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Induction of mucosal immunity may be important for preventing SARS-CoV infections. For safe and effective
delivery of viral antigens to the mucosal immune system, we have developed a novel surface antigen display system
for lactic acid bacteria using the poly-y-glutamic acid synthetase A protein (PgsA) of Bacillus subtilis as an anchoring
matrix. Recombinant fusion proteins comprised of PgsA and the Spike (S) protein segments SA (residues 2 to 114)
and SB (residues 264 to 596) were stably expressed in Lacfobacillus casei. Surface localization of the fusion protein
was verified by cellular fractionation analyses, immunofluorescence microscopy, and flow cytometry. Oral and nasal
inoculations of recombinant L. casei into mice resulted in high levels of serum immunoglobulin G (IgG) and
mucosal IgA, as demonstrated by enzyme-linked immunosorbent assays using S protein peptides. More impor-
tantly, these antibodies exhibited potent neutralizing activities against severe acute respiratory syndrome (SARS)
pseudoviruses. Orally immunized mice mounted a greater neutralizing-antibody response than those immunized
intranasally. Three new neutralizing epitopes were identified on the S protein using a peptide neutralization
interference assay (residues 291 to 308, 520 to 529, and 564 to 581). These results indicate that mucosal immuni-
zation with recombinant L. casei expressing SARS-associated coronavirus S protein on its surface provides an

effective means for eliciting protective immune response against the virus.

Severe acute respiratory syndrome (SARS) recently emerged
as a zoonotic infectious disease with high morbidity and mortal-
ity. The causative agent, SARS-associated coronavirus (SARS-
CoV), belongs to the Coronaviridae, a family of enveloped
viruses containing a single-stranded RNA genome ranging
from 27 to 32 kb in length (22). SARS-CoV is transmitted
through the mucosal surfaces of the upper respiratory or gas-
trointestinal tracts, leading to pneumonia and enteritis in hu-
mans, with a limited occurrence of systemic diseases (14, 18,
19, 27). Recent studies have identified the spike (S) protein as
a major target for vaccine development because of its ability to
induce neutralizing antibodies (8, 10, 31, 33, 36). Several vac-
cine strategies have been examined for the prevention of
SARS infection, including whole inactivated virus, DNA vac-
cine, and recombinant viral vectors based on adenovirus, vac-
cinia virus, and parainfluenza virus (3, 4, 11, 20, 35).

Studies of the development of animal coronavirus vaccines
have demonstrated that systemic humoral or cell-mediated im-
mune responses induced by parenteral administration may not be
enough to prevent infection in mucosal areas (17). The prominent
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role of the mucosa in SARS transmission and infection suggests
that direct mucosal immunization could be an effective strategy
for prophylaxis by induction of systemic and mucosal immune
responses. For mucosal immunization, lactic acid bacteria (LAB)
are more attractive as delivery vehicles than other live-vaccine
vectors (e.g., Shigella, Salmonella, and Listeria) (6, 12, 24, 25)
because LAB are considered safe, they exhibit adjuvant proper-
ties, and they are weakly immunogenic (16, 21, 23, 26, 34). In
addition, extracellularly accessible antigens expressed on the sur-
faces of bacteria are better recognized by the immune system than
those that are intracellular (12).

For surface display of antigens on LAB, we have developed
a novel expression vector using the pgs4 gene product as an
anchoring matrix. PgsA is a transmembrane protein derived
from the poly-y-glutamic acid synthetase complex (the Pgs-
BCA system) of Bacillus subtilis (1, 2). In this study, we de-
scribe the expression of two segments of SARS-CoV S protein
fused to PgsA that are displayed on the surface of Lactobacillus
casei. Intranasal and oral vaccinations of mice with the recom-
binant L. casei elicited systemic and mucosal immune re-
sponses that had potent neutralizing activities against the
SARS pseudovirus. The results of this study suggest a potential
use for our surface expression system against other pathogens
that are transmitted mucosally.

