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Abstract The surface expression in Staphylococcus carnosus of
three different fibronectin binding domains (FNBDs), derived
from fibronectin binding proteins of Streptococcus dysgalactiae
and Staphylococcus aureus, has been investigated. Surface
localization of the chimeric proteins containing the FNBDs was
demonstrated. All three surface-displayed FNBDs were demon-
strated to bind fibronectin in whole-cell enzyme-linked binding
assays. Furthermore, for one of the constructs, intranasal
immunizations with the recombinant bacteria resulted in
improved antibody responses to a model immunogen present
within the chimeric surface proteins. The implications of the
results for the design of live bacterial vaccine delivery systems
are discussed.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

The display of heterologous proteins on bacterial surfaces
has become an important tool in bioscience, with a variety of
research applications, such as live recombinant bacterial vac-
cines, systems for display and screening of peptide and anti-
body libraries, whole-cell adsorbents, recombinant whole-cell
biocatalysts, and cell-based solid-phase diagnostic reagents
[1,2]. Surface display on Gram-negative bacteria, predomi-
nantly represented by Escherichia coli and Salmonella spp.,
has been achieved by inserting target gene fragments into
genes encoding outer membrane proteins, e.g. the genes en-
coding OmpA [3-5], PhoE [6], and LamB [7], of E. coli. Ge-
netic fusions to proteins of filamentous structures, such as
fimbriae, flagella and pili proteins, have also resulted in the
successful surface display of heterologous proteins on Gram-
negative bacteria [8,9], and several other systems for surface
display have been described (for reviews see [1,2]). The most
common application of bacterial surface display is the devel-
opment of live bacterial vaccine delivery systems, and for this
purpose, several non-pathogenic Gram-positive bacteria have
recently been investigated, with the major advantage of lack
of invasive properties, and thereby no risk of reversion to
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pathogenicity [2,10]. Both commensal bacteria, such as Strep-
tococcus gordonii [10,11], and food-grade bacteria, such as
staphylococcal and lactococcal species [12], are being investi-
gated in this context. Two interesting candidates which are
being investigated for such applications are Staphylococcus
xylosus and Staphylococcus carnosus, which are both used as
starter cultures in meat fermentation applications [13,14]. Of
the two staphylococcal species, it was recently shown that S.
carnosus displayed a higher number of heterologous surface
proteins [15]. Surface display of antigens on S. xylosus [16]
has been achieved using fusions to the gene encoding the
signal sequence and cell surface anchoring parts, of Staphylo-
coccus aureus protein A (SPA). When using S. carnosus as a
host for surface expression, the signal sequence and propep-
tide of the Staphylococcus hyicus lipase gene were used togeth-
er with the SPA cell surface anchoring sequences [17]. Surface-
expressed foreign antigens have been anchored to the S. gor-
donii cell wall using fusions to a fragment of the streptococcal
protein M gene [18], a gene which has also been successfully
expressed in Lactobacillus lactis [19]. Although antibody re-
sponses to surface-displayed antigens have been evoked by
oral immunization of mice [20-22], prolonged persistence of
recombinant bacteria would potentially enhance the immune
responses. To achieve increased persistence of the recombi-
nant live bacterial vectors at the mucosal surfaces, an inter-
esting strategy would be the surface expression of adherence
molecules. We have recently shown that the surface expression
of the cholera toxin B subunit (CTB) from Vibrio cholerae on
staphylococci resulted in recombinant staphylococci with the
capacity to bind the ganglioside GM1 [23], present on all
epithelial cells. This strategy, however, depends on the assem-
bly of functional pentamers of CTB, which is not obviously
achievable when having N- and C-terminal extensions to CTB
[24]. More efficient adhesion to mucosal epithelial cells by the
recombinant bacteria might possibly be achieved by surface
display of a protein domain with the capacity to bind in a
monomeric form to its ligand. Fibronectin, present in extrac-
ellular matrices and on epithelial cells [25], is known to bind
various bacteria, which carry surface proteins with fibronectin
binding properties [26]. Hanski and coworkers reported in-
creased capacity of Streptococcus pyogenes to adhere to respi-
ratory epithelial cells by the expression of the fibronectin
binding protein F in a non-fibronectin binding strain [27].
Fibronectin binding domains (FNBDs) have previously been
expressed in a functional form on the surface of E. coli as
fusions to flagellin [28], and as fusions to the outer membrane
protein OmpS on the surface of V. cholerae [29]. It would thus
be of interest to investigate whether S. carnosus, which nor-
mally lacks fibronectin binding properties, would become able
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to bind fibronectin by heterologous display of FNBDs. Here,
the surface expression of three different fibronectin binding
domains on S. carnosus, using the surface display system pre-
viously described [17], is investigated. The FNBDs included in
the study are: (i) A2, a 43 amino acid domain from Strepto-
coccus dysgalactiae fibronectin binding protein A [30], (ii) B3,
a 36 amino acid domain, from S. dysgalactiae fibronectin
binding protein B [30], and (iii)) D3, a 37 amino acid domain,
from S. aureus fibronectin binding protein A [31]. Surface
localization and functionality of the recombinant fibronectin
binding surface proteins were analyzed by a variety of assays.

