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The 37-kDa oncofetal antigen (OFA), a tumor immunogen expressed on all mammalian cancers examined
to date, was secreted and anchored to the cell wall of Lactobacillus plantarum using homologous signal peptides
and LPxTG anchors. Orally administered L. plantarum expressing anchored OFA induced a specific immune
response against OFA in mice.

There is increasing interest in using lactic acid bacteria
(LAB) as mucosal delivery vehicles, since these bacteria are
normal inhabitants of the human intestine (23) and may exert
probiotic effects (15, 16). The recent focus on LAB has re-
sulted in several promising delivery strategies for therapeutics,
microbicides, and vaccine antigens (5, 6, 11, 24). As delivery
vectors, lactobacilli constitute an attractive alternative to the
commonly used species Lactococcus lactis because of their
immunostimulatory properties and ability to persist longer at
the mucosal layer (10). The use of antigen-producing lactoba-
cilli for cancer vaccine purposes has so far been limited to E7
and L1 (1, 9, 21), both derived from human papillomavirus
type 16.

The 37-kDa oncofetal antigen (OFA) is a promising cancer
vaccine candidate because it is a universal tumor immunogen
expressed in all mammalian tumors tested so far (8), including
human colon carcinomas (17). In this study, we express, se-
crete, and anchor OFA in the probiotic human saliva isolate
Lactobacillus plantarum WCFS1 (14), using the pSIP system
(22) for protein expression. All constructed OFA plasmids
used in this study are based on pSIP derivatives previously
constructed for secretion of staphylococcal nuclease (Nuc) and
lactobacillal amylase (Amy) by using a variety of signal pep-
tides (SPs) from L. plantarum WCFS1, which are designated by
their gene codes (18, 19). Constructs were first established in
Escherichia coli TOP10 cells and then transformed into L.
plantarum by electroporation, as described previously (3) using
the appropriate antibiotics as selection markers. Fragments
obtained by PCR were first cloned in appropriate TOPO vec-
tors before further handling.

For secretion only, the Nuc- or Amy-encoding genes were
simply exchanged by a fragment encoding the complete OFA
coding sequence with a SalI site and an Acc65I site (Fig. 1).
The OFA sequence (accession no. AAD26866.1) was amplified
from cDNA with primers OFASal (GTCGACTCCGGAGCC
CTTGAC) (SalI site italic) and OFAAcc (GGTACCTCAG

GACCACTCAGTGGT) (Acc65I site italic). The 0.89-kb
OFA fragment was ligated into the SalI-Acc65I-digested
vectors pLp_0297sAmyA, pLp_0373sNuc, pLp_0600AmyA,
pLp_1447sAmyA, and pLp_2940sAmyA (19), yielding the
plasmids pLp_0297sOFA, pLp_0373sOFA, pLp_0600sOFA,
pLp_1447sOFA, and pLp_2940sOFA.

For construction of the anchoring vectors, the ofa gene
was amplified from pLp_0373sOFA with primers OFASal
and OFAMlu (GGTACCTACGCGTGGACCACTCAGTGGT,
containing both MluI and Acc65I sites [italic]) to remove the
stop codon in OFA and to introduce a C-terminal MluI site
(Fig. 1). The resulting fragment was ligated back into SalI-
Acc65I-digested pLp_0373sOFA, yielding the intermediate
plasmid pLp_0373sOFA-I. Three versions of the anchoring
sequences were PCR amplified from the lp_2578 gene on the
L. plantarum chromosome by using the same reverse primer,
2578Hind, with a HindIII restriction site (italic) (AAGCTTTC
AAGCACGACGGCGAT) and three different forward prim-
ers with an MluI restriction site (italic) for amplification of the
long anchor (2578MluI; ACGCGTAGTGTTACGGGTTTAA
CGGC), medium anchor (2578Mlu2; ACGCGTGTCACTGA
ACCAGGAAC), and short anchor (2578Mlu3; ACGCGTA
GCCAACCAGGCAAAC) (see Fig. 1 for details). The
anchor-encoding DNA fragments were inserted into the
pLp_0373sOFA-I vector, using the MluI and HindIII sites,
yielding the plasmids pLp_0373sOFAcwa1, pLp_0373sOFAcwa2,
and pLp_0373sOFAcwa3, respectively. A plasmid encoding
intracellular OFA (with no signal peptide or anchor) was
constructed by amplifying the OFA fragment from
pLp_0373sOFA with the primers OFANde (CATATGTCCGG
AGCCCTTGAC) (NdeI site italic) and OFAAcc and by re-
ligating the resulting fragment into the NdeI-Acc65I-digested
Lp_0373sOFA plasmid, yielding pCytOFA.