MATERIALS AND METHODS

Bacterial strains, cloning, and construction of surface display plasmids. Esch-
erichia coli IM83 and L. casei BLS-S8 were used. Plasmid pPGS1, harboring the
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pgsBCA genes (GenBank accession no. AB016245) of B. subtilis, was used to
construct a minimal surface expression vector. The published sequence of SARS-
CoV S protein (Tor2 strain; GenBank accession no. AY274119) was used to
chemically synthesize codon-optimized DNA fragments encoding the SA (amino
acids [aa] 2 to 114) and SB (aa 264 to 596) polypeptides. The DNA fragments
were cloned into the pGEM T vector to generate pGT-SA and pGT-SB, respec-
tively.

To generate the surface display vector pHAT:pgsA, which contains pgsA4 under
the control of the high constitutive expression constitutive promoter, the pgsA
gene was PCR amplified from pPGS1 using primers 5'-CAT ATG AAA AAA
GAA CTG AGC-3' and 5'-GGA TCC AGA TTT TAG TTT GTC-3'. The
amplified DNA fragment was cloned into pHCEIIB (TAKARA) to generate
pHCEIIB-pgsA. Subsequently, the fragment containing the HCE promoter, pgsA
gene, multicloning site, and transcriptional terminator (rrnBT1T2) was excised
from pHCEIIB-pgsA and cloned into pAT19 (29) to generate pHAT:pgsA. To
generate constructs fused to the S protein, the SA and SB segments were PCR
amplified from pGT-SA and pGT-SB using primer pairs 5'-CGC GGA TCC
TTT ATT TTC TTA TTA-3' plus 5'-CGG GGT ACC TTA CAC AGA CTG
TGA CTT-3" and 5'-CGC GGA TCC CTC AAG TAT GAT GAA AAT-3' plus
5'-CGG GGT ACC TTA AAC AGC AAC TTC AGA-3', respectively. The
PCR-amplified fragments were inserted into BamHI/Kpnl-digested pHAT:pgsA
to yield pHAT:pgsA-SA and pHAT:pgsA-SB, respectively.

Cell wall fractionation, immunoblotting, flow cytometry, and immunofluores-
cence microscopy. Recombinant L. casei BLS-S8 cells were grown at 30°C, and
cell fractionations and protein extractions were performed as previously de-
scribed (5). For immunodetection of fusion proteins, rabbit anti-PgsA (1:1,000)
or rabbit anti-SARS S (1:1,000; ABGENT, San Diego, CA) polyclonal antibodies
were used. Biotin-conjugated anti-rabbit immunoglobulin G (IgG) was used as a
secondary antibody, which was visualized with avidin-biotin solution (Vector
Laboratories, Burlingame, CA), substrate solution (containing 30 mg diamino-
benzidine, 100 mM Tris-HCl, 4 mM NiCl, pH 7.5), and 30% hydrogen peroxide
(H,0,). For immunofluorescence staining, L. casei BLS-S8 cells were cultured in
MRS broth (Difco) overnight at 30°C. The cell pellets were sequentially incu-
bated with rabbit anti-SARS S polyclonal antibodies (1:1,000), biotin-conjugated
anti-rabbit IgG secondary antibodies (1:1,000; Sigma, St. Louis, MO), and fluo-
rescein-conjugated streptavidin (Vector Laboratories, Burlingame, CA). Finally,
30,000 cells were analyzed with FACSCalibur (Becton Dickinson, Oxnard, CA)
equipped with CellQuest software. For immunofluorescence microscopy, cells
labeled with anti-SARS S polyclonal antibodies and fluorescein isothiocyanate-
conjugated anti-rabbit antibodies were examined using a Carl Zeiss Axioskop 2
fluorescence microscope. Photographs were taken with an Axiocam high-reso-
lution camera.

Immunizations and sample collection. Groups of 12 C57BL/6 mice were
immunized either orally or intranasally with equal mixtures of live L. casei
BLS-S8 that express recombinant SARS proteins from plasmids pHAT:pgsA-SA
and pHAT:pgsA-SB. L. casei BLS-S8 harboring the parental plasmid, pHAT:
pgsA, was used as a negative control. For the oral route, 5 X 10° L. casei BLS-S8
cells in 100 pl suspension were administered daily via intragastric lavage on days
0to 4,7 to 11, 21 to 25, and 49 to 53. For the intranasal route, 2 X 10° L. casei
BLS-S8 cells in 20 pl suspension were administered into the nostrils of lightly
anesthetized mice on days 0 to 2, 7 to 9, 21, and 49. Blood samples were collected
from the tail vein on days 0 (preimmune), 14, 28, 42, 56, 70, and 84. Sera were
prepared from the blood and stored at —20°C until they were analyzed.

