CVD908-htrA(pTETlpp)
construct (131). Subjects who received the S. enterica-express-
ing C fragment had a decreased cellular and humoral response
to serovar Typhi antigens compared to volunteers who in-
gested the parent strain without foreign antigen.

The phoP/phoQ locus provides an interesting target for vac-
cine design. This two-component regulatory locus is necessary
for serovar Typhimurium survival within macrophages, defen-
sin resistance, acid resistance, and murine typhoid fever patho-
genesis (92). Serovar Typhi Ty2 phoP/phoQ mutants may have
a more favorable side effect profile because of these pheno-
types. Single doses of serovar Typhi Ty2 phoP/phoQ (Ty800)
induced high-level immune responses in humans with a single
dose and without adverse effects other than diarrhea in a small
number of volunteers (61). Serovar Typhi Ty2 phoP/phoQ
(Ty800) was engineered to express H. pylori urease from a
purB-based balanced lethal plasmid system and evaluated in a
human study. The majority of volunteers developed mucosal
immunity (eight of eight by IgA ELISPOT) and humoral im-
munity to the vector (seven of eight by serum ELISA), but no
volunteer had detectable mucosal or humoral immune re-
sponses to the urease antigen after immunization with single
doses. A subset of three volunteers received an oral booster
vaccination consisting of recombinant purified H. pylori urease
A/B and E. coli heat-labile toxin B subunit 15 days after im-
munization with the live vector. None of the three volunteers
had detectable humoral or mucosal immune responses to ure-
ase (32). In subsequent work, an identically engineered serovar
Typhimurium phoP/phoQ purB-expressing urease was given to
human volunteers (3). Five of six volunteers seroconverted to
serovar Typhimurium antigens and had strong evidence of
anti-Salmonella mucosal immune responses by ELISPOT as-
say. Three of six (three of five who seroconverted to Salmo-

nella) had immune responses in the most sensitive assay of
urease-specific immunoglobulin production by blood mononu-
clear cells in vitro. Although not compared contemporane-
ously, attenuated serovar Typhimurium appeared more effec-
tive than identically attenuated serovar Typhi in engendering
immune responses to urease. The data suggested that this
could be due to a greater stability of antigen-expressing plas-
mid in serovar Typhimurium and/or prolonged intestinal col-
onization. Specific factors unique to nontyphoidal salmonellae
may also have been important for stimulation of the gastroin-
testinal immune system, and raise the interesting question as to
whether attenuated nontyphoidal salmonellae can be utilized
as vectors for human vaccines.

Although most Salmonella vaccine strains have mutations in
metabolic or regulatory genes, Hindle et al. (60) mutated a
specific type III secretion system virulence factor ssaV to at-
tenuate their strains of serovar Typhi and serovar Typhi-
murium. Both strains were well tolerated at escalating doses.
The serovar Typhi strain provided better immune responses
than the serovar Typhimurium strain, with six of nine volun-
teers developing anti-serovar Typhi LPS IgA ASC responses
and three of three vaccinees receiving doses of 108 and two of
three receiving 109 CFU, which elicited high-titer LPS-specific
IgG levels in serum. Only volunteers immunized with 109 CFU
of the serovar Typhimurium strain mounted detectable anti-
serovar Typhimurium LPS-specific ASC responses, and serum
antibody responses were variable. These data indicate that
mutations in type III secretion systems may provide a route to
the development of live vaccines in humans.

Shigellae and hybrids. Shigellae spread cell to cell and do
not usually result in deeper tissue spread and/or septicemia.
Like listeriae, once internalized and free from the primary
vacuole, shigellae move and reproduce in the host cytosol. This
allows bacterial proteins to directly bind MHC class I mole-
cules not normally available to intravacuolar bacteria. This
results in the generation of CD8� cells, which are necessary to
control intracellular pathogens and viruses (56).

There are four clinically significant Shigella serogroups. Only
S. dysenteriae serotype 1 causes severe dysentery due to Shiga
toxin production. S. flexneri and S. sonnei are the most common
agents of endemic shigellosis in the developing world, whereas
S. sonnei is the most common serogroup found in industrial-
ized countries (80). S. boydii and S. dysenteriae are less com-
mon agents of shigellosis. Limited animal models (predomi-
nantly the Serény guinea pig conjunctivitis model and
primates) make preclinical studies of Shigella-vector vaccines
difficult (56).