2. Materials and methods

2.1. Bacterial strains and plasmids

E. coli strain RRIDM15 [32] was used as bacterial host during the
plasmid constructions. The S. carnosus strain TM300 [33] was used
for surface expression of heterologous fibronectin binding proteins.
The general surface display vector pSPPmABPXM [17] was used for
the construction of the expression vectors encoding the fibronectin
binding proteins.

2.2. Preparation and transformation of protoplasts
The preparation and transformation of protoplasts from S. carno-
sus cells were performed as described by Go6tz and co-workers [34,35].

2.3. Assembly of the gene fragments encoding fibronectin binding
domains

The oligonucleotides (Table 1) were synthesized by phosphorami-
dite chemistry on an Expedite nucleic acid synthesis instrument (Per-
Septive Biosystems, Framingham, MA, USA), and desalted using
NAP-10 columns (Amersham Pharmacia Biotech, Uppsala, Sweden).
After lyophilization, the oligonucleotides were dissolved in water to a
final concentration of 0.5 nmol/ml. The oligos were annealed pairwise
by heating to 70°C followed by slow cooling to 37°C. The oligonu-
cleotide pairs were 5'-phosphorylated according to Maniatis et al. [36]
prior to the assembly of the gene fragments by mixing the phosphoryl-
ated pairs, and slowly cooling the mixture from 37°C to room tem-
perature. The assembled double-stranded gene fragments were ligated
into BamHI1/Sall-digested plasmid pSPPmABPXM, yielding the dif-
ferent expression vectors pScA2, pScB3, and pScD3. The nucleotide
sequences of the introduced gene fragments, encoding the different
fibronectin binding domains, were verified by cycle sequencing on
the plasmids with one-dye labelled terminators [37] (DuPont, Wil-
mington, DE, USA) using the sequencing primer SAPAI1 (Table 1).
The Sanger fragments were analyzed on an ALF DNA sequencer
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(Amersham Pharmacia Biotech). The expression vectors pScA2,
pScB3, and pScD3 were used for transforming S. carnosus proto-
plasts.

2.4. Monoclonal antibodies

Monoclonal antibody FN-3E2, binding to human cellular fibronec-
tin and used in the detection of fibronectin binding capacity of surface
displayed FNBDs on S. carnosus, was purchased from Sigma (St.
Louis, MO, USA). An albumin binding protein (ABP)-reacting mouse
monoclonal antibody 13F10 [38] was used in the FACScan assay.

2.5. FACScan analysis of the staphylococcal surface display

This assay was performed essentially as described earlier by Robert
and coworkers [15]. Briefly, wild-type and recombinant S. carnosus
cells were grown at 37°C to Asgoum =7-8. The bacteria were resus-
pended in 0.1% sodium azide in PBS to a final concentration of
Assonm = 1. Aliquots of 25 pl of the stock suspension were added to
each conical well of a 96 well microtiter plate and sedimented by
centrifugation for 10 min at 550 X g at 4°C. After removing the super-
natant, the bacterial suspension was incubated for 30 min with 100 pl
of an ABP-reacting mouse monoclonal antibody 13F10 [38] diluted
1:1000 in PBS. The cells were resuspended and subsequently incu-
bated 30 min at 4°C with 100 pl of fluorescein isothiocyanate
(FITC)-labelled goat anti-mouse IgG (Silenius Laboratories, Mel-
bourne, Australia) at a dilution of 1:200 in PBS. The cells were
washed twice, resuspended in 1 ml of PBS and analyzed on the basis
of fluorescence intensity on a FACScan flow cytometer (Becton Dick-
inson, Sunnyvale, CA, USA), using 488 nm as excitation wavelength
at 15 mW for the argon ion laser, with saline as sheath buffer. Data
for 5000-10000 cells were collected in List Mode by a LYSYS 11
software (Becton Dickinson). The fluorescent light was collected
through a band pass interference filter, with emission detection be-
tween 515 and 545 nm. The cell suspension fluorescence distribution is
represented by fluorescence histograms and mean fluorescence is given
for each histogram.

