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Plasmid pTETnirl5, which directs the
expression of the non-toxic immunogenic
fragment C of tetanus toxin from the
anaerobically inducible nirB promoter,
was introduced into the Salmonella typhi-
murium aroA aroD live oral vaccine strain
BRD509. The resulting strain, designated
BRD847, was used to vaccinate orally
BALB/c mice and was tested for plasmid
stability and its ability to protect against a
lethal tetanus toxin challenge. pTETnirl5
was stably inherited by bacteria growing
or persisting in the tissues of immunized
mice whereas another BRD509 derivative,
designated BRD753, harboring plasmid
pTET85 which directs fragment C expres-
sion from the tac promoter, was highly
unstable. Mice immunized with a single
oral dose of BRD847 developed high lev-
els of circulating anti-fragment C antibod-
ies and were solidly protected against
tetanus toxin challenge. Mice immunized
with a single oral dose of BRD753 devel-
oped no detectable anti-fragment C anti-
bodies. After boosting, antibodies were
detected, but the mice were only partially
protected against tetanus toxin challenge.
Thus the use of an in vivo inducible pro-
moter such as nirB may be a generally
applicable approach to obtaining the sta-
ble in vivo expression of heterologous anti-
gens in Salmonella vaccine strains.

irulent strains of Salmonella can be attenuated
by introducing mutations into genes required
for their survival and growth in vive. Attenu-
ated strains which establish selflimiting, clini-
cally insignificant infections can be considered as
potential live oral vaccines against Salmonella infections.
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For example, Ty21a, an attenuated derivative of Salmonella
typhi strain Ty2, which harbors mutations in gall and
other unknown genes, is licensed for use in many coun-
tries as a live oral typhoid vaccine’*. Recently genetically
defined Salmonella strains harboring individual defined
mutations have been tested as experimental oral vaccines
in several target species. Salmonella strains with mutations
in genes encoding enzymes of the pre-chorismate meta-
bolic pathway, such as aroA, aroC or aroD which have an
auxotrophic requirement for several aromatic com-
pounds, have been shown to be effective oral vaccines in
many species including mice*', sheep”, cattle’, and chick-
ens’. More recently they have been shown to be attenu-
ated and immunogenic in human volunteers®.

As well as being effective vaccines against salmonello-
sis, attenuated salmonellac can be considered as vectors
for delivering to the immune system heterologous anti-
gens derived from other pathogens. Salmonellae are
attractive carriers because they enter the host via the oral
route and are potent immunogens being able to stimu-
late local and systemic cellular and antibody responses.
Heterologous antigens from bacteria®, viruses'” and para-
sites'' can be delivered to the host using this approach.

We have described the construction of a Salmonella
{yphimurium strain expressing the non-toxic, immuno-
genic 50 kD [ragment C derived from tetanus toxin®.
When used as a live vaccine, this strain was able to protect
mice against challenge with tetanus toxin. More recently,
we constructed a S #yphi aroA, aroC strain, which
expresses fragment C from a chromosomally integrated
gene'. These strains represent the starting point for a
combined oral vaccine for humans against both tetanus
and typhoid. Mortality from tetanus in the developing
world is unacceptably high, with more than one million
deaths every year''. This is primarily due to problems in
the implementation of vaccine programs using conven-
tional toxoid vaccines, and use of an oral vaccine may
help to reduce the mortality to tetanus in these countries.

One potentially serious drawback in using live bacte-
rial vaccines for antigen delivery relates to problems with
the stability of the foreign antigen expression in vivo,
Unregulated expression of high levels of a foreign pro-
tein in bacteria from multiple-copy plasmids often results
in rapid loss of the plasmid or expressed gene from the
bacterial cells. This problem can be controlled in fermen-
tors by using inducible promoter systems such as trp or
lac" to allow the controlled induction of gene expression
when the appropriate biomass has been achieved. These
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FIGURE 1 Western blot of Salmonella strains grown under anaero-
bic or aerobic conditions, Lanes 1 and 4, BRD847; lanes 2 and
5, BRD753; lanes 3 and 6, BRD509. Lanes 1, 2 and 3 anacrobic
growth; lanes 4, 5 and 6, aerobic growth, Fragment C was
detected using rabbit anti-fragment C antibody.

promoters require induction by exogenously applied
inducers such as IPT'G, which is clearly impractical when
bacteria are growing in host tissues during the self-limit-
ing growth following vaccination.

