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ABSTRACT

The strategies to develop effective bacterial vectors have mainly relied on the genetic manipulation of selected
microorganisms to ensure the correct presentation to the immune system of convenient amounts of foreign anti-
gens. A new approach consisting in the oral delivery of bacterial vectors carrying adequate quantities of foreign
antigens previously expressed in vitro, has been developed. In vitro expression of the cholera toxin binding subunit
(CTB) by exogenous induction was studied in the recombinant vector Salmonella typhi Ty21a, in order to create an
experimental tool to further evaluate such an approach. Parameters related to the effectiveness of immunization
such as plasmid stability, bacterial viability, and timing of induction, were evaluated as elsewhere, while CTB
expression and intracellular location were assayed by GM1-ELISA in samples harvested hourly from cultures induced
at2, 3, 4,and5 h after inoculation, and were grown for six more hours. CTB expression kinetics was significantly
dependent on the timing of induction. The maximal average activity—800 ng/mL of culture—was reached be-
tween 2 and 3 h after induction and a lower value of 750 ng/mL remained steady. Seventy percent of the total
activity was periplasmic. No differences were detected between induced and control cultures, but in antigen expres-
sion. These results are of practical value for the experimental testing of the suggested approach.
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RESUMEN

Expresion de la subunidad B de la toxina de Vibrio cholerae en el vector vivo recombinante Salmonella
typhi Ty21a. Las estrategias para el desarrollo de vectores bacterianos efectivos, se han basado fundamentalmente
en la manipulacién genética de microorganismos seleccionados para garantizar una correcta presentacion, al
sistema inmune. En este estudio se desarrollé6 una nueva estrategia basada en la liberacién oral de vectores
bacterianos que portan cantidades adecuadas de antigenos fordneos previamente expresados in vitro. Se estudi6
la expresion in vitro por induccién exégena de la subunidad de unidn de la toxina del célera (CTB) en el vector
recombinante Salmonella typhi Ty21a, con el propésito de crear una herramienta experimental para evaluar este
procedimiento. Se evaluaron parametros relacionados con la efectividad de la inmunizacién, como la estabilidad
del plasmido, la viabilidad bacteriana y el tiempo de induccion. La expresion de la CTBy su localizacion intracelular,
se analizaron mediante un GM1-ELISA a partir de muestras tomadas cada 1 h de cultivos inducidos a las 2, 3, 4
y 5 h después de la inoculacién, y crecidos durante otras 6 h. La cinética de expresion de CTB dependi6 en gran
medida del estadio de induccidn. La actividad méxima promedio (800 ng/mL de cultivo) se alcanzé entre 2y 3 h
despues de la induccién, se mantuvo estable en 750 ng/mL y 70% de la actividad se localiz6é en el periplasma.
Entre los cultivos inducidos y los controles, sélo se observaron diferencias en la expresién del antigeno. Estos
resultados son de valor practico para evaluar experimentalmente el procedimiento sugerido.
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Introduction

Salmonella-based live vectors stand as a promising
strategy for several groups involved in the Children’s
Vaccine Initiative Program [1-3].

Salmonella typhi Ty21a, a bacterial strain attenu-
ated by non-specific chemical mutagenesis, has be-
come a widely used human oral typhoid vaccine since
the 1970’s [4-6]. It has made this and other salmo-
nella strains attractive for the development of live
vaccine vectors for mucosal immunization [7-10].

Several genetic approaches such as the use of single or
multiple chromosome-integrating constructions, and the
development of auxotrophic mutant strains [11-14], have

™ Corresponding author

been designed to overcome the problems of insufficient
in vivo antigen expression because of plasmid unstability.

Recently, a cardinal different approach not based
on genetic manipulations but on a new understanding
of the requirements for inducing antigen-specific mu-
cosal antibodies, has been advanced by Cardenas et al.
[15, 16]. Using a recombinant salmonella strain, a di-
rect correlation between the level of humoral response
induced and the initial amount of antigen presented to
the gut-associated lymphoid tissue (GALT), was ob-
served after oral immunization of mice. This correla-
tion was not affected by the plasmid unstability in vivo.
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It was concluded that the critical event for induction
of an adequate antigen-specific humoral immune re-
sponse was the priming effect caused by the amount
of foreign antigen initially presented to the mucosal
inductive sites, and not the persistence of its presen-
tation as it has commonly been accepted. This may
open new opportunities for the use of S. typhi Ty21a
strain and simpler genetic constructions for the devel-
opment of live vaccine vectors.

