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We have developed a system in which a foreign antigen replaces nearly all of the surface-exposed region of
the fibrillar M protein from Streptococcus pyogenes and is fused to the C-terminal attachment motif of the M
molecule. The fusion protein is thus expressed on the surface of Streptococcus gordonii, a commensal organism
of the oral cavity. The antigen chosen to be expressed within the context of the M6 molecule was the E7 protein
(98 amino acids) of human papillomavirus type 16. Stable recombinant streptococci were obtained by
integrating genetic constructs into the chromosome, exploiting in vivo homologous recombination. The M6-E7
fusion protein expressed on the S. gordonii surface was shown to be immunogenic in mice. This is the first step
in the construction of recombinant live vaccines in which nonpathogenic streptococci as well as other
gram-positive bacteria may be used as vectors to deliver heterologous antigens to the immune system.

Gram-negative bacteria, cloned to express foreign anti-
gens either on the surface or within the cell, have been used
to deliver these molecules to mammalian hosts for the
induction of an immune response (2, 21, 35). With the
exception of mycobacteria (34), gram-positive bacteria have
not as yet been exploited for this purpose. In this report, we
describe the expression of a heterologous antigen on the
surface of a streptococcus. The fibrillar M6 protein, a
surface protein from Streptococcus pyogenes (4, 5, 8), was
modified to deliver the E7 protein (98 amino acids) of human
papillomavirus type 16 (HPV16) to the surface of Strepto-
coccus gordonii. E7 is an oncoprotein (1, 3, 15, 37), antibod-
ies to which are found in patients with cervical cancer (13);
it is considered a major candidate antigen for vaccines
against HPV-induced malignant neoplasias (19). Its use in
this construct emphasizes the ability to deliver a molecule
far removed from a bacterial protein to the bacterial cell
surface.

S. gordonii Challis, formerly classified as Streptococcus
sanguis (16), was isolated from the human oral cavity and
found to be naturally competent for genetic transformation
(23). This strain, in which DNA can be efficiently introduced
(17, 28, 30), was chosen as a model host for these experi-
ments. Our approach to genetic manipulation of streptococci
is based on the integration of recombinant DNA molecules
into the bacterial chromosome, for both transformable and
nontransformable species (22, 27, 29, 32). To obtain surface
expression of heterologous antigens in streptococci, we
developed a host-vector system that allows the construction,
chromosomal integration, and expression of translational
fusions with the M6 protein gene (emm-6.1) (10).

MATERIALS AND METHODS

Recombinant DNA techniques. Gene fusions in Escherichia
coli vectors were obtained and controlled by standard pro-
cedures (18).

Streptococcal transformation. Frozen cells of naturally
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competent S. gordonii Challis were prepared and trans-
formed as already described in detail (28). Plating and
scoring of transformants on multilayered plates were also
done as previously described (30); erythromycin was added
at 5 ug/ml to the overlay.

Genetic analysis of transformants. Transformants were
streaked on the surfaces of three blood agar plates by
toothpick transfer of colonies from the selection plate. The
first plate contained erythromycin (5 pg/ml), the second
contained chloramphenicol (5 pg/ml), and the third con-
tained no drugs. The plates were incubated for 36 h at 37°C.
After incubation, a nitrocellulose membrane was applied to
the surface of the plate that contained no drugs and kept
there for 20 min at room temperature. The membrane was
then incubated for 30 min at 37°C and for 15 min at 80°C in
a vacuum oven. The presence of E7 protein bound to the
nitrocellulose was detected as already described (6) with
anti-E7 polyclonal antibodies (1:5,000 dilution) obtained
from rabbits immunized with an MS2-E7 fusion protein
produced in E. coli (36).

Immunofluorescence. Bacteria grown in Todd-Hewitt
broth (Difco) were harvested in the late exponential phase,
applied to a clean glass slide, air dried, and fixed with
methanol. The dried bacterial spot was flooded with 50 pl of
M6- or E7-specific antibodies (1:50 dilution) and incubated
for 30 min in a moist chamber. After being washed, the
bacteria were reacted with goat anti-rabbit (or anti-mouse)
immunoglobulin G antiserum (1:100 dilution) conjugated
with rhodamine (Cappel) and were reincubated for 30 min.
The washed and dried slides were observed and photo-
graphed with a Con-focal fluorescence imaging system
MRC-500 Bio-Rad microscope.