S. flexneri 2a is the most commonly used strain in vaccine
work and, to our knowledge, is the only one that has been used
to express foreign antigens. Thus far, there have been no pub-
lished human trials involving S. flexneri expressing foreign an-
tigens. Shigella strains have been attenuated by introducing
mutations that alter the cytosolic proliferation (aroA, aroD,
thyA, pur, iuc, and guaBA), the ability to spread from cell to cell
(kcpA and virG/icsA) (56), or the ability to produce enterotoxin
(sen and set). Multiple mutations have been combined to try to
maximize delivery of antigen to mucosal lymphoid tissues but
minimize tissue damage and diarrhea. This has been difficult,
perhaps in part because of the low infectious dose and high
virulence of this organism.
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The most experience has been with the CVD series, derived
from S. flexneri 2a strain 2457T. aroA and virB/icsA are deleted
in CVD1203, and CVD1203 has been shown to be immuno-
genic by stimulating secretory IgA antibodies and protective in
the conjunctival sac challenge (Serény test) in guinea pigs (99).
When used to deliver ETEC colonization factor antigen I
(CFA/I) and colonization factor antigen CS3 in guinea pigs
and mice, CVD1203 was able to elicit high titers of anti-Shi-
gella LPS secretory IgA and anti-CS3 secretory IgA, as well as
a strong serum IgG response against the ETEC antigens (but
not against Shigella LPS) (98). In humans, CVD1203 (without
a foreign antigen) was immunogenic, as measured by IgG LPS
by ELISA and IgA-producing anti-LPS ASCs, and yet this
strain was excessively reactogenic at higher doses (self-limited,
objective reactogenicity [fever, diarrhea, or dysentery] devel-
oped in 0, 18, and 72% of subjects receiving, respectively, 106,
108, or 109 CFU) (78), indicating a need for further attenua-
tion.

CVD1204 is the most extensively evaluated Shigella vaccine
strain. It is a guaBA attenuated strain of S. flexneri 2a and thus
has limited proliferation capacity in vivo due to the inactivation
of purine metabolic pathway enzymes. It has been used to
deliver foreign antigens in guinea pigs, including fragment C of
tetanus toxin (2) and different ETEC antigens (1, 9, 75).
CVD1204 was used to express fragment C of tetanus toxin
either as a polypeptide expressed in the bacteria or as a DNA
vaccine. Guinea pigs immunized intranasally with either re-
combinant strain mounted a IgG response in serum against
fragment C of tetanus toxin and a secretory immune response
against S. flexneri 2a LPS. The animals were protected against
ocular challenge with wild-type S. flexneri 2a, demonstrating
the ability of CVD1204 to serve both as a vector for foreign
antigen delivery and as a mucosal Shigella vaccine (2).

With a goal of creating a multivalent Shigella-ETEC vaccine,
a series of ETEC antigen-containing CVD1204 strains were
created (1, 9, 75). The first strains expressed both ETEC CFA/I
and one of two mutant heat-labile toxins (75). These strains
elicited significant humoral immunity against Shigella and
CFA/I but less immunity against either heat-labile toxin in
guinea pigs. Challenge studies with wild-type S. flexneri 2a
demonstrated protection in all animals. The present study
demonstrated the feasibility of expressing multiple ETEC an-
tigens on a single plasmid and the ability to raise immunity
against both the vectored antigen and the bacterial host (75).
Subsequent work with CVD1204 to express ETEC E. coli sur-
face antigens CS2 and CS3 showed similar results (1). Finally,
when guinea pigs were intranasally inoculated with five differ-
ent CVD1204 strains containing plasmids expressing the
ETEC colonization factors CFA/I, CS2, CS3, CS4, and
LThK63, respectively, serum IgG and mucosal IgA immune
responses were observed against each ETEC antigen, as well as
the Shigella vector (9). The goal is to make a vaccine that is
protective against both Shigella spp. and ETEC; Barry et al.
propose using a mixture of five different Shigella strains, each
expressing one or more ETEC antigens.