These vectors would play two circumstantial roles.
Firstly, they may be producers of enough quantities
of antigens expressed intracellularly under controlled
in vitro conditions. Secondly, they may work as a
kind of Trojan horse to carry and target in vitro ex-
pressed antigens to inductive sites at mucosal sur-
faces in vivo.

These criteria and previous expression results of
the cholera toxin binding subunit (CTB) in several
bacterial systems [17-20], prompted the selection
of S. typhi Ty21a as a bacterial strain, the pUC-
derived pJF1 plasmid with the tac promoter and car-
rying the lacl® repressor gene as genetic construction,
and CTB gene preceded by the E. coli heat-labile
toxin (LTB) binding subunit gene secretion signal, as
foreign antigen.

The present study has two major objectives: firstly,
to study the expression of CTB using isopropyl—b-
thiogalactopyranoside (IPTG) at different times of
growth, and to determine the parameters related to its
use as a live vector vaccine. Secondly, to propose its
use as an experimental tool valuable for further immu-
nological studies.

Materials and Methods

Bacterial strain and plasmid

The human typhoid live vaccine strain S. typhi Ty21a
from the Enterprise for the Manufacturing of
Biologicals “Carlos J. Finlay”, Havana, Cuba, was
phenotypically and genotypically tested for the meta-
bolic transformation of different sugars present in the
testing media [21] and for its mutation in the galE
gene [22], respectively. This strain genetically trans-
formed with the pJF1 plasmid—a pUC-derived vec-
tor carrying the genes encoding the LTB secretory
signal peptide and CTB antigen, both under the con-
trol of the IPTG-inducible tac promoter—was kindly
provided for this work [17, 18, 20, 23].

Media, growth kinetic conditions
and induction by IPTG

Luria-Bertani (LB) medium was prepared and used as
described by Bridson [21]. It was supplemented with
100 >g/mL of ampicillin (Boehringer Mannheim
GmbH, Germany), unless otherwise were stated. An
overnight culture was used as inoculum and the initial
optical density (OD) was adjusted to 0.1 at 550 nm.
Separated cultures of 25 mL of medium in 250-mL
erlenmeyers were grown under standard conditions
—250 rpm, 37 °C in a Shaker Incubator (G76D New
Brunswick Scientific, USA)—, were induced with
IPTG (Sigma, USA) at 2, 3, 5, and 5 h of culture to a
final concentration of 100 >M. Cultures were incu-
bated for six more hours. Samples were harvested
hourly to determine OD at 550 nm, viability, plasmid

stability, total cell protein concentration and CTB
activity, as described [23]. As negative control, an
identical culture was kept under the same conditions
described, but no IPTG was added.

CTB activity

The assay was performed as previously reported
[15, 24]. Briefly, the pellet from 1 mL of culture was
suspended in 300 >L of phosphate-buffered saline
with 0.05% Tween 20 (PBS-T), and lysed by sonica-
tion in a ultrasonic cell disrupter (MSE Soniprep 150,
UK) in a burst of 30 s on ice. This mixture was diluted
1:2 in PBS-T buffer and 100 pL were added to the
previously GM1-coated wells. Purified GM1 ganglio-
side was kindly supplied by the Department of En-
teropathogenic Bacteria, Finlay Institute [25], and a
2-pug/mL GML1 coating concentration was used else-
where. After incubation at 37 °C for 1 h, the plates
were washed three times with PBS-T and bound CTB
was detected by addition of anti-CTB conformational
specific monoclonal antibodies (MADb) diluted 1:2000
in PBS-T and incubation for 1 h at 37 °C. Thereafter,
the plates were washed as described before. The anti-
CTB MADbs were supplied by the Department of
Monoclonal Antibodies at the National Center for
Scientific Research and at Finlay Institute in Havana,
Cuba. An anti-mouse 1gG (Fc-specific) peroxidase
conjugate (Sigma, USA) was added to a final dilution
of 1:20,000 and incubated at 37 °C for 1 h. After
washing, 100 pL of substrate buffer containing 0.04%
o-phenylenediamine dihydrochloride (OPD) (Sigma,
USA) were added to each well. The plates were incu-
bated in the dark at 37 °C for 30 min and the reaction
was stopped by adding 25 pL of 2.5 N HCI. ODs
were determined at 492 nm in an ELISA reader (Anthos
Labtec Instruments, Austria). CTB activity was quan-
tified by using purified CTB (Sigma, USA) as stan-
dard, and the values were expressed as nanograms of
CTB either per milliliter of culture or per milligram of
total cell protein, based on ELISA results.