The production and localization of proteins in the recombi-
nant L. plantarum strains were analyzed by studying protein
extracts from the supernatant (SN), the cell wall fraction
(CW), and protoplasts (P). Cells were grown until they reached
an optical density at 600 nm (OD600) of �0.3 and induced by
adding 25 ng ml�1 pheromone peptide as previously described
(22). The cells were harvested 4 h after induction and washed
twice with cold Tris-buffered sucrose (pH 7.0, 10 mM MgCl2,
250 mM sucrose). The supernatants were filtered through 0.22-
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�m-pore Millex GP filter units (Millipore, Carrigtwohill, Co.
Cork, Ireland), and 1 mM phenylmethylsulfonyl fluoride
(PMSF) was added. The pH of the supernatants was adjusted
to �7 by addition of NaOH prior to addition of 0.2 mg ml�1

(final concentration) sodium deoxycholate. After incubation
for 30 min on ice, the supernatant proteins were precipitated
by adding ice-cold 100% trichloroacetic acid (TCA) to 16%
(vol/vol) final concentration. After incubation on ice for 20
min, proteins were collected by centrifugation at 16,100 � g for
15 min and washed once with chilled acetone. The protoplasts
and cell wall fractions were prepared from the cell pellets
essentially as described previously (20). Sodium deoxycholate
was added to the cell wall fraction to a final concentration of
0.2 mg ml�1, and the cell wall proteins were precipitated and
washed as described for the supernatant fraction above. For
analysis by Western blotting, precipitated proteins were dried
in a vacuum centrifuge and solubilized in a buffer containing 50
mM dithiothreitol (DTT), 4 M urea, 1.1 M thiourea, 1% ASB-
14, and 1� NuPage loading buffer (Invitrogen, Carlsbad, CA).
The buffer volumes were adjusted such as to have a fixed ratio
between the volume and the OD600 value of the cultures from
which the proteins were extracted. All samples were vortexed
and boiled for 10 min prior to electrophoresis on 10% NuPage

Novex Bis-Tris gels and subsequent immunoblotting using the
iblot system (Invitrogen). Protein detection was performed
with the SNAP i.d. System (Millipore, Billerica, MA), using
anti-laminin R polyclonal antibodies (Santa Cruz Biotechnol-
ogy, Inc., CA) or OFA monoclonal antibodies combined with
horseradish peroxidase (HRP)-conjugated goat anti-rabbit an-
tibody (Bio-Rad) (Fig. 2A and B) or rabbit anti-mouse anti-
body (Dako, Denmark) (Fig. 2C), respectively. Proteins were
visualized with the SuperSignal West Pico chemiluminescent
substrate (Pierce, Rockford, IL). Western analysis of the su-
pernatant fractions of the various L. plantarum transformants
(Fig. 2A) showed correctly processed OFA in two strains (har-
boring pLp_0297sOFA or pLp0373sOFA). The supernatant of
cells harboring pLp_0600sOFA showed two bands, most likely
representing processed and unprocessed OFA. The other two
tested strains (L. plantarum harboring pLp_1447sOFA and
pLp_2940sOFA) did not secrete detectable amounts of OFA,
nor did cells harboring pCytOFA (with no signal peptide).
Western blot analysis of protoplast fractions confirmed that
OFA was produced by all five SP constructs and the pCytOFA
construct (data not shown). Analysis of the secretion efficiency

FIG. 1. Schematic overview of the expression cassette for secretion
and cell wall anchoring of OFA in L. plantarum. The vectors are based
on previously described secretion vectors (19) in which a secretion
cassette is translationally fused to the inducible PsppA promoter. All
parts of the cassette are easily exchangeable using the introduced
linker (L) restriction sites (SalI and MluI), the NdeI site at the trans-
lational fusion point, and the downstream multiple cloning site (MCS)
containing the Acc65I and HindIII sites. The construction of the MluI
linker site and the addition of a cell wall anchor (CWA) sequence are
new in this study (see text). The primary sequence of Lp_2578 shows
a signal peptide cleavage site (arrow), an LPxTG motif (gray box; the
actual consensus sequence in L. plantarum is LPQTxE) (9, 14), and a
proline-rich motif (underlined as predicted by MotifScan; http://myhits
.isb-sib.ch/cgi-bin/motif_scan) running from amino acids (aa) 51 to 194
counted in the upstream direction from the LPxTG motif that may
be adapted to a location inside the peptidoglycan layer (13).
pLp_0373sOFAcwa1 encodes the longest anchor (644 aa), in which
almost the entire mature Lp_2578 protein was fused to the C terminus
of OFA using a serine (boldface S) close to the N terminus of mature
Lp_2578). pLp_0373sOFAcwa2 encodes the medium-length anchor
(194 aa), the fusion point being at a proline (boldface, underlined P).
pLp_0373sOFAcwa3 encodes the shortest anchor (128 aa), the fusion
point being a serine (boldface, underlined S).