A desirable aim for heterologous vaccine development
would be to identify a promoter which is tightly re-
pressed under simple fermentor growth conditions but
will be induced in particular environments within host
tissues. This would ensure appropriate antigen expres-
sion in the targeted host tissues without the rapid segre-
gation associated with constitutive expression of foreign
proteins, The nirB gene, which encodes the Escherichia
coli NADH-dependent nitrite reductase, is the first gene
in an operon that also includes nirD, nirCC and ¢ysS'. The
nirB promoter is tightly regulated by nitrite and by
changes in the oxygen tension of the environment, and
becomes active under anaerobic conditions', We have
recently shown that, by altering the oxygen tension in
fermentors, the nirB promoter region can be effectively
used to direct the high level expression of two bacterial
antigens; fragment C, the atoxic fragment of tetanus
toxin and P.69 pertactin from Bordetella pertussis'. In this
manuscript, we describe the use of the nirB promoter to
provide the stable expression of fragment C in S. typhimu-
rium vaccine strains during self-limiting infection in mice.
We demonstrate the utility of this system by showing that
these strains can be used as excellent vaccines to immu-
nize mice against tetanus.

RESULTS

Construction of an 8. typhimurium aro strain express-
ing fragment C under anaerobic control. pTetnirl5 is a
plasmid which directs the expression of fragment C
under nirB promoter control'’, As a step towards con-
structing a Salmonella vaccine strain expressing fragment
C under the control of the nirB promoter, S. typhimurium
LB5010 (r-m*)"* was transformed with pTEI'narl5. Ampi-
cillin-resistant (APR) transformants of LB5010 which
expressed fragment C were detected using colony

immunacblotting with anti-fragment C sera. In prepara- |
tion for immunoscreening, colonies were grown over-
night aerobically on nitrocellulose filters and then
induced by incubating under anaerobic conditions for
four hours. Plasmid DNA was prepared from one frag-
ment isolate which was expressing fragment C, and was
used to transform, by electroporation, BRD509 aroA
aroD', This well-characterised, attenuated S. fyphimurium
strain is an effective single-dose oral vaccine against viru-
lent S. typhimurium in BALB/c mice. One transformant
that was able to express fragment C stably was chosen for
the i vivo studies and was designated BRD847.

Fragment C expression in BRD847 was monitored by
western blotting cell lysates with antifragment C sera
after growth under aerobic and anaerobic conditions.
Expression levels were compared with BRD753, a
BRD509 derivative harboring plasmid pTET85. This
plasmid expresses fragment C driven by the tac promoter,
which in this strain is constitutive because it lacks the laci
repressor gene. The results are shown in Figure 1. Expres-
sion of fragment C under the control of the nirB pro-
moter was considerably induced under anaerobic (lane
1) conditions when compared to aerobic conditions
(lane 4). In contrast, when fragment C was under the
control of the tac promoter, there appeared only a small
increase in expression during anaerobiosis (lane 2) when
compared to aerobic growth (lane 5). The cause of this
apparent induction of the tac promoter under anaerobi-
osis is unclear. However, under aerobic conditions, the
level of expression of fragment C under the fac promoter
is much higher than under the nirB promoter (lanes 5
and 4). No expression was seen using the parental strain
BRD509 (lanes 3 and 6),

Comparison.of plasmid stability and persistence of
BRD753 and BRD847 in BALB/c mice. We recently
showed that BALB/c mice could be protected against a
lethal challenge with tetanus toxin by oral or intravenous
(i.v) immunization with BRD753". Mice required boost:
ing orally with BRD753 in order to be fully protected,
possibly because pTET85 was very unstable in bacteria
grown In the host and thus fragment C expression was
rapidly lost from the immunizing bacterial inoculum. A
direct comparison was thus made between the in vivo
properties of BRD753 and BRD847. Initially a single oral
dose of approximately 5 x 10" viable BRD753 or
BRD847 bacteria was administered to BALB/c mice and
the numbers of viable bacteria which were present in the
Peyer's patches, mesenteric lymph nodes, livers and
spleens of randomly selected immunized mice were enu-
merated on selected days after immunization (Fig. 2).
Viable counts were monitored on L-agar with or without
ampicillin in order to determine the percentage of bacte-
ria which still harbored the recombinant plasmid.