Strain SC602 (S. flexneri 2a virB/icsA iuc iut) is attenuated
both in its capacity to move intra- and intercellularly and in its
survival in tissues. SC602 has been found to be safe and pro-
tective in the macaque monkey model and in human volun-
teers. Seven volunteers who had been vaccinated 8 weeks ear-

lier with a single dose of 104 CFU and 7 control subjects were
challenged with 2 � 103 CFU of virulent S. flexneri 2a organ-
isms (26). Six of the control volunteers developed shigellosis
with fever and severe diarrhea or dysentery, whereas none of
the vaccinees had fever, dysentery, or severe symptoms. Three
vaccinees had mild diarrhea; these subjects had lower antibody
titers than did the asymptomatic volunteers. SC602 is an ex-
ample of an attenuated S. flexneri 2a candidate vaccine that
provides protection against shigellosis in a stringent, human
challenge model. In mice, SC602 has been successfully used to
express a foreign antigen (the C3 neutralizing epitope of the
poliovirus VP1 protein within the IpaC carrier protein) and to
induce a serum and local antibody response (10). Significant
mouse-to-mouse variability of the IgG immune response to C3
and IpaC was seen, and it was not felt that this provided an
optimal mucosal vaccine.

Additional strains of S. flexneri 2a have been attenuated, but
none have been used for foreign antigen expression thus far.
CVD1205 is a guaBA virG/icsA deleted strain that has been
evaluated in guinea pigs (97). CVD1207 is a virG/icsA sen set
guaBA attenuated strain that has been evaluated in humans
(79). CVD1208 is a sen set guaBA attenuated strain that has
been used as a DNA vaccine vector in an animal model (102).

An epithelial cell-invasive E. coli strain, K-12, was used as a
carrier for Shigella antigens and tested in humans. This live,
oral Shigella hybrid vaccine was constructed by transfer of the
140-MDa invasiveness plasmid from S. flexneri 5 and the chro-
mosomal genes encoding the group- and type-specific O anti-
gen of S. flexneri 2a to E. coli K-12 (76). Designated EcSf2a-1,
this vaccine produced adverse reactions (fever, diarrhea, or
dysentery) in 4 (31%) of 13 subjects who ingested a single dose
of 1.0 � 109 CFU, while at better-tolerated doses (5.0 � 106 to
5.0 � 107 CFU), it provided no significant protection against
challenge with S. flexneri 2a. A further-attenuated aroD mutant
derivative, EcSf2a-2, was then developed. Rhesus monkeys
that received EcSf2a-2 tolerated the vaccine well, and the vac-
cinated monkeys were protected against shigellosis after chal-
lenge with S. flexneri 2a (60% efficacy). In humans, EcSf2a-2
was well tolerated at lower inocula. After a single dose of 2.5
� 109 CFU, however, 4 (17%) of 23 subjects experienced
adverse reactions, and after a single dose of 1.8 � 1010 CFU,
2 of 4 volunteers developed dysentery. Recipients of three
doses of 1.2 to 2.5 � 109 CFU showed significant increases in
the levels of antibody to LPS (61%) in serum and invasiveness
plasmid antigens (44%) and in gut-derived IgA ASCs specific
for LPS (100%) and invasiveness plasmid antigens (60%). De-
spite its immunogenicity, the vaccine conferred only 36% pro-
tection against illness induced by experimental challenge. In
subsequent work with 21 adults, four doses of 7 � 108 CFU
EcSfla-2 spaced over 17 days were well tolerated and elicited
an ASC response to Shigella LPS in all subjects but resulted in
a vaccine efficacy of only 27% after experimental challenge
with virulent S. flexneri 2a (77).

V. cholerae. Unlike many of the other enteric pathogens, V.
cholerae does not invade the mucosa. V. cholerae colonizes the
surface of the small intestine and secretes cholera toxin, re-
sulting in potentially severe diarrhea. Natural disease induces
a Th2-type immune response, and recent data suggest more of
an inflammatory response than previously understood (106).
The fact that it adheres to M cells and other epithelial cells

5542 MINIREVIEW INFECT. IMMUN.



without further invasion may be viewed as a strength (de-
creased pathogenicity) and a weakness (decreased interaction
with deeper immune compartments (140) from the perspective
of vector development. Cholera might be best suited for deliv-
ery of antigens relevant to luminal organisms rather than in-
fections that invade systemically and/or require a vigorous cel-
lular immune response for clearance.