2.6. Detection of surface displayed fibronectin binding domains
Samples from overnight cultures of recombinant or wild-type S.
carnosus cells were diluted 1:100, grown at 37°C to As7gum =1, and
harvested. In the following assay, unless otherwise indicated, the in-
cubations were performed for 30 min at room temperature, and the
cells were washed twice in PBST (PBS with 0.05% Tween 20) between
the incubation steps. The cells were resuspended in PBST and incu-
bated with fibronectin (Sigma) at a concentration of 13 pg/ml. After
incubation with the monoclonal anti-fibronectin antibody FN-3E2
(Sigma), diluted 1:500 in PBST, the cells were incubated with alkaline
phosphatase-conjugated goat anti-mouse IgG antibodies (Dako), di-
luted 1:1000 in PBST. The cells were washed once with PBST and
once with substrate buffer (1 M diethanolamine-HCI, pH 9.8, 0.5 mM

Table 1

Nucleotide sequences of the oligonucleotides used in this study

Name Nucleotide sequence (5'-3")

SAPA-1 CCGAATTCTCGAGGCTCCTAAAGAAAATAC

A2-1 GATCGGCGGCCGCTGCTAGCAGAAGATTCTAAACCAAGTCAAGAAGATGA

A2-2 CCACCAATAATTACTTCATCTTCTTGACTTGGTTTAGAATCTTCTGCTAGCAGCGGCCGCC
A2-3 AGTAATTATTGGTGGTCAAGGTCAAGTAATTGATTTTACAGAAGATACTCAATCT
A2-4 CACCAGACATACCAGATTGAGTATCTTCTGTAAAATCAATTACTTGACCTTGA
A2-5 GGTATGTCTGGTGATAATAGTCATACAGATGGTACAGTTTTAGAAGAGGATCCTGAG
A2-6 TCGACTCAGGATCCTCTTCTAAAACTGTACCATCTGTATGACTATTAT

B3-1 GATCGGCGGCCGCTGCTAGCAGAAGAAAGTTTACCAACTGAACAAGGTCAAT

B3-2 GTTGTACTACCAGATTGACCTTGTTCAGTTGGTAAACTTTCTTCTGCTAGCAGCGGCCGCC
B3-3 CTGGTAGTACAACTGAAGTAGAAGATAGTAAACCTAAATTATCTATTCATTTT
B3-4 GGCCATTCATTATCAAAATGAATAGATAATTTAGGTTTACTATCTTCTACTTCA
B3-5 GATAATGAATGGCCTAAAGAAGATGAGGATCCTGAG

B3-6 TCGACTCAGGATCCTCATCTTCTTTA

D3-1 GATCGGCGGCCGCTGCTAGCATTTAATAAACATACTGAAATTATTGAAGAAGATACA
D3-2 AATAATTTCAGTATGTTTATTAAATGCTAGCAGCGGCCGCC

D3-3 AATAAAGATAAACCTAGTTATCAATTTGGTGGACATAATAG

D3-4 AAATTGATAACTAGGTTTATCTTTATTTGTATCTTCTTC

D3-5 TGTTGATTTTGAAGAAGATACATTACCAAAAGTATCGGATCCTGAG

D3-6 TCGACTCAGGATCCGATACTTTTGGTAATGTATCTTCTTCAAAATCAACACTATTATGTCCACC
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MgCly), before they were resuspended in substrate buffer to
Asrsnm = 0.4, After the addition of p-nitrophenyl phosphate, the
change in Ayps,,, was measured in an ELISA reader (SLT EAR
340AT; SLT-Labinstruments, Grodig, Austria).

Surface-displayed fibronectin binding domains were also detected
employing a colorimetric assay previously used for detection of sur-
face displayed albumin binding domains, as earlier described in detail
[15,17]. Briefly, the recombinant bacteria were incubated with biotiny-
lated fibronectin (Sigma), biotinylated with D-biotinoyl-e-aminocap-
roic acid N-hydroxysuccinimide ester (Boehringer Mannheim, Mann-
heim, Germany) according to the supplier’s recommendations at a
final concentration of 2 ug/ml for 30 min at 30°C. Subsequently,
the bacteria were incubated with streptavidin-alkaline phosphatase,
and fibronectin binding was monitored by measuring the change in
Ayosnm after addition of the substrate p-nitrophenyl phosphate.