When the bacteria were assayed on L-agar without
ampicillin, mice immunized with either BRD753 or
BRD847 showed a similar pattern of bacterial tissue colo-
nization and persistence which was consistently lower
than that detected for BRD509 (Fig. 2 a-c). However,
when ampicillin was incorporated into the agar the levels
of colonization by Ap-R BRD753 was much lower than
that detected for Ap-R BRD847. The detectable levels of
ApR BRD753 decreased rapidly following immuniza-
tion and no Ap-R BRD753 could be detected in the
sampled mice tissues by day 14. The levels of ApR
BRD847 were maintained over the same period. Thus
plasmid pTEI7ir15 is much more stable in BRD509 than
pTET85 when the strain is growing and persisting in the
murine host.

One hundred individual colonies generated from
Ap-R BRD847 bhacteria passaged in vivo were screened for
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fragment C expression using colony immunoblotling
with anti-fragment C sera. All Ap-R BRD847 colonies
tested still expressed fragment C at the levels obtained
before immunization.

Serum antibody responses in BALB/c mice immu-
nized with BRD847, BRD753 or BRD509. Groups of
twenty mice were inoculated orally with a single dose of
5 x 10" bacteria per mouse of either BRD753, BRD847
or BRD509. Twenty-five days after immunization, sera
were collected from all mice and analysed by ELISA for
the presence of anti-fragment C antibodies. All mice
immunized with BRD847 had detectable anti-fragment C
antibody whereas those immunized with BRD753 or
BRD509 did not (Fig. 3). On day 25, ten mice from each
group were boosted by oral inoculation with a similar
amount of homologous organisms. ELISA analysis of the
serum taken from these mice at day 46 showed that the
anti-fragment C responses had been boosted for groups
inoculated with BRD753 and BRD847. The titres for
those mice boosted with BRD847 was significantly higher
than for those mice boosted with BRD753. Mice boosted
orally with BRD509 failed to produce a detectable anti-
body response to fragment C.

In the same experiment, mice were also given the
bacteria intravenously. ELISA analysis of the serum
showed that all mice receiving one dose of BRD753 or
BRD847 had high titres of antifragment C antibodies
which were boosted afier a second inoculation of the
bacteria. The titres of antibodies in the mice receiving
BRD847 (containing the pTETnirl5 plasmid) were con-
sistently higher than those receiving BRD753 (containing
the pTET85 plasmid) (data not shown).

Tetanus toxin challenge of mice orally immunized
with BRD847, BRD753 or BRD509. The mice vaccinated
orally with BRD753, BRD847 and BRD509 were tested
for immunity against tetanus toxin challenge after one or
two doses of the immunizing strain. Groups of twenty
mice received one single oral dose of approximately
5 x 10" organisms and groups of ten mice were chal-
lenged on day 25 with 50 LD, of tetanus toxin (see Table
1). Mice vaccinated with BRD847 were completely pro-
tected against challenge after a single oral dose whereas
those vaccinated with BRD753 were only partially pro-
tected (2/10 survivors). The remaining groups of ten mice
received a second dose of approximately 5 x 10" orga-
nisms on day 25 and were challenged 46 days after the
first vaccine dose. Again mice immunized with BRD847
were completely protected against challenge with tetanus
toxin whereas those immunized with BRD753 were only
partially protected (5/10). Mice immunized with one or
two doses of BRD509 all died when subsequently chal-
lenged with tetanus toxin. Thus BRD847 can be used as
an effective single dose live oral vaccine against tetanus
toxin challenge in mice. Groups of mice were also chal-
lenged with tetanus toxin after receiving one or two i.v.
doses of 10" organisms of BRD847 or BRD753. All mice
were fully protected against challenge with tetanus toxin
after one or two doses of either vaccine strain.
DISCUSSION