Total cell protein determination

Determinations were carried out by the method pro-
posed by Lowry et al. [26], with a previous perchlo-
ric acid treatment. A sample of 1 mL of culture was
centrifuged for 10 min at 5500 xg at room tempera-
ture, and the pellet was suspended in 5 mL of 0.25 M
perchloric acid (Sigma, USA) and kept on ice for
30 min with frequent agitation. This volume was
centrifuged at 3500 xg for 10 min at 4 °C. The result-
ant pellet was vigorously suspended in 5 mL of
0.5 M perchloric acid and incubated for 15 min at
70°C in a water bath. After centrifugation, the su-
pernatant was discarded and the pellet was vigor-
ously suspended in 1 mL of 1 M NaOH (Merck,
Germany). The mixture was incubated at 80 °C in a
water bath until the sample was totally clarified, and
then stored at 4 °C until use.

Intracellular distribution of CTB activity

Different cultures were induced with 100 >M IPTG
at 2, 3, 4, and 5 h of growth and 1-mL samples were
harvested after induction for 3 h. The samples were
treated as reported [15, 27]. Briefly, the resultant
pellet was suspended in 300 =L TEAN buffer (0.2 M
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Tris pH 8.0, 1 M sucrose, 10 mM EDTA). After
10 min of incubation at room temperature, lysozyme
(Boehringer Mannheim GmbH, Germany) dissolved
in distilled water was added to a final concentration
of 200 >g/>L.

This mixture was further diluted 1:2 in TEAN
buffer, incubated for 30 min at 37 °C and centrifuged
at 5000 xg for 15 min.

The supernatant containing the periplasmic frac-
tion was collected and stored. The pellet was sus-
pended twice in 300 >L of TEAN buffer and sonicated
as described above, but the burst time was reduced to
55s. The supernatant with the cytoplasmic fraction
was collected after centrifugation at 5000 xg for 15 min,
and stored until use.

The pellet containing the cell wall fraction was sus-
pended as aforementioned, with the exception that
TEAN buffer contained 6 M urea, and was left for 1 h
at 4 °C after gentle suspension. After centrifugation at
5000 xg for 15 min, the supernatant containing the ex-
tracted proteins was collected. This last procedure does
not affect CTB activity as previously observed in our
laboratory (data not shown). All samples were imme-
diately dialysed overnight against PBS at 4 °C, aliquoted
and stored at -20 °C until assayed for CTB activity.

Statistical analysis

The standard error, the mean values and the coeffi-
cient of variation were calculated for all data. The
coefficient of variation never exceeded the 5% value.
The mean values of the OD measurements and CTB
activity of induced cultures were compared with those
of the control, and among themselves by Student’s t
test. Values with p < 0.05 were considered statisti-
cally significant.

Results

Growth kinetics and plasmid stability

Growth kinetics and viability of S. typhi in IPTG-
induced cultures were similar to those of the control,
and no statistically significant differences in OD mea-
surements were detected during the 11 h of experi-
ment (Figure 1). The mean doubling time was about
37-40 min, the maximal viability of 6 x 10" cfu/mL
was reached after 4 h of growth and remained almost
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Figure 1. Growth curves of cultures induced with 100 pM IPTG
at2, 3, 4,and5 h afterinoculation. Observe that all the
cultures, including the control, showed a similar behavior. The
addition of IPTG at such a concentration had no influence on
the growth kinetics of recombinant Salmonella typhi Ty21a.

constant until the end of the experiment. The plasmid
stability measured in all cultures showed a similar
mean value, about 15-20% of the cells became ampi-
cillin-sensitive throughout the experiment.

Induction of CTB activity

CTB activity was low in non-induced control cultures.
Therefore, the differences in CTB activity between in-
duced and control cultures were statistically significant
during the experiment. CTB activity levels were differ-
ent (p < 0.05) between cultures induced at different
times of growth. A marked tendency for reduction of
the statistical significance of these differences with the
increase of culture age was consistently observed, and
they became no significant in samples taken after 2 h of
IPTG addition in cultures induced at 4 and 5 h of growth
(Figure 2). A consistent decrease of the maximal CTB
activity level was detected with the increase of time at
which cultures were induced, the highest activity
(975 ng/mL) being detected after 2 h of IPTG addition
in cultures induced at 2 h of growth (Figure 2). The
maximal mean value of 800 ng/mL was reached 2 h af-
ter induction, and 1 h later a value around 750 ng/mL
remained steady in all induced cultures until the end of
the experiment. The specific activity remained con-
stant after 2-3 h of induction, showing a value of
500 ng mg of total cell protein. In a similar experience,
with the addition of 50 uM IPTG to the cultures, all
the parameters showed the same behavior, except that
CTB activity was approximately 25% lower (600 ng/
mL, 390 ng/mg of total cell protein, data not shown).