Many attenuated strains of V. cholerae have been evaluated
in human studies, but few have shown low reactogenicity and
protective immunity. CVD 103-HgR is a derivative of V. chol-
erae O1 classical strain 569B that does not express the enzy-
matically active subunit of cholera toxin, CtxA, and contains a
mercury resistance gene (hgR) that permits identification of
the vaccine strain; in volunteer studies, it provided 62 to 100%
protection against cholera caused by classical and El Tor V.
cholerae O1 for at least 6 months (119) but was poorly protec-
tive in a field trial involving 67,500 people in Indonesia (109).
Peru 15 is a well-tolerated and immunogenic oral cholera vac-
cine derived from V. cholerae O1 El Tor Inaba that affords
protective efficacy against life-threatening cholera diarrhea in a
human volunteer challenge model (25). V. cholerae 638 (El
Tor, Ogawa), a CTX
-negative hemagglutinin/protease-defec-
tive strain was safe and immunogenic in a trial of 42 volunteers
(12); 638T, the thymidine auxotrophic version of 638, is non-
proliferative and may offer vaccination without the environ-
mental contamination of a proliferative strain (135). Addi-
tional live attenuated V. cholerae O1 El Tor and V. cholerae
O139 vaccines are in various stages of analysis (119). Many of
these vaccines have undergone removal of the entire cholera
toxin genetic element (the filamentous phage Ctx�), including
the attRS1 site (the site of reintegration), by molecular genetic
techniques. This last modification decreases the likelihood that
the vaccine strains will reacquire Ctx� in the environment and
become toxigenic again. In an attempt to decrease reactoge-
nicity, a number of these strains are also deficient in motility.

V. cholerae has been used to express a variety of foreign
antigens in animal models (56, 73), including Shigella O poly-
saccharide (41), heat-labile enterotoxin of E. coli (120), Clos-
tridium difficile toxin A (117), the serine-rich E. histolytica pro-
tein (118), and the spherule-associated antigen 2/proline-rich
antigen (Ag2/PRA) of Coccidioides immitis (126). There are no
published human trials with V. cholerae expressing foreign an-
tigens. Recent work with foreign antigens in V. cholerae has
examined their export to the cell surface or to the extracellular
milieu (73). Protein fusions between foreign antigens and the
nonenzymatic CT-B are able to induced high-titer immune
responses against the foreign epitope in mice (118). This sys-
tem is limited to smaller epitopes that do not interfere with the
function of CT-B (73). To enhance the capacity to secrete large
foreign antigens, the E. coli HlyA secretion system has been
used successfully in V. cholerae to express toxin A of C. difficile
genetically fused to HlyA (117). Other work with foreign an-
tigens in V. cholerae has focused on optimizing the promoter
used to express the foreign antigen (69), comparing expression
from a plasmid with expression from a chromosomal integra-
tion (118, 121), and developing a balanced lethal plasmid sys-
tem (121).

Although not live vaccines, V. cholerae organisms have re-
cently been used as “bacterial ghosts,” a novel vaccine delivery
system with intrinsic adjuvant properties that may become an

effective vaccine delivery vehicle (38). Bacterial ghosts are non-
living bacterial cell envelopes devoid of cytoplasmic contents
that maintain their cellular morphology and native surface
antigenic structures. Since both native and foreign antigens can
be expressed in the envelope complex of ghosts, multiple an-
tigens of various origins can be presented to the immune sys-
tem simultaneously.

Listeriae. Similar to salmonellae, listeriae invade the intes-
tinal epithelium and disseminate to systemic lymphoid tissues.
Rather than entering into the gut-associated lymphoid tissues
via M cells and Peyer’s patches, however, L. monocytogenes
invades by binding the bacterial surface protein internalin with
E-cadherin on eukaryotic enterocytes (83). Like Shigella, Lis-
teria spreads from cell to cell by propelling itself with host
filamentous actin. It escapes a membrane-bound vacuole and
synthesizes and secretes proteins within the cytoplasm, which
can then be processed by the MHC class I pathway of the
infected cell. Both CD4�- and CD8�-T-cell responses are
needed for clearance of a listerial infection in mice. Peptides
derived from L. monocytogenes in the phagolysosome can be
presented via both MHC class I and class II pathways and thus
induce both CD4�- and strong CD8�-T-cell responses (105).