We have described the use of the nirB promoter to
direct stable in vivo expression of tetanus toxin fragment
C within a Salmonella vaccine strain used for heterologous
antigen delivery. In contrast to the fac promoter, which
conterred instability, the nirB promoter conferred stabil-
ity on the expression of the plasmid in vivo. In vive
plasmid instability during vaccination with live bacterial
vectors has been reported by many workers'*’. A number
of approaches have been taken to overcome the problem
including the use of integration systems for expression of
the heterologous antigen from the bacterial chromo-
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HGURE 2 Viable counts in (A) livers; (B) spleens, (C) Peyer’s
patches and (D) mesenteric lymph nodes of BALB/c mice after
oral inoculation with bacteria. S. typhimurium strain BRD509
(A); BRD753—ampicillin selection (O); BRD753—no selec-
tion (@); BRD847—ampicillin selection (L); BRD847—no
selection (). Data are geometric means + 2 SE (bars) for four
mice per point.

TABLE 1 Oral immunization of mice against tetanus using S.
typhimurium strains (BRD847, BRD753 and BRD309).

Vaccine Dose No. Doses No. of mice Surw'ving
tetanus toxin challenge

BRD50Y  B.6x10¢ 1 0110

7.4 x 10 2 0110
BRD753" 64 x10 1 2110

8.2 x 0¥ 2 5110
BRDE47" 9.5 x 0¥ 1 10/10

7.5 x10Y 2 919

Mice were chu]leﬁéed day 25 after Ist dose and day 46 after 2nd
dose (given on day 25). * BRD753 contains the plasmid pTET&5.
PBRD#847 contains the plasmid pTETnirl5.
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FIGURE 3 Anti-fragment C titres of mouse sera. Sera from indi-
vidual mice immunized orally with BRD753 (A,B), BRD847
(C,D), and BRD509 (E,F) were prepared as described in the text
and 1/500 dilutions were used to react with fragment C coated
microtitre plates. A,C,E titres after one dose; BDF titres after
two doses,

some'”'. This approach is not suitable for use with all
antigens since expression levels are often quite low®'.
Nakayama et al.” described the use of linking an essential
gene to the expression plasmid for stabilizing in vivo
expression. Although this is an effective z}pproach, itdoes
not prevent the generation of plasmid free variants but
simply ensures they do not survive. Further, stable but
constitutive high level expression of a foreign antigen in
a Salmonella vaccine strain could slow down the growth
rate and hence potentially effect the immunogenicity of
the live vaccine. However, this system could be of
increased value if it were coupled with an in vivo induc-
ible promoter like nirB.

The nirB promoter is a component of a global regula-
tory system which responds to both nitrite levels and
changes in oxygen tension in the local environment.
Response to anaerobiosis is mediated through the FNR
global regulatory protein which acts as a general tran-
scriptional regulator of anaerobic respiratory genes®™.
These promoters contain a consensus FNR-binding
sequence™*' which is included in the constructs
described here. At present we do not know in which in
vivo environments the nirll promoter is activated. We
found no evidence for plasmid segregation following
oral inoculation which suggests expression in the intesti-
nal lumen must be at a level insufficient to cause active
segregation, at least with the tetanus fragment C con-
structs. We are currently using in situ immunoblotting to
examine the expression levels of fragment C directed by
nirB in murine tissues and within eucaryotic cells grow-
ing in vitro. Preliminary experiments indicate that nirB
may express efliciently once the Salmonella have invaded
eucaryotic cells (unpublished observations).