2.7. Intranasal immunization of mice

Groups of five BALB/c mice (5 weeks old) were immunized intra-
nasally on days 0, 10 and 20 with 10° wild-type or recombinant S.
carnosus cells in 40 pl of PBS (20 ul per nostril) without any adjuvant.
Serum samples were taken on day 0 (preimmune) and day 30, and
ABP-reactive IgG antibodies were measured in an ELISA, essentially
as previously described [39]. Briefly, microtiter plates were coated
overnight at 4°C with 100 pl of recombinant ABP (1 pg/ml) and
blocked with 0.5% gelatin in PBS. All sera were diluted 1:100 in
dilution buffer (PBS containing 0.1% gelatin and 0.05% Tween 20).
Plates were washed with PBS and incubated with 100 ul horseradish
peroxidase-conjugated goat anti-mouse IgG (Pierce, Rockford, IL,
USA) (1:5000). The reaction was developed with 50 pl tetramethyl
benzidine (Kirkegaard and Perry Laboratories Inc., Gaithersburg,
MD, USA). As50nm Was monitored using an integrated EIA Manage-
ment System (Labsystems). ELISA titers were expressed as the recip-
rocal of the last dilution with Ays0n, > 0.2.

2.8. Nucleotide sequence accession number
The GenBank accession number for the expression vector
pSPPmABPXM is U15516.

3. Results and discussion

3.1. Background

The non-pathogenic bacterium S. carnosus, which is widely
used in food fermentation applications [14], has been exten-
sively investigated as a delivery system for subunit vaccines
[22]. Immunogens of viral, bacterial, or parasitic origin has
been expressed in a surface-exposed form, and immunizations
have been made using the bacteria as whole-cell immunogens.
Moderate antibody responses to the surface-displayed immu-
nogens have been reported when using mucosal route admin-
istration of the bacteria [22]. The short persistence of the
bacteria, estimated to be approximately 70 h [22], could prob-
ably account for the somewhat low antibody responses. One
strategy to increase the immune responses to the surface-dis-
played immunogens could be the co-display of protein do-
mains which potentially could have the capacity to bind to
molecules present on the mucosal epithelium. It could thus be
of relevance to investigate whether fibronectin binding protein
domains could be expressed in a functional form on S. carno-
sus, which is devoid of inherent fibronectin binding activity
[33]. For the purpose of surface expression on S. carnosus, we
selected three different FNBDs: (i) a 43 amino acid domain,
denoted A2, from S. dysgalactiae fibronectin binding protein
A [30], (ii) a 36 amino acid domain B3, from S. dysgalactiae
fibronectin binding protein B [30], and (iii) D3, a 37 amino
acid domain, from S. aureus fibronectin binding protein A
[31]. The three FNBDs were chosen since they have previously
been shown to inhibit the binding of fibronectin to bacterial
cells [30,31,40].
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3.2. Assembly of gene constructs encoding fibronectin binding
domains

Gene constructs encoding three different fibronectin binding
domains were assembled from synthetic oligonucleotides, us-
ing a method similar to the solid-phase gene assembly method
described by Stahl and co-workers [41]. The oligonucleotides
(Table 1), used in the gene assembly, were designed to be
pairwise complementary, except for single-stranded 5’ protru-
sions of 4-15 nucleotides. The assembled gene fragments had
5" protrusions of four nucleotides, identical with the cohesive
ends given by restriction with endonucleases BamHI and Sall,
respectively. The gene fragments could therefore successfully
be ligated with the BamHI/Sall-restricted general expression
vector pSPPmABPXM yielding the three expression vectors
pScA2, pScB3, and pScD3 (Fig. 1).

3.3. Expression vectors for surface display of fibronectin
binding domains on S. carnosus

Three novel E. coli-staphylococci shuttle vectors were con-
structed, designed for surface display of hybrid fibronectin
binding domains on S. carnosus. The constructed shuttle vec-
tors, designated pScA2, pScB3 and pScD3 (Fig. 1), encode the
recombinant receptors PP-A2-ABP-XM’, PP-B3-ABP-XM’,
and PP-D3-ABP-XM’, respectively (Fig. 1), anchored in the
cell wall of S. carnosus. The expression vectors utilize the
promoter, signal sequence, and propeptide sequence (PP)
from a S. hyicus lipase gene construct, optimized for expres-