To purify IgG from serum samples, a NAb Protein G Spin Purification Kit
(PIERCE) was used according to the manufacturer’s protocol. Briefly, 100 to 200
wl of serum sample was added to a Handee Spin Cup Column containing
ImmunoPure Immobilized Protein G Plus gel slurry. After 30 min of incubation
at room temperature with shaking, the column was washed and IgG was eluted.
The purified IgG was stored at —20°C until it was analyzed. To obtain bron-
choalveolar and intestinal lavage samples, mice were killed on day 70 or 84.
Bronchoalveolar and intestinal lavage fluids were obtained by washing the re-
spective organs three times with 0.5 ml of ice-cold saline containing protease
inhibitors. Samples were centrifuged at 2,500 X g for 20 min at 4°C, and the
supernatants were stored at —20°C until they were analyzed.

ELISA. Enzyme-linked immunosorbent assay (ELISA) plates were coated
overnight at 4°C with 600 ng/well of pooled synthetic peptides (Table 1) in
carbonate buffer (pH 9.6). After the wells were blocked for 1 h at room tem-
perature with 2% bovine serum albumin (Sigma), serially diluted serum samples
were added in duplicate and incubated for 1 h at 37°C. Preimmune sera (1:50
dilution) were used as negative controls. After the plates were washed five times
with phosphate-buffered saline (PBS) containing 0.05% Tween 20, peroxidase-
conjugated rabbit anti-mouse IgG antibody (Sigma) was added to each well
(1:5,000) and incubated for an additional 1 h at 37°C. Following another round
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TABLE 1. SARS spike peptide pool used for antigen coating mixture

Peptide Residues Sequence
SARS-SA/P1 17-36 DRCTTFDDVQAPNYTQHTSS
SARS-SA/P2 33-52 HTSSMRGVYYPDEIFRSDTL
SARS-SA/P3 91-114 ATEKSNVVRGSTMNNKSQSV
SARS-SB/P4 285-302 ELKCSVKSFEIDKGIYQT
SARS-SB/P5 510-529 VCGPKLSTDLIKNQCVNFNF
SARS-SB/P6 550-569 QFGRDVSDFTDSVRDPKTSE

of washing, substrate solution containing tetramethylbenzidine and H,O, was
added. The reaction was allowed to proceed for 30 min at room temperature
before it was terminated by adding stop solution (H,SO,). The optical density
was measured at 450 nm using an ELISA autoreader (Molecular Devices).
ELISA was performed three times for each serum sample. End point titers were
defined as the maximum dilutions giving an 4,5, measurement of 0.1. This cutoff
value represents the mean optical density plus 2 standard deviations of 10 normal
mouse serum samples tested at 1:50 dilution. Statistical comparison was made by
the Mann-Whitney U test.

To determine the isotype profiles of antigen-specific antibodies, an Immuno-
Pure Isotyping Kit I was used according to the manufacturer’s protocol {horse-
radish peroxidase—[2,2'-azinobis(3-ethylbenzthiazolinesulfonic acid)]; Pierce}.
Briefly, the general procedure described above was used, except that subclass-
specific rabbit anti-mouse immunoglobulins (IgG1, IgG2a, IgG2b, IgG3, IgA,
and IgM) were used as secondary antibodies (1:3,000). Subsequently, peroxidase-
conjugated goat anti-rabbit IgG antibody was used (1 h at 37°C). For determining
antigen-specific IgA levels in the mucosa, bronchoalveolar and intestinal lavage
fluids (diluted 1:5 in PBS containing 1% bovine serum albumin) were added to
peptide-coated wells in duplicate. Following 1 h of incubation at 37°C, the plates
were washed with PBS containing 0.05% Tween 20 and IgA was detected using
peroxidase-conjugated goat anti-mouse IgA antibody (Sigma; 1:5,000).