Other environmentally regulated promoters may
prove useful for expressing heterologous proteins in vivo.
Work with BCG as a carrier has suggested heatshock
promoters may be of value” whereas other applicable
promoters could be those sensitive to exogenous metabo-
lites and nutrients such as iron. We have also shown that
several other heterologous proteins such as hepatitis B
cores (our unpublished results) and schistosome P28 (A.
Khan and C. IPIUrmaeche, personal communication) can
be stably and efficiendy expressed under the control of
the nirB promoter in vive in Salmonella vaccine strains
and we are currently investigating the properties of these
constructs in mice.

Using the inducible nirB promoter to drive fragment C
expression, we were able to immunize mice against the
lethal effects of a tetanus toxin challenge after only one
oral dosc of S. typhimurium BRD847. This is a considera-
ble advance over our previous work using the fac pro-
moter to express fragment C which required two oral
doses of vaccine to provide solid protection”. When the
fragment C gene was introduced into the chromosome of
an attenuated S. typhimurium strain, we observed stability
of the gene, but this was accompanied by a large drop in
the expression level’'. A similar low level of expression of
fragment C was seen when the gene was inserted into the
chromosome of an attenuated S. typhi strain'*. An attenu-
ated S. typhi strain carrying fragment C expressed from
the nirB promoter using a plasmid based system could be
a solution to plasmid instability and would allow high
level expression of this antigen. Such a strain would be
extremely valuable in developing countries where over
one million children die of tetanus every year.

EXPERIMENTAL PROTOCOL

Bacteria, plasmids and growth conditions. Salmonella typhi-
murium LB5010 galE (rm*)"™ and BRD50Y (aroA-, arel)")'" have
been described previously. Bacteria were routinely cultured on
L-agar or in L-broth®*. Plasmid pTet85 was derived from pTET
{ac115*" by removal of the 1.2kb EcoRI fragment encoding the
lacl promoter. pTETqir15 has been described previously’” and
encodes fragment C expressed from the nirB promoter. Plas-
mid DNA was introduced into S. typhimurium strain BRD509 by
electroporation. Bacteria were grown to mid-exponential
phase in L-broth, washed once in 10ml cold distilled water
containing 10% (viv) glycerol, and were resuspended to a con-
centration of 109 cells ml. Sixty ul of cells were mixed with lug
of DNA resuspended in 5ul of distilled water and the mixture
was added to a prechilled 0.2¢m cuvette (Biorad, Richmond,
CA). The cells were pulsed using a Biorad gene pulser set at
1.75kV, 25uF and 800ohms, This gave a typical pulse time of
12-15 milliseconds. Immediately after pulsing, the cells were
added to I ml aliquots of chilled I.-broth, and were incubated at
37°C without shaking for 1.5h. Aliquots were spread over L-
agar plates containing ampicillin and were incubated over:
night at 37°C.

Infection of mice and enumeration of bacteria in mouse
organs. For immunization of mice, bacteria were grown stati-
cally overnight in L-broth which contained ampicillin where
appropriate, centrifuged and suspended in phosphate buf-
fered saline to approximately 5 x 10" cells per ml for oral
immunization and to approximately 2.5 x 10° for intravenous
immunization. Cell suspensions were adminisiered to 6-8
week old male BALB/e mice by gavage tube for oral immuniza-
tion and by tail injection for intravenous inoculation. Cell
viability was determined by counting viable cells in L-agar
which contained ampicillin when appropriate. Sera were col-
lected by tail bleeds on the days indicated. Livers and spleens of
mice were homogenized as described previously” and viable
counts were done on these homogenates using L-agar with or
without ampicillin as the growth medium,.

Western blotting, antibody ELISA and tetanus toxin chal-
lenge. Bacterial strains were grown in L-broth containing anti-
biotics under aerobic or anacrobic conditions, the cells
harvested and proteins separated by 10% SDS-PAGE. Proteins
were transferred to nitrocellulose membrane and reacted with
anti-fragment C antisera and second antibody as described
previously!. Sera were analysed for the presence of anti-frag-
ment C antibodies by enzyme-linked immunosorbent assay
(ELISA) as described" using plates coated with fragment C.
The titres were measured as the A, of a 1/500 dilution of the
sera. Mice were challenged with 50 LI, doses of tetanus toxin
as described previously' and survivors were recorded over the
next four days.
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