pSPPA2ABPXM
8.3 kb

DO |

DO |
C .
—STPP 53 TABPTS}— Em

Fig. 1. Expression vectors with encoded gene products. Abbrevia-
tions: bla, B-lactamase encoding gene; cat, chloramphenicol acetyl-
transferase encoding gene; fl, origin of replication for phage fl;
OriE, origin of replication from E. coli; OriS, origin of replication
from S. aureus; prip, S. hyicus promoter region designed for S. hyi-
cus lipase production in S. carnosus. The expression vectors, suitable
for surface display in S. carnosus, are shown with their encoded fu-
sion products illustrated as anchored to the cell surface. Note that
the propeptide (PP) from the S. hyicus lipase is not processed in S.
carnosus [33], while it is processed in its homologous host, S. hyicus
[47]. This propeptide has been shown to be essential for secretion of
heterologous gene fusion products from S. carnosus [41,48] when us-
ing the lipase signal peptide for the secretion. M’ represents the
processed and covalently anchored form [44,45] of the M sequence
of SpA. A: Surface expression vector pScA2 encoding fibronectin
binding domain A2 from S. dysgalactiae FnBA, and the processed
gene fusion product PP-A2-ABP-XM'. B: Expression cassette of the
surface expression vector pScB3 encoding fibronectin binding do-
main B3 from S. dysgalactiae FnBB, and the processed gene fusion
product PP-B3-ABP-XM’. C: Expression cassette of the surface ex-
pression vector pScD3 encoding fibronectin binding domain D3
from S. aureus fibronectin binding protein A, FnBPA, and the proc-
essed gene fusion product PP-D3-ABP-XM’.
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Fig. 2. Flow cytometry analysis (FACScan) of wild-type and re-
combinant S. carnosus cells probed with a monoclonal antibody
13F10 [38], reactive with the ABP part of the recombinant recep-
tors, and stained with FITC-labelled secondary antibody. The histo-
grams show non-stained bacterial cells displayed to the left in the
histograms and cells which expose ABP-containing surface proteins
on their surfaces shifted to the right. The type of analyzed bacteria
and mean fluorecense reactivity is given for each histogram. Wild-
type (WT) and recombinant S. carnosus cells; pSPPmABPXM-trans-
formed (ABP), pScA2-transformed (A2), pScB3-transformed (B3),
pScD3-transformed (D3)

sion in S. carnosus [42]. The vector system contains gene frag-
ments from S. aureus protein A (SPA); comprising X, a
charged repetitive region postulated to interact with the pep-
tidoglycan cell wall [43], and M, a region, common for Gram-
positive cell surface bound receptors, required for cell surface
anchoring [44,45]. The gene encoding an ABP, derived from
streptococcal protein G [17,46], is also present in all expres-
sion vectors. The ABP region is expressed as the part of the
recombinant receptors closest to the cell wall anchoring motifs
[17]. It has been demonstrated to be useful as a reporter pep-
tide in a colorimetric assay to analyze surface accessibility of
the hybrid surface proteins [15,17], and has previously also
been shown to act as a spacer protein to increase surface
accessibility [22].
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3.4. Detection of recombinant surface-displayed chimeric
proteins

To investigate if the encoded chimeric surface proteins were
expressed and surface-exposed, wild-type and recombinant S.
carnosus cells were analyzed in a fluorescence-activated cell
sorting (FACScan) assay [15,17]. Since the ABP region was
present in the various chimeric surface proteins, and since the
surface exposure of this region has proven to be indicative of
a successful surface display [15,17,38,39], the presence of the
ABP region was monitored by FACScan analysis using an
ABP-reactive mouse monoclonal antibody 13F10 [38]. The
bacterial cells were probed with the monoclonal antibody,
and thereafter fluorescently stained using a FITC-labelled sec-
ondary antibody, to allow FACS analysis. Positive responses
in the FACScan assay, shown as an increase in fluorescence
intensity (Fig. 2), were obtained for S. carnosus cells trans-
formed with the parental vector pSPPmABPXM, carrying
surface-exposed PP-ABP-XM’ fusion proteins, and S. carno-
sus cells transformed with plasmids pScA2, pScB3 and pScD3,
while wild-type S. carnosus cells, as expected, remained neg-
ative in this assay (Fig. 2). The significant and homogeneous
increase in fluorescence intensity observed for the recombi-
nant staphylococci, as compared to wild-type S. carnosus
(Fig. 2), indicate that close to 100% of the recombinant bac-
teria expose numerous copies of the chimeric surface proteins
[39]. In a previous study, it was demonstrated that S. carnosus
cells transformed with the parental vector pSPPmABPXM
carried approximately 10* surface-exposed chimeric pro-
teins [38]. Since the fluorescence histograms for the
pSPPmABPXM-transformed S. carnosus and the staphylococ-
ci carrying the FNBDs have similar intensity distributions and
mean fluorescence reactivities (Fig. 2), it is likely that these
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Fig. 3. Functional analysis of fibronectin binding domains displayed
by whole cells. Histogram of whole-cell binding capacity of the re-
combinant staphylococci to human cellular fibronectin. Intact staph-
ylococcal cells were incubated with fibronectin, followed by incuba-
tion with a monoclonal anti-fibronectin antibody. After incubation
with an alkaline-phosphatase conjugate and the addition of a chro-
mogenic substrate, the fibronectin binding capacity of the recombi-
nant staphylococci was monitored by a color shift. Bars indicate the
Ayosum response for S. carnosus cells: pSPPmABPXM-transformed
(bar 1), pScA2-transformed (bar 2), pScB3-transformed (bar 3),
pScD3-transformed (bar 4). The background response of the S. car-
nosus wild-type cells is subtracted from the responses of the re-
combinant S. carnosus cells. All samples were run in triplicate.
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Fig. 4. Serum IgG responses to ABP after intranasal immunization
of mice with wild-type (bar 1) and recombinant S. carnosus cells:
pSPPmABPXM-transformed (bar 2), pScA2-transformed (bar 3),
pScB3-transformed (bar 4), pScD3-transformed (bar 5).