L. monocytogenes is an attractive vaccine vector for viral
antigens since it can stimulate a CD8� response to foreign
antigens. Antigens studied in mice LCMV nucleoprotein, in-
fluenza virus NP, HPV-16, and HIV Gag (4, 56). In addition,
L. monocytogenes has been shown to elicit a CD4� response to
a Leishmania antigen in mice (127) and to HIV-1 Gag in mice
(89). Since the bacteria replicate within the cytoplasm without
coming into contact with the extracellular environment, L.
monocytogenes does not elicit a strong humoral immune re-
sponse and thus may be better used to prevent diseases that do
not require significant humoral immunity. Listeria has also
been evaluated as an anti-tumor vaccine and as a DNA vaccine
vector (73).

Although it is a pathogen commonly found in many foods,
Listeria is a rare cause of disease in immunocompetent hosts;
it is more likely to cause disease in immunosuppressed indi-
viduals and pregnant women. Mutations have been introduced
to limit bacterial spread, including actA (actin nucleator, nec-
essary for cell to cell spread but still able to escape the phago-
some), plcB (phospholipase B, needed for escape from second-
ary vacuoles), Da (alanine racemase, rendering the strain
auxotrophic for D-alanine), and dat (D-amino acid aminotrans-
ferase, necessary for cell wall biosynthesis).

L. monocytogenes has been successfully used to express HIV
Gag from a chromosomally integrated copy of gag behind the
strong Listeria hly promoter (105). Recent work in mice ex-
plored the ability of this construct to induce CD8� T cells
against HIV Gag in the spleen, mesenteric lymph nodes, and
Peyer’s patches and its ability to provide effector Gag-specific
CD8� T cells to the lamina propria after intravenous, oral, or
rectal administration of the vaccine. Both primary and second-
ary oral immunization resulted in abundant Gag-specific
CD8�-activated T cells in the lamina propria that constituted
�35% of the CD8 compartment. To achieve significant levels
of Gag and listeriolysin O-specific CD8� T cells in mucosal
lymphoid tissues, two immunizations were required. These
data suggest that mucosally administered L. monocytogenes can
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prompt a vigorous cellular response at mucosal sites and that
booster doses can maintain this response (105).

In the only published human safety study to date (4), an
attenuated L. monocytogenes strain bearing deletions in the
actA and plcB virulence genes was evaluated in 20 healthy
adult men. Single escalating oral doses of 106 to 109 CFU were
administered; in the highest-dose cohort (109 CFU), humoral,
mucosal, and cellular immune responses to the investigational
organism were detected in individual volunteers. It would ap-
pear from the limited human studies conducted thus far that
attenuated L. monocytogenes can be studied in healthy adult
volunteers without serious long-term health sequelae.

OTHER BACTERIAL VECTORS

In addition to the enteric pathogens discussed above, other
bacteria being considered as live vectors include Yersinia en-
terocolitica (55), Y. pseudotuberculosis (115), Bordetella bron-
chiseptica, and B. pertussis (129). The mucosal commensals
such as Streptococcus gordonii (85) and the lactic acid bacteria
(54, 100) such as the Lactococcus and Lactobacillus spp. have
also been shown to raise immunity to foreign antigens in ani-
mal models. Recombinant bacillus Calmette-Guerin (BCG)
has also been used in animal models to elicit a cellular immune
response to foreign antigens. In 24 human volunteers, intra-
dermal BCG expressing the outer surface protein A (OspA) of
Borrelia burgdorferi had a safety profile comparable to that of
licensed BCG, but it did not elicit primary humoral responses
to the vectored antigen (37). Although not a bacterial vector,
endospores from Bacillus subtilis are also being used as an oral
vaccine delivery system (34, 35) The advantages of using the B.
subtilis spore as a vaccine vehicle include nonpathogenicity,
advanced cloning tools, hardiness of the spores, cost-effective
manufacturing, long-term storage properties, and its current
use as a probiotic for both humans and animals (34).

SUMMARY

Live attenuated enteric bacterial vectors expressing foreign
antigens have the potential to provide protection against a
multitude of diseases, including HIV, bioterrorism agents, and
enteric pathogens. Although the animal data have been en-
couraging, thus far there is no bacterial vector containing a
foreign antigen shown to be effective in reliably eliciting high-
level immune responses in a significant proportion of human
vaccinees. Further human studies of improved bacterial vec-
tors with more vigorous or elegant antigen expression systems
will be needed to further develop these tools.
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