FIG. 2. Western analysis of secretion and anchoring of OFA in L
plantarum. (A) Supernatant fractions from L. plantarum harboring
various secretion vectors. The plasmid present in each L. plantarum
strain is indicated above the wells; the lane marked “OFA-His” con-
tains 240 ng purified hexahistidine-tagged OFA. Negative controls
were supernatants from L. plantarum harboring pLp_0373sNuc (19)
and pCytOFA (OFA without signal peptide). (B) Analysis of secretion
efficiency in L. plantarum harboring pLp_0373sOFA. (P and SN indi-
cate the protoplast and the supernatant fraction, respectively.) All
samples in panels A and B represent the same amount of culture,
except for sample P in panel B, which was diluted 20-fold relative to
the other samples. (C) The blot shows purified His-tagged OFA (60
ng) and the cell wall (CW) and supernatant (SN) fractions from L.
plantarum harboring the three OFA anchoring vectors, as indicated
above the wells. The cell wall fraction from L. plantarum harboring
pCytOFA (OFA with no signal peptide) was used as a negative control.
The arrows indicate the expected sizes of the cell-wall-anchored OFA.
All samples in panel C came from the same blot, and all samples
represent equivalent amounts of cells.
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of the L. plantarum strain harboring pLp_0373sOFA (Fig. 2B)
showed that even in this well-secreting strain, the majority of
the produced protein is not processed and secreted. Figure 2C
shows that all three anchors led to retention of OFA in the cell
wall fraction. OFA was also observed in the supernatant frac-
tions from L. plantarum strains harboring the constructs for
OFA anchoring. Finding heterologously expressed proteins
destined for the cell wall in the supernatant fraction is not
unusual (7, 12). The samples with purified OFA and the cell
wall fractions for the two strains with the shorter anchors show
high-molecular-weight bands, dominated by a band of approx-
imately twice the expected size of OFA. This suggests some
degree of di- and oligomerization, which would be in accor-
dance with the OFA protein’s known natural tendency to
dimerize (4). The supernatant fractions show some lower-mo-
lecular-weight bands, in particular for pLp_0373sOFAcwa2,
indicating the occurrence of proteolytic degradation.

For detection of an OFA immune response, inbred female 7-
to 8-week-old BALB/c mice were purchased from Taconic
(Bomholt, Denmark). Animal care was in accordance with
national legislation and institutional guidelines, and the exper-
imental protocol was accepted by the local ethical committee.
L. plantarum was grown and induced as described above. Four
hours after induction, the cells were harvested by centrifuga-
tion at 3,500 � g for 10 min at 4°C and washed with cold
phosphate-buffered saline (PBS) buffer. Cell suspensions of L.
plantarum or L. plantarum harboring pLp_0373sOFAcwa2
were placed in ball-tipped syringes for oral gavage inoculation
(1 � 109 bacteria in 500 �l PBS buffer, three times, with 1-week
intervals). Lp_0373sOFAcwa2 was chosen because an anchor
length corresponding to the predicted proline-rich region a
priori seems the most optimal anchor length. Thirty days after
the first immunization, mice were euthanized and sera were
tested for the presence of antibodies against the OFA-express-
ing 4T1 breast cancer cell line (2). In order to visualize a
specific OFA immune response, 4T1 protein extracts (40 �g
per lane) were separated by SDS-PAGE and subsequently
analyzed by Western blotting (Fig. 3). A specific OFA immune
response was demonstrated in mice immunized with L. plan-
tarum expressing the cell-wall-anchored OFA, whereas such a
response did not occur in mice immunized with wild-type L.
plantarum. The character of the IgG response against OFA was
determined by coating a 96-well microtiter plate with hexahis-
tidine-tagged OFA (0.5 �g in 100 �l PBS per well). After being
blocked with 5% fetal calf serum in PBS for 1 h at room
temperature and subsequent washing, the plate was incubated
with serum samples (1/100) from immunized mice. Subsequent
to washing with PBS, either anti-mouse IgG1 or anti-mouse
IgG2a conjugated to alkaline phosphatase (1/1,000; Serotec,
Oxford, United Kingdom) was used to determine the type of
IgG response. After 1 h of incubation at room temperature,
the plate was washed and the immune complexes were de-
tected by adding p-nitrophenyl phosphate as substrate and
reading the OD at 405 nm. Samples were tested in triplicate.
The OD values measured at 405 nm were 2.1 (�0.3) and 0.6
(�0.2) for the IgG1 and IgG2a antibodies, respectively (stan-
dard deviations are shown in parentheses). The generated an-
tibodies were dominated by isotype IgG1, associated with a
humoral immune response.

This study presents, for the first time, bacterial surface dis-

play of OFA and illustrates the potential of using L. plantarum
for mucosal delivery of cancer vaccines. It was shown that L.
plantarum cells expressing cell-wall-anchored OFA were capa-
ble of inducing specific antibodies in mice. Whether the sur-
face-expressed OFA antigen will be sufficient to induce tumor
regression is the subject of ongoing studies in a mouse model.
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