recombinant staphylococci also display surface proteins in
numbers of the same order of magnitude.

Recombinant and wild-type S. carnosus cells were further
analyzed in a previously described colorimetric assay [15,17],
for the presence of ABP-containing surface-accessible recep-
tors. Recombinant and wild-type S. carnosus cells were incu-
bated with biotinylated human serum albumin, prior to the
addition of a streptavidin-alkaline phosphatase conjugate, and
the presence of ABP-containing surface-accessible receptors
was analyzed by the addition of chromogenic substrate and
the color shift was monitored. This assay gave very similar
results as the FACScan assay (data not shown). These results
demonstrate that hybrid receptors with serum albumin bind-
ing capacity were accessible on the surfaces of the recombi-
nant S. carnosus cells.

3.5. Functional characterization of the fibronectin binding
receptors

The fibronectin binding capacity of the surface-displayed
hybrid receptors was characterized in an assay based on the
binding of human fibronectin to the recombinant S. carnosus
cells. Fibronectin bound to the cells was detected by an en-
zyme-linked immunoassay (Fig. 3). The staphylococcal cells
were incubated with fibronectin, and a monoclonal anti-fibro-
nectin antibody was allowed to react with the cells. After
incubation with enzyme-labelled goat anti-mouse IgG anti-
bodies, the presence of cell-bound fibronectin was detected
with a chromogenic substrate. Significant binding of fibronec-
tin was observed for the recombinant staphylococci harbour-
ing plasmids pScA2, pScB3 and pScD3 (Fig. 3, bars 2, 3, and
4), while only background binding was demonstrated for S.
carnosus cells transformed with the parental vector carrying
the PP-ABP-XM’ chimeric protein (Fig. 3, bar 1). Further-
more, wild-type S. carnosus cells showed only background
reactivity in this assay (data not shown).

The recombinant S. carnosus cells expressing hybrid recep-
tors were further investigated in a modified assay for their
fibronectin binding capacity. The binding of biotinylated fi-
bronectin to the cells was analyzed by the addition of strep-
tavidin-conjugated alkaline phosphatase, and subsequently its
substrate, and again, the S. carnosus cells harboring plasmids
pScA2, pScB3, and pScD3 showed significantly higher binding
to biotinylated fibronectin than did the wild-type cells and the
cells harboring the parental plasmid pSPPmABPXM (data
not shown). These results clearly suggest that the recombinant
S. carnosus cells have gained fibronectin binding capacity by
the expression of FNBDs as parts of their chimeric surface
receptors.
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3.6. Immunization experiments

Since the goal of the study was to improve the antibody
responses to surface-displayed proteins on the staphylococcal
cells, mice were immunized intranasally with the wild-type and
recombinant S. carnosus cells in order to evaluate whether the
fibronectin binding capacity would influence the antibody re-
sponses to the ABP region, seen as a model immunogen in
this assay. Serum IgG responses to ABP were monitored, and
interestingly, S. carnosus cells harboring the pScB3 plasmid
did evoke significantly higher serum IgG responses to ABP
than did the other constructs (Fig. 4). All preimmune sera
were negative in this assay (data not shown). The reason
why the B3 FNBD-displaying staphylococci induced higher
immune responses to ABP, while the two other constructs
did not, remains to be elucidated.

3.7. Concluding remarks

We have in this study assembled gene fragments encoding
three different fibronectin binding domains, and expressed
these as parts of chimeric surface proteins on the food-grade
Gram-positive bacterium S. carnosus. It was found that the
FNBD-containing surface proteins were successfully exposed
on the surface of the staphylococci, as analyzed by a FACS-
can assay. Furthermore, it could be concluded that the re-
combinant S. carnosus cells, carrying surface-exposed FNBDs,
had obtained fibronectin binding capacity. This was demon-
strated using a monoclonal antibody reactive to fibronectin.
In addition, recombinant S. carnosus cells, carrying the B3
domain from S. dysgalactiae fibronectin binding protein B,
demonstrated improved antibody responses to the ABP re-
gion, present in the chimeric protein, thus suggesting that
this construct might have gained improved properties as a
mucosal route vaccine delivery system. Before stating that
this is a general phenomenon, several questions need to be
further addressed. For example, it would be of interest to
evaluate whether the recombinant staphylococci show im-
proved persistence in the gastrointestinal or in the nasal tract
after oral or intranasal administration. Nevertheless, we have
demonstrated that an adherence molecule, as exemplified by
the bacterial FNBDs, could be expressed in a functional form
on the surface of recombinant staphylococci intended for sub-
unit vaccine delivery, and that the surface display of B3
FNBD demonstrated positive effects on the antibody re-
sponses to a co-displayed model antigen. We believe that
such strategies will be of importance to improve mucosal
route vaccine delivery systems.