SARS pseudovirus neutralization assay. SARS pseudovirus production, infec-
tion, and neutralization assays were performed as previously described (9).
Briefly, pHCMV-S plasmid encoding SARS-CoV S protein was transfected into
TELCeB6 cells, which constitutively produce Moloney murine leukemia virus
(Mo-MuLV) particles. Lipofectin (Invitrogen; 30 pl) was used to transfect 30 pug
of DNA into cells in a T25 flask. After 3 days, the culture medium was collected
and cell debris was removed by centrifugation. The resulting supernatant was
aliquoted and stored at —80°C. For SARS pseudovirus infection and neutraliza-
tion assays, 100 infectious units of virus was incubated in the presence or in the
absence of antibodies for 1 h at 37°C. Subsequently, antibody-virus mixtures were
added to Vero E6 cells in 96-well plates, and the infection was allowed to
proceed for about 1.5 days. The cells were fixed with 1% formaldehyde and
0.05% glutaraldehyde in PBS. Infected cells were stained for B-galactosidase
activity (5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM
magnesium chloride, and 1 mg/ml X-Gal [5-bromo-4-chloro-3-indolyl-B-p-galac-
topyranoside] in PBS) and quantified.

To identify neutralization epitopes, 45 overlapping peptides derived from the
SARS-CoV S glycoprotein (aa 257 to 598) were used (Table 2). The peptides
were obtained from the NIH Biodefense and Emerging Infections Research
Resources Repository (Bethesda, MD). They ranged in size from 15 to 18 amino
acids, with a 10-amino-acid overlap. The peptides were initially dissolved (5 mM
stock) in PBS containing either 5 or 10% dimethyl sulfoxide. Antibodies were
incubated in the presence or in the absence of peptides (100 uM) for 1 h at 37°C.
Subsequently, 100 infectious units of SARS pseudovirus was added to each
antibody-peptide mixture and incubated for 1 h. The antibody-peptide-pseudovi-
rus mixtures were then added to Vero E6 cells, and infections were monitored as
described above.

RESULTS

Construction of a novel surface display vector and expres-
sion of SARS viral-antigen hybrids on L. casei. We generated
expression vectors encoding PgsA fused to two fragments of
the SARS-CoV S protein, SA and SB, containing amino acid
residues 2 to 114 and 264 to 596, respectively (pHAT:pgsA-SA
and pHAT:pgsA-SB) (Fig. 1A). These sequences include the
B-cell epitopes and the receptor-binding domain (RBD) lo-
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cated at the N terminus of the S protein (33). E. coli harboring
the plasmids was grown overnight at 37°C. The cells were
harvested, and expression of the expected chimeric proteins
was confirmed by immunoblotting using anti-PgsA and anti-
SARS S polyclonal antibodies (data not shown). L. casei cells
were then transformed with the plasmids and cultured at 30°C.
Expression of the PgsA-SA and PgsA-SB fusion proteins was
monitored by immunoblotting whole-cell lysates of serially pas-
saged recombinant L. casei (Fig. 1B, lane 2). Both PgsA-SA
and PgsA-SB were stably expressed through more than 10
serial passages and maintained their predicted molecular
masses (55 kDa and 79 kDa, respectively).

To determine cellular localization of the proteins, mem-
brane and cytoplasmic fractions of L. casei cells were subjected
to Western immunoblotting. As expected, both PgsA-SA and
PgsA-SB fusion proteins were detected in the membrane, but
not the cytoplasmic fraction (Fig. 1B, lanes 4 and 3, respec-
tively). Immunoreactive bands of lower molecular mass were
also detected using anti-PgsA antibodies, but not with anti-
SARS S antibodies (Fig. 1B, lane 4). Although the exact iden-
tities of these bands have not been determined, they are pre-
sumed to be degradation products of chimeric proteins (e.g.,
N-terminal protein fragments that do not contain SA or SB
regions), which might have been generated during the mem-
brane fractionation procedure.

The localization of the fusion S proteins on the surface of L.
casei was further verified by flow cytometry and fluorescence
microscopy (Fig. 1C and D, respectively). Flow cytometry anal-
yses using rabbit anti-PgsA and anti-SARS S polyclonal anti-
bodies showed significant increase of fluorescence in cells har-
boring pHAT:pgsA-SA and pHAT:pgsA-SB compared to that
in control cells harboring the parental pHAT:pgsA plasmid
(Fig. 1C). Analyses by immunofluorescence microscopy also
revealed fluorescence only in the recombinant bacteria harbor-
ing pHAT:pgsA-SA and pHAT:pgsA-SB, but not in control
cells harboring pHAT:pgsA (Fig. 1D). These results showed
that SARS S protein fragments were properly and efficiently
displayed on the cell surface of L. casei using PgsA as a mem-
brane-anchored protein display motif.