Western blot (immunoblot) analysis of cell extracts. Strep-
tococci were grown to the late stationary phase in Todd-
Hewitt broth. Cells were harvested and resuspended in 50
mM Tris (pH 8.0)-50 mM MgCl,-30% sucrose. Protoplasts
were obtained by treating the cell suspension with lysozyme
(100 pg/ml) for 30 min at 0°C. Protoplasts were then centri-
fuged and resuspended in 50 mM Tris (pH 8.0). Thorough
lysis was achieved by five cycles of quick freezing and
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FIG. 1. Expression of the E7 protein of HPV16 in S. gordonii. (A) Host-vector system for heterologous gene expression. In the
chromosome of host strain S. gordonii GP232, a copy of the M6 protein gene (emm-6.1) (10), promoterless but with its own ribosome binding
site, is integrated downstream of a strong chromosomal promoter (P). Adjacent to emm-6.1 is ermC (11), whose coding sequence is interrupted
by insertion in its B¢/ site of the 1.8-kb Mbol fragment of pC221 containing a cat gene (38). GP232 expresses M6 on its surface and is resistant
to chloramphenicol and sensitive to erythromycin; it was obtained by use of transformation to integrate heterologous DNA into the
streptococcal chromosome. The structure (depicted here) and the size (5.2 kb) of the heterologous DNA integrated into the chromosome of
GP232 were determined by Southern blot analysis (data not shown). Integration vector pVMB20 is a 6.3-kb E. coli plasmid that does not
replicate in Streptococcus strains. It was obtained by subcloning in pPBLUESCRIPT (Stratagene, La Jolla, Calif.) a 3.4-kb Clal fragment of
plasmid pVMB3 (31) containing emm-6.1 and ermC. This is the same Clal fragment that is integrated into the chromosome of GP232, the only
difference being that in GP232 ermC is interrupted by cat. When pVMB20 is used as donor DNA in the transformation of competent cells of
S. gordonii GP232, erythromycin-resistant transformants are obtained by recombination between the integration vector and the homologous
chromosomal sequences. The DNA fragment containing the cat gene is deleted in the chromosome of these transformants, whereas an intact
ermC gene is restored. (B) Chromosomal integration of the M6-E7 translational fusion. The E7 protein gene of HPV16 (33) was cloned into
the emm-6.1 sequence of pYMB20 to yield pVMB21. pVMB20 was digested with Kpnl and HindIII and ligated with a Kpnl-HindIII segment
containing the E7 sequences obtained by in vitro DNA amplification (polymerase chain reaction) performed on plasmid pMBS21L/E7 (36).
Amplification primers were designed to obtain in-frame insertion of the 294 bp encoding E7 into emm-6.1. Nucleotide sequence analysis of
pVMB?21 confirmed the expected structure of the M6-E7 translational fusion (data not shown). pVMB21 was linearized and used to transform
GP232. E7 was found to be expressed in 6% of the erythromycin-resistant transformants. In these transformants, integration of the pYMB21
sequences produced a deletion involving the cat gene. The structure of GP246, a representative transformant, was confirmed by Southern blot
analysis. The nucleotide sequence of the junction fragments of the M6-E7 gene fusion present on the chromosome of GP246 was also
determined after cloning in pPBLUESCRIPT of the Clal fragment containing the M6-E7 gene fusion (data not shown).
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thawing of the suspension. Unlysed cells and gross debris
were discarded by low-speed centrifugation (1,000 x g) for
15 min, whereas the supernatant, containing membranes and
cytoplasm, was used for Western blot analysis. Extracts
obtained from about 5 x 108 streptococcal cells were pro-
cessed in this way, and Western blotting was performed as
already described (6).

Immunization of mice. BALB/c mice were immunized
subcutaneously with 5 x 108 live GP246 streptococcal cells
(5 x 107 CFU) emulsified in complete Freund’s adjuvant.
Two and 3 weeks after the primary immunization, animals
were given subcutaneous boosters of the same bacterial dose
emulsified in incomplete Freund’s adjuvant. Animals were
bled 7 days after the last boost.

RESULTS

Host-vector system. In a previous study, we constructed
strains of S. gordonii Challis in which a promoterless emm-
6.1 gene was integrated into the chromosome downstream of
a strong promoter (31). A strain that expressed large quan-
tities of surface M6 protein was selected and used to create
strain GP232, the recipient host for transformation experi-
ments. Integration vector pVMB20 was constructed to allow
the insertion of heterologous DNA sequences into the emm-
6.1 gene present on the chromosome of GP232. pVMB20 is
an E. coli plasmid that does not replicate in Streptococcus
strains and carries emm-6.1 and the erythromycin resistance
marker ermC (11). Host-vector system GP232-pVMB20 is
described in detail in Fig. 1A.