Acknowledgements.: This work has been supported by Grant 920089
from the European Biotechnology Programme ‘Human and Veteri-
nary Vaccines’, and by Pierre Fabre Médicament. We thank B. Guss,
P. Samuelson, J. Westberg and M. Hansson for fruitful discussions.

References

[1] Georgiou, G., Strathopoulos, C., Daugherty, P.S., Nayak, A.R.,
Iverson, B.L. and Curtiss, R.1. (1997) Nature Biotechnol. 15, 29—
34.

[2] Stahl, S. and Uhlén, M. (1997) Trends Biotechnol. 15, 185-192.

[3] Freudl, R. (1989) Gene 82, 229-236.

[4] Francisco, J.A., Earhart, C.F. and Georgiou, G. (1992) Proc.
Natl. Acad. Sci. USA 89, 2713-2717.

[5] Haddad, D., Liljeqvist, S., Kumar, S., Hansson, M., Stahl, S.,
Perlmann, H., Perlmann, P. and Berzins, K. (1995) FEMS Im-
munol. Med. Microbiol. 12, 175-186.



304

[6] Agterberg, M., Adriaanse, H. and Thommassen, J. (1987) Gene
59, 145-150.

[7] Charbit, A., Boulain, J.C., Ryter, A. and Hofnung, M. (1986)
EMBO J. 5, 3029-3037.

[8] Pallesen, L., Poulsen, L.K., Christiansen, G. and Klemm, P.
(1995) Microbiology 141, 2839-2848.

[9] Wu, J.Y., Newton, S., Judd, A., Stocker, B. and Robinson, W.S.
(1989) Proc. Natl. Acad. Sci. USA 86, 4726-4730.

[10] Fischetti, V.A., Medaglini, D. and Pozzi, G. (1996) Curr. Opin.
Biotechnol. 7, 659-666.

[11] Medaglini, D., Pozzi, G., King, T.P. and Fischetti, V.A. (1995)
Proc. Natl. Acad. Sci. USA 92, 6868-6872.

[12] Wells, J.M., Wilson, P.W., Norton, P.M. and Le Page, R.W.F.
(1993) Appl. Environ. Microbiol. 59, 3954-3959.

[13] Liepe, H.-U. (1982) Forum Mikrobiol. 5, 10-15.

[14] Hammes, W.P., Bosch, 1. and Wolf, G. (1995) J. Appl. Bacteriol.
79, 76S-83S.

[15] Robert, A., Samuelson, P., Andréoni, C., Bichi, T., Uhlén, M.,
Binz, H., Nguyen, T.N. and Stahl, S. (1996) FEBS Lett. 390,
327-333.

[16] Hansson, M., Stahl, S., Nguyen, T.N., Bdchi, T., Robert, A.,
Binz, H., Sjolander, A. and Uhlén, M. (1992) J. Bacteriol. 174,
4239-4245.

[17] Samuelson, P., Hansson, M., Ahlborg, N., Andréoni, C., Gotz,
F., Bdchi, T., Nguyen, T.N., Binz, H., Uhlén, M. and Stahl, S.
(1995) J. Bacteriol. 177, 1470-1476.

[18] Pozzi, G., Contorni, M., Oggioni, M.R., Manganelli, R., Tom-
masino, M., Cavalieri, P. and Fischetti, V.A. (1992) Infect. Im-
mun. 60, 1902-1907.

[19] Piard, J.C., Hautefort, 1., Fischetti, V.A., Erlich, S.D., Fons, M.
and Gruss, A. (1997) J. Bacteriol. 179, 3068-3072.

[20] Nguyen, T.N., Hansson, M., Stahl, S., Bichi, T., Robert, A.,
Domzig, W., Binz, H. and Uhlén, M. (1993) Gene 128, 89-94.

[21] Medaglini, D., Rush, C.M., Sestini, P. and Pozzi, G. (1997) Vac-
cine 15, 1330-1337.