Systemic and mucosal immunogenicities of hybrid proteins
expressed on L. casei. C57BL/6 mice were immunized nasally
or orally with L. casei expressing the SA or SB protein frag-
ment on the cell surface. As negative controls, mice were
immunized with isogenic cells harboring the pHAT:pgsA plas-
mid. For oral immunization, the animals were inoculated daily
on days 0 to 4, 7 to 11, 21 to 25, and 49 to 53. A lighter schedule
was employed for nasal immunization (days 0 to 2, 7 to 9, 21,
and 49). Serum samples were collected at 2-week intervals and
analyzed by ELISA using six peptides derived from the SA and
SB fragments of the S protein (Table 1). During the first two
series of immunizations, very low levels of antibodies were
detected (Fig. 2, left). However, high antibody levels were
detected shortly after the third immunization (day 28; P <
0.01). Further increase in antibody titer was observed after the
fourth immunization (day 56). A similar antibody response
pattern was observed for intranasal and oral immunizations. At
the end of immunization, the mean serum IgG titers in both
experimental groups were over 1,000 times higher than those
in the control groups. There were no significant differences in
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FIG. 1. Construction and expression of chimeric S proteins. (A) A schematic diagram of pHAT:pgsA-SA and pHAT:pgsA-SB. (B) Western blot
analyses of PgsA-SA (top) and PgsA-SB (bottom) expression in L. casei using anti-pgsA (left) and anti-SARS S (right) polyclonal antibodies. Lanes
1 and 2 show whole-cell lysates of wild-type (parental vector) and recombinant L. casei, respectively. Lanes 3 and 4 show cytoplasmic and
membrane fractions of recombinant L. casei, respectively. Protein bands of ~55 and 79 kDa, corresponding to the expected sizes of PgsA-SA and
PgsA-SB, respectively, were detected in lanes 2 and 4. (C) Fluorescence-activated cell sorter histograms of wild-type (filled) and recombinant
(open) L. casei cells. The cells were probed with either polyclonal rabbit anti-PgsA (top) or anti-SARS S (middle and bottom) polyclonal
antibodies, followed by biotin-conjugated anti-rabbit IgG antibody and fluorescein isothiocyanate-conjugated streptavidin. (D) Representative
immunofluorescence images of wild-type (control) and recombinant L. casei cells expressing PgsA-SA and PgsA-SB. Bright-field images are shown

on the left.

the antibody titers between the oral- and intranasal-inocula-
tion groups.

To better characterize antibody responses against S protein
fragments, the levels of antigen-specific IgG subclasses (IgG1,
1gG2a, IgG2b, and IgG3) and other antibody isotypes (IgA and
IgM) were assessed by ELISA. Pooled immune sera collected
84 days after the first inoculation were used. Both intranasally
and orally immunized mice developed S protein-specific anti-

bodies that were predominantly I[gG2b, with moderate levels of
IgG2a and IgG1 (Fig. 2, right). The subclass ratio, calculated as
IgG1/(IgG2a + IgG2b), was less than 0.4, indicating a Thi-
type response. The mean titers of these subtypes were signifi-
cantly different from the baseline titers in the control group
(P < 0.01). In contrast, no significant differences were ob-
served for IgA and IgM isotypes.