MG6-E7 gene fusion. Insertion vector pVMB20 was used to
construct a translational fusion between emm-6.1 and the E7
protein gene of HPV16. The coding sequence of emm-6.1,
between sites Kpnl and HindIII (538 bp), was substituted for
by 294 bp encoding E7. The region of the M6 protein that
was excised resulted in the placement of the E7 molecule at
the cell surface (24), with a 122-amino-acid segment of the
M6 N terminus fused to the N terminus of E7. The construct
was made in E. coli, and the recombinant plasmid was
linearized and used to transform S. gordonii GP232. Trans-
formants selected for erythromycin resistance were also
sensitive to chloramphenicol, and genetic analysis revealed
that 6.0% of these also expressed E7. A representative
E7-positive transformant was named GP246 and further
characterized. Southern blotting and nucleotide sequence
analysis of GP246 (data not shown) confirmed the expected
structure of the recombinant DNA integrated into the strep-
tococcal chromosome; the E7 coding sequence replaced the
538-bp Kpnl-HindIII fragment of emm-6.1, and the 1.8-kb
fragment containing cat was deleted. As expected from
results previously discussed (27, 29), GP246 proved to be a
stable recombinant; the two phenotypes (E7 surface expres-
sion and erythromycin resistance) were not lost by the strain
after growth without selection for 50 generations as previ-
ously described (31, 32). The construction and chromosomal
integration of the M6-E7 translational fusion are described in
detail in Fig. 1B.

Surface expression of the E7 protein. Expression of the E7
protein of HPV16 on the surface of S. gordonii GP246 was
verified by immunofluorescence with antibodies specific for
either the M6 protein carrier or the E7 insert. GP246,
containing the M6-E7 gene fusion (Fig. 1B), exhibited posi-
tive fluorescence when reacted with either Mé6-specific or
E7-specific polyclonal antibodies (Fig. 2), confirming the
surface location of the E7 protein and the M6 protein on S.
gordonii. No fluorescence was observed when GP246 was
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FIG. 2. Immunofluorescence of recombinant S. gordonii ex-
pressing the M6 protein (GP232) and the M6-E7 fusion protein
(GP246). (a and b) GP232 and GP246, respectively, treated with an
Mé6-specific rabbit serum. (c and d) GP232 and GP246, respectively,
treated with monoclonal antibody 10A1ll, which reacts with the
portion of M6 deleted in the M6-E7 fusion (14). (e and f) GP232 and
GP246, respectively, treated with an E7-specific rabbit serum (36).
Bar, 5 pm.

reacted with monoclonal antibody 10A11, which is specific
for an epitope of M6 whose coding region was contained in
the Kpnl-HindIII fragment deleted in the construction of the
M6-E7 gene fusion (Fig. 2) (14).

To demonstrate that the E7-expressing recombinant strep-
tococci did in fact produce an M6-E7 fusion protein, we
analyzed S. gordonii cell extracts by Western blotting (Fig.
3). In cell extracts of GP246, the same bands reacted with
E7- and M6-specific antibodies, whereas no E7-specific
reactivity was found in recipient GP232, whose extracts
showed M6-specific reactivity (Fig. 3). It should be noted
that, similar to what has been observed for the M6 protein
produced in E. coli (10), the molecular size estimated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
for the recombinant proteins produced by S. gordonii was
20% larger than that deduced from the DNA sequence (i.e.,
59 kDa compared with 49 kDa for the M6 protein and 54 kDa
compared with 45 kDa for the M6-E7 fusion) (Fig. 3).

Immune response to the fusion protein on the streptococcal
surface. The immunogenicity of the M6-E7 fusion protein
was examined by immunizing mice with recombinant S.
gordonii GP246 expressing the M6-E7 fusion protein. Con-
trol mice were immunized with isogenic strain GP232, which
expresses only the M6 protein. Sera from three animals
immunized with each strain were pooled and tested by
Western blotting for their reactivity with purified E7 protein
produced in Schizosaccharomyces pombe (36). Figure 4
shows that animals immunized with strain GP246 containing
surface M6-E7 produced E7-reactive antibodies, indicating
that the E7 protein is immunogenic when expressed as a
fusion protein on the streptococcal surface. No antibodies to
the E7 protein were seen in the sera of mice immunized with
strain GP232, containing only M6.
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FIG. 3. Western blot analysis of cell extracts of recombinant S.
gordonii. Cell extracts of wild-type S. gordonii GP204 (28) and
derivatives GP232 (expressing the M6 protein) and GP246 (express-
ing the M6-E7 fusion protein) were analyzed for protein content by
Western blotting. Anti-E7 polyclonal antibodies (1:5,000 dilution)
obtained from rabbits immunized with an MS2-E7 fusion protein
produced in E. coli (36) reacted with GP246 cell extracts, yielding a
major band of 54 kDa and two minor bands of 46.5 and 44.5 kDa.
The same three bands also reacted with anti-M6 polyclonal antibod-
ies. As expected, GP232 cell extracts showed M6-specific reactivity,
yielding a major band of 59 kDa and multiple bands of smaller sizes.
The positions of the Rainbow molecular weight standards (Amer-
sham) are indicated on the right (in thousands [K]).