[22] Stahl, S., Samuelson, P., Hansson, M., Andréoni, C., Goetsch,
L., Libon, C., Liljeqvist, S., Gunneriusson, E., Binz, H., Nguyen,
T.N. and Uhlén, M. (1997) in: Recombinant Gram-positive Bac-
teria as Vaccine Vehicles for Mucosal Immunization (Wells, J.
and Pozzi, G., Eds.), pp. 61-81, R.G. Landes Biomedical Pub-
lishers, Springer-Verlag, New York.

[23] Liljeqvist, S., Samuelson, P., Hansson, M., Nguyen, T.N., Binz,
H. and Stahl, S. (1997) Appl. Environ. Microbiol. 63, 2481-2488.

[24] Liljeqvist, S., Stahl, S., Andréoni, C., Binz, H., Uhlén, M. and
Murby, M. (1997) J. Immunol. Methods 210, 125-135.

[25] Hynes, P.O. (1985) Annu. Rev. Cell Biol. 1, 67-90.

[26] Westerlund, B. and Korhonen, T.K. (1993) Mol. Microbiol. 9,
687-694.

S. Liljeqvist et al./IFEBS Letters 446 (1999) 299-304

[27] Hanski, E., Horwitz, P.A. and Caparon, M.G. (1992) Infect.
Immun. 60, 5119-5125.

[28] Westerlund-Wikstréom, B., Tanskanen, J., Virkola, R., Hacker, J.,
Lindberg, M., Skurnik, M. and Korhonen, T.K. (1997) Protein
Eng. 10, 1319-1326.

[29] Lang, H. and Korhonen, T.K. (1997) Behring Inst. Mitt. 98, 400—
409.

[30] Lindgren, P.-E., McGavin, M.J., Signis, C., Guss, B., Gurusid-
dappa, S., Ho6k, M. and Lindberg, M. (1993) Eur. J. Biochem.
214, 819-827.

[31] Signids, C., Raucci, G., Jonsson, K., Lindgren, P.-E., Anantha-
ramaiah, G.M., H66k, M. and Lindberg, M. (1989) Proc. Natl.
Acad. Sci. USA 86, 699-703.

[32] Riither, U. (1982) Nucleic Acids Res. 10, 5765-5772.

[33] Gotz, F. (1990) J. Appl. Bacteriol. Symp. Suppl., 49S-53S.

[34] Gotz, F., Ahrné, M. and Lindberg, M. (1981) J. Bacteriol. 145,
74-81.

[35] Go6tz, F. and Schumacher, B. (1987) FEMS Microbiol. Lett. 40,
285-288.

[36] Maniatis, T., Fritsch, E.F. and Sambrook, J. (1992) Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY.

[37] Westberg, J., Holmberg, A., Uhlén, M. and Pettersson, B. (1999)
Electrophoresis (in press).

[38] Andréoni, C., Goetsch, L., Libon, C., Samuelson, P., Robert, A.,
Nguyen, T.N., Uhlén, M., Binz, H. and Stahl, S. (1997) BioTech-
niques 23, 696-704.

[39] Nguyen, T.N., Gourdon, M.-H., Hansson, M., Robert, A., Sa-
muelson, P., Libon, C., Andréoni, C., Nygren, P.-A., Binz, H.,
Uhlén, M. and Stéhl, S. (1995) J. Biotechnol. 47, 207-219.

[40] Joh, H.J., House-Pompeo, K., Patti, J.M., Gurusiddappa, P.S.
and Hook, M. (1994) Biochemistry 33, 6086-6092.

[41] Stahl, S., Hansson, M., Ahlborg, N., Nguyen, T.N., Liljeqvist, S.,
Lundeberg, J. and Uhlén, M. (1993) BioTechniques 14, 424-434.

[42] Liebl, W. and G6étz, F. (1986) Mol. Gen. Genet. 204, 166-173.

[43] Guss, B., Uhlén, M., Nilsson, B., Lindberg, M., Sjoquist, J. and
Sjodahl, J. (1984) Eur. J. Biochem. 138, 413-420.

[44] Navarre, W.W. and Schneewind, O. (1994) Mol. Microbiol. 14,
115-121.

[45] Schneewind, O., Fowler, A. and Faull, K.F. (1995) Science 268,
103-106.

[46] Nygren, P.-A., Eliasson, M., Palmcrantz, E., Abrahmsén, L. and
Uhlén, M. (1988) J. Mol. Recognit. 1, 69-74.

[47] Ayora, S., Lindgren, P.-E. and G6tz, F. (1994) J. Bacteriol. 176,
3218-3223.

[48] Demleitner, G. and Goétz, F. (1994) FEMS Microbiol. Lett. 121,
189-198.