To assess mucosal immune responses, S protein-specific IgA
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FIG. 2. Systemic anti-SARS S protein response following mucosal
immunization. Groups of 12 mice were immunized orally (open) or
intranasally (closed) with either wild-type (circles) or a mixture of
recombinant (inverted triangles) L. casei. (Left) Kinetics of anti-SARS
S serum IgG response. ELISA was performed in triplicate using
pooled peptides shown in Table 1, and titers are defined as the recip-
rocal of the maximum dilution of sera that yielded an absorbance equal
to that of preimmune samples. Immunization periods are indicated by
bars below the x axis. (Right) Isotype profiles of anti-SARS S serum
antibodies. Serum samples collected on day 84 postimmunization were
used. End point titers were calculated as the reciprocals of serum
dilutions yielding the same optical density as a 1/50 dilution of a pooled
preimmune serum. The data are presented as means * standard de-
viations. Statistical comparisons between groups were made by the
Mann-Whitney U test.

levels in intestinal and bronchoalveolar lavage fluids were de-
termined by ELISA. Fluids collected on days 70 and 84 after
the first inoculation were examined using a mixture of six
peptides as coating antigens (Table 1). Both intranasal and
oral immunizations elicited S protein-specific mucosal IgA re-
sponses at the site of inoculation, as well as the remote muco-
sal site (Fig. 3). Not surprisingly, greater antibody titers were
detected at the locality of immunization. In contrast, only back-
ground levels of antibodies were detected in control animals.

SARS-CoV-neutralizing activity. To determine whether
anti-S protein antibodies exhibited antiviral activity, SARS

IMMUNIZATION WITH SARS SPIKE PROTEIN IN MICE 4083

pseudovirus neutralization assays were performed as we
have previously described (9). This assay uses Mo-MuLV
pseudotyped with the SARS-CoV S glycoprotein. Since Mo-
MuLV encodes B-galactosidase, virus-infected cells can be
quantified after staining them with X-Gal. First, we examined
the neutralizing activity of purified serum IgG. Both intrana-
sally and orally immunized mouse groups mounted potent
SARS pseudovirus-neutralizing activities (Fig. 4A). In con-
trast, no antiviral activity was observed with IgG purified from
control animals. For both immunization routes, the neutraliz-
ing-antibody levels peaked 6 to 8 weeks after the first immu-
nization. No neutralizing activity was observed against control
Mo-MuLVs pseudotyped with vesicular stomatitis virus G gly-
coproteins (data not shown).

Next, the neutralizing activities of anti-SARS IgA in intes-
tinal and bronchoalveolar lavage fluids were determined to
assess mucosal immune responses. Not surprisingly, potent
neutralizing activity was observed in intestinal lavage fluids
from mice immunized orally (Fig. 4B). In contrast, only a low
level of neutralizing activity was detected in bronchoalveolar
lavage fluids. In intranasally immunized mice, a moderate level
of neutralizing activity was observed in bronchoalveolar lavage
fluids. However, very little, if any, was detected in intestinal
lavage fluids. The higher level of neutralizing mucosal IgA
response in mice immunized orally is consistent with greater
neutralizing activity of serum IgG from the same animals (Fig.
4A). Similar to IgA levels determined by peptide ELISA (Fig.
3), greater neutralizing activity was observed at the locality of
immunization. Although S protein-specific IgA was detected in
intestinal lavage fluids of intranasally immunized mice (Fig.
3B), we failed to detect neutralizing activity (Fig. 4B). These
results are not necessarily contradictory; they may simply in-
dicate that the fraction of antibodies that has neutralizing
activity is below the level of detection. This may be further
complicated by a higher background activity for fluids collected
from the intestine than from the lung.