DISCUSSION

Live vectors have been used to deliver antigens to the
immune system to enhance the immune response to the
delivered molecules. In most instances, viruses, such as
vaccinia virus (12, 25), or salmonellae (9, 26) have been
successfully used for this purpose. In these delivery
schemes, the presentation of the foreign antigen is not
defined. For instance, in the vaccinia virus system, the
antigen is a product of the replicating virus in infected
mammalian cells which is randomly produced and delivered
in an imprecise way to the immune system (25). In the
salmonella vector, cloned antigens are either sequestered in
the cytoplasm or translocated into the periplasmic space to
be delivered to the immune system after cell lysis (20). In
some cases, the antigen has been inserted into the E. coli
outer membrane LamB protein (2) or into the salmonella
flagellin (21).

The M protein molecule is an a-helical coiled-coil struc-
ture extending nearly 60 nm from the streptococcal cell
surface. A previous study has identified the surface-exposed
portion of the M protein to extend from the N terminus to
about residue 300 of this 441-residue molecule (24). The
HindIII site (10) used for the construct described in this
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FIG. 4. Western blotting for the detection of E7-specific antibod-
ies in pooled sera from mice immunized with recombinant S.
gordonii. Purified E7 protein produced in S. pombe (36) was
separated by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and electroblotted onto nitrocellulose filters. Filter strips were
blocked with 3% bovine serum albumin, cut, and reacted with the
following sera: (1) positive control, E7-specific polyclonal serum
obtained from rabbits immunized with an MS2-E7 fusion protein
produced in E. coli (1:5,000 dilution); (2) pooled sera from three
mice immunized with S. gordonii GP246, expressing the M6-E7
fusion protein (1:100 dilution); (3) negative control, pooled sera from
three mice immunized with S. gordonii GP232, expressing the M6
protein (1:100 dilution). The locations of antibodies on the nitrocel-
lulose were visualized with peroxidase-conjugated anti-rabbit immu-
noglobulin G or anti-mouse immunoglobulin G serum (Cappel). The
positions of the Rainbow molecular weight standards (Amersham)
are indicated on the right (in thousands [K]).

paper corresponds to residue 302 of the M6 sequence. Thus,
fusion proteins obtained by cloning at this HindIII site would
be predicted to be localized at the cell surface. The M
protein is tightly anchored to the bacterial cell by a process
that is not completely understood (7, 24). An analysis of the
C-terminal regions of surface proteins from gram-positive
bacteria revealed that they all exhibit the common charac-
teristics of a C-terminal charged tail, a hydrophobic mem-
brane-spanning region, and a cell wall-spanning region rich
in proline, glycine, threonine, and serine amino acids (7). All
these proteins also have a nearly 100% conserved hexapep-
tide with the consensus sequence LPSTGE, located about
three residues N-terminal from the hydrophobic region (7).
Collectively, these data suggest that a common mechanism
is used by gram-positive bacteria to attach surface proteins
within the bacterial cell wall.

With this realization, a system was devised by which
proteins may be effectively delivered to the surfaces of
gram-positive bacterial cells. We elected to express the E7
protein of HPV16 because of its distinction from a bacterial
protein and chose to express it on the surface of a commen-
sal gram-positive bacterium, S. gordonii. A segment of the
emm-6.1 gene responsible for encoding most of the surface-
exposed portion of the molecule was excised and replaced
with the E7 gene. The N terminus of the M6 protein,
including the leader sequence through residue 122, was fused
to the N terminus of the E7 protein to both enable the proper
translocation of the fusion molecule and serve as a marker
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for the presence of the M protein, since the remaining
C-terminal portion of the M protein is buried below the cell
wall and is unavailable to antibodies (24). In future con-
structs, we plan to delete the region encoding the mature M
protein N terminus but still retain the information necessary
for proper surface translocation. Immunofluorescence data
clearly show that both the E7 and the M6 proteins are
expressed on the surface of S. gordonii, and immunization
data indicate that the E7 protein is accessible to the immune
system for the production of antibodies able to recognize the
recombinant E7 protein.

Knowledge that the region responsible for surface protein
attachment in gram-positive bacteria is highly conserved (7)
should make it possible to deliver M6-based fusion proteins
to the surfaces of a wide variety of gram-positive bacteria.
Since streptococcal species are part of the normal microflora
colonizing the mucosal surfaces of humans and other ani-
mals, these nonpathogenic streptococci may be used to
express heterologous antigens to stimulate a local immune
response against a variety of viral, bacterial, and parasitic
diseases.
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