Intracellular distribution of CTB activity

The main CTB activity was found in the periplasmic
fraction (Table) irrespective of the stage of growth at
which cultures were induced. The same distribution
was observed when 50 uM IPTG were added, but
CTB activity values were lower (data not shown).

Discussion

No toxic or negative effects related to the expression
of CTB activity induced by addition of 100 uM IPTG,
were observed over any of the parameters tested. CTB
specific activity reached values of 700 ng per milli-
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Figure 2. Kinetics of CTB activity expression as measured by
GM1-ELISA in samples harvested hourly from cultures of recom-
binant Samonella typhity21a induced with 100 >M IPTG at four
different times. Note that the maximal CTB activity is reached 2
to 3 h after IPTG addition, and that there are a consistent de-
crease of maximal CTB activity and differences in CTB activity
according to the age of the culture. CTB activity in the control
culture remained at low levels during the experiment.
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Table. Distribution percentage of intracellular location
of CTB activity in samples harvested 3 h after addition
of 100 2M IPTG (final concentration) to recombinant
Salmonella typhi Ty21a cultures at four different times
of growth: 2, 3, 4 and 5 h after inoculation.

Time (h)  Periplasmic Cytoplasmic Membranes
2 70 25 5
3 72 23 5
4 71 25 4
5 70 24 6

gram of total cell protein, which are tenfold higher
than those reported in a similar system expressing
LTB instead of CTB [15].

In a similar experience using 50 uM IPTG for in-
duction, a direct correlation with CTB expression,
was observed without detectable influence over the
parameters studied (data not shown). The CTB activ-
ity in non-induced cultures remained consistently low
during the experiment.

These results corroborated the conserved functional
efficiency of lacl® gene repressor product in this bac-
terial system, and suggest an increase in the quantity
of CTB by a previous IPTG induction in vitro before
using this strain for oral immunization.

Interestingly, Acosta et al. [20] reported the induc-
tion of CTB-specific antibodies in mice inoculated
with this strain without any previous IPTG induc-
tion. This result agrees with the common claiming to
replace CTB with less immunogenic antigens, to test
the actual capability of these vectors to enhance the
immunogenicity of foreign antigens by themselves.

Despite the differences in the genetic systems, the
bacterial strains, or the experimental procedures used,
the immunogenic and structural similarities between
LTB and CTB [28], and the results already reported
[15, 20], give a reasonable basis to expect higher anti-
body responses when previously IPTG-induced bac-
teria be used for mucosal immunization.

Taken together, these results argue in favour of us-
ing this system as an experimental tool for the de-
tailed evaluation of the actual influence that the viability
and persistence of salmonella, and the features of het-
erologous antigen expression have on the immunoge-
nicity of both recombinant antigen and vector.
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By changing the concentration of the inducer, the
timing of induction, and by deleting the signal peptide
sequence from the genetic construction, parameters
such as CTB amount and its intracellular location could
be changed. Bacteria with different combinations of
the aforementioned parameters could be administered
either as live, killed, or mixed preparations for assess-
ment of their actual influence upon the in vivo immu-
nogenicity of both the bacterial strain and the
heterologous antigen.

In this work, the major quantity of recombinant
CTB was detected in the periplasmic fraction. This
result agrees with the reported conserved functional-
ity of LTB secretion signal peptide in similar Gram-
negative bacterial systems [15].

The relationship between cellular location of the
recombinant antigen and the characteristics of the elic-
ited T cell in the immune responses, are subject of
intense study by different groups [15, 29, 30]. It
would be interesting to test the influence of the intra-
cellular location of recombinant antigens on the char-
acteristics of the cellular immune responses.

The extent to which the viability of a salmonella
vaccine as a condition for anti-typhoid immunity is
also a requirement for its use as an effective carrier of
recombinant antigens, is a question that has been re-
cently addressed. In suggestive studies [17, 18],
Cérdenas et al. found that viability requirement, de-
spite being undoubtedly valid for typhoid vaccine,
does not apply completely to the use of these strains
as foreign antigen carriers.

Here, we reported the main parameters concerned
with the characterization of recombinant antigen ex-
pression in vitro, which is an important step in the
development of a recombinant vaccine vector.

Further immunological studies may be carried out
using this vector, such as the influence of antigen
location in elicited cellular immune responses, and
the actual role of viability, plasmid stability, persis-
tence, and bacteremia on the in vivo immunogenicity
of carried foreign antigens, which aim not only to
evaluate the immune responses induced in vivo, but
also to address questions of major immunological
concern .
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