Identification of neutralizing epitopes. Identification of neu-
tralizing epitopes could facilitate not only the development of
an effective vaccine against SARS-CoV, but also our under-
standing of protein structure and function. To identify epitopes
targeted by neutralizing antibodies generated with our recom-
binant L. casei, we employed a peptide neutralization interfer-
ence assay. The principle behind this assay is that peptides
should interfere with neutralizing activity if they are structur-
ally similar to epitopes targeted by neutralizing antibodies. It
should be noted that this assay is capable of identifying linear
epitopes, but not discontinuous or highly conformation-depen-
dent epitopes. Since our recombinant L. casei strains expressed
two segments of the S glycoprotein (amino acids 2 to 114 and
264 to 595) and since the receptor-binding domain has been
shown to reside between amino acids 318 and 510 (36), we
looked for potential neutralization epitopes between amino
acids 264 and 595. Forty-five overlapping peptides between
amino acids 257 and 598 were evaluated (Table 2). To conserve
antibodies, we initially examined the neutralization interfer-
ence activities of four different pools of peptides (mixtures 1 to
4). Each mixture contained 11 peptides, except for mixture 1,
which contained 12. As shown in Fig. 5A, peptide mixtures 1
and 4 strongly inhibited the neutralizing activity of purified
serum IgG, indicating that potential linear neutralization
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FIG. 3. Anti-SARS mucosal IgA antibody responses. Intestinal and bronchoalveolar lavage fluids, harvested from mice sacrificed 70 or 84 days
postimmunization, were analyzed by ELISA in triplicate. Optical densities (OD) of samples from animals immunized orally (A) or intranasally
(B) are shown. Fluids from control animals are shown as black bars. The error bars represent standard deviations.
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FIG. 4. SARS-CoV pseudovirus-neutralizing activity. Purified IgG
from sera (A) and IgA from either intestinal or bronchoalveolar lavage
fluids (B) were evaluated for SARS pseudovirus-neutralizing activities.
Mice immunized either orally or intranasally were sampled at the
indicated number of weeks after the first immunization. Approxi-
mately 100 infectious units of pseudovirus were used. Con., control;
P.C., positive control. The assays were performed in duplicate, and the
graphs are representative of two independent experiments. The error
bars represent standard deviations.

epitopes existed between amino acids 257 and 352 and between
505 and 598. To further delineate neutralizing epitopes, we
evaluated individual peptides within mixture 1 and mixture 4.
As shown in Fig. 5B, four peptides were able to completely
inhibit neutralizing activity (peptides 291 to 308, 512 to 529,
520 to 537, and 564 to 581). Since the peptides 512 to 529 and
520 to 537 overlap, the critical antibody recognition site most
likely resides between 520 and 529. Two other peptides also
exhibited inhibitory effects, albeit less potently (peptides
278 to 295 and 528 to 545). These results indicate that there
are at least three distinct epitopes that are the principal
determinants of neutralizing-antibody responses mounted
against our recombinant L. casei (residues 291 to 308, 520 to
529, and 564 to 581).

DISCUSSION

Mucosal immunization offers a number of advantages over
other routes of antigen delivery, including convenience, cost
effectiveness, and induction of both local and systemic immune
responses (16, 21, 23, 26, 34). The goal is to provide the first
line of defense by effectively eliminating pathogens at the mu-
cosal surface. Surface display of antigens on the bacterial sur-
face has been problematic because large antigens perturb
membrane topology. In addition, true surface exposure of an-
tigens requires a transmembrane anchor that is long enough to
cross the cell wall. The average thickness of the peptidoglycan
layer in the genus Lactobacillus has been reported to be ap-
proximately 15 to 30 nm (30), and at least 100 amino acids are
needed to properly cross the cell wall (13).

In this report, we have described the development of a novel
surface display system using the PgsA protein as the transmem-
brane anchor to present heterologous proteins on L. casei. We
adopted PgsA protein derived from the PgsBCA enzyme com-
plex of B. subtilis isolated from chung-kook-jang (a traditional
Korean soybean paste used as a food additive) because it has
one transmembrane domain near its N terminus (amino acids
~26 to 42) with the bulk of the protein (about 336 amino acids)
located on the outside of the cell membrane (1). The exact
conformation of the protein in the peptidoglycan layer cannot
be easily predicted. Nevertheless, the immunofluorescence and
fluorescence-activated cell sorter data indicated that it was
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administered for oral immunization (5 X 10° versus 2 X 10°
organisms). Secondly, the immunization schedules, which were
optimized for each route, were slightly different. For oral im-
munization, animals were immunized for five consecutive days
during the third and fourth immunization periods (days 21 to
25 and 49 to 53). In contrast, animals were immunized nasally
only once on days 21 and 49. However, these differences in the
immunization regimen do not fully explain the disparity in the
neutralizing-antibody levels, since similar, if not greater, levels
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ExaaadRgnas xd90R33 0 ansd of antibodies were detected using ELISA in intranasally im-
SS CRERSZTES Hga o RSy RS IT munized animals than in those immunized orally (Fig. 2). An
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Peptides alternative explanation could be that the antigens are pro-

FIG. 5. Identification of neutralization epitopes using a peptide
neutralization interference assay. (A) Four different mixtures of over-
lapping peptides derived from S glycoprotein (Table 2) were evaluated
for the ability to interfere with the neutralizing activity of IgG purified
from sera collected 6 to 8 weeks after the first oral immunization.
(B) Neutralization interference by individual peptides contained in
mixtures 1 and 4 using serum IgG. The numbers indicate the amino
acid residues of the S glycoprotein. The assays were performed in
duplicate, and the graphs are representative of two independent ex-
periments. The error bars represent standard deviations.

cessed and/or presented differently to immune cells in the
two mucosal compartments. For example, efficient phagocy-
tosis of recombinant L. casei by alveolar macrophages could
result in presentation of primarily degraded S protein pep-
tides to B cells. Consequently, antibodies that target peptide
fragments, which may exhibit neutralizing activities weaker
than those against intact proteins, would be preferentially
generated.

To date, only four neutralizing epitopes of 20 amino acids

130-150

FIG. 6. Locations of SARS neutralization epitopes identified to date. A proposed three-dimensional model of the S1 domain (aa 17 to 680;
Protein Data Bank identifier, 1Q4Z) was used to plot neutralization epitopes identified by this and previously reported studies. The orientation
of the molecule was arbitrarily chosen for optimal display of the epitopes. The aspartic acid residue at 454 (indicated in red), which has been shown
to be critical for binding to ACE2, is shown as a reference point. Panels A and B show the opposite sides of the protein. The three epitopes
identified in this study are indicated in yellow (520 to 529), purple (564 to 581), and blue (291 to 308).
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or less have been identified for SARS-CoV (548 to 567, 607
to 627, 130 to 150, and 490 to 510) (7-8). These epitopes
were identified by evaluating the immunoreactivities of se-
rially truncated S protein fragments. This methodology,
however, could not be employed in our study because we
were characterizing polyclonal antibodies rather than mono-
clonal antibodies, as in other studies. Consequently, we had
to resort to a more complicated peptide neutralization in-
terference assay. Nevertheless, we were able to identify
three novel epitopes that are principally targeted by neu-
tralizing antibodies induced using our recombinant L. casei
(291 to 308, 520 to 529, and 564 to 581).

Given that we were working with polyclonal antibodies, we
were somewhat surprised by two results. The first surprise was
that none of the epitopes we identified are situated within the
RBD (amino acids 318 to 510) (32). Our results are not due to
experimental artifacts, since only one of four previously iden-
tified neutralization epitopes lies within the proposed RBD
(490 to 510) (7). Although the precise mechanism needs to be
further elucidated, one possible explanation is that neutralizing
antibodies that bind outside of the 318-to-510 fragment may
interfere with one of the post-receptor-binding events of virus
entry (e.g., conformational changes). The second surprise was
that we observed nearly complete inhibition of neutralizing
activity by peptides from three nonoverlapping regions (Fig.
5B). That is, we predicted that if there were only one principal
neutralizing antibody/epitope, then we would identify only one
peptide that would interfere with the neutralizing activity. In
contrast, if there were multiple neutralizing antibodies/
epitopes, then we expected to identify multiple peptides that
would only partially inhibit neutralizing activity; blocking neu-
tralizing antibodies from binding to one epitope should not
prevent the binding of other antibodies that target a different
epitope.

To begin ascertaining the significance of our results, we
examined neutralizing epitopes in the context of a previously
reported three-dimensional model of the S1 domain (28). The
model was constructed based on Clostridium botulinum toxin,
which shows good structural homology to predicted secondary
structures of the S glycoprotein. As shown in Fig. 6, two of the
epitopes we identified (520 to 529 and 564 to 581) are situated
adjacent to each other and lie between two previously identi-
fied epitopes (548 to 567 and 607 to 627). Given the close
proximity between the 520-t0-529 and 564-to-581 epitopes, it is
plausible that a single antibody might be binding to both of
these peptide segments. On the other hand, the 291-to-308
epitope appears to be well separated from the other two. How-
ever, the conformation of amino acid residues 323 to 502 in the
context of this predicted model of the S1 domain is vastly
different from that of a recently solved receptor-binding do-
main of S protein cocrystalized with soluble ACE2 (15). There-
fore, the proposed model of the S1 domain could be largely
inaccurate, and there is still a possibility that the 291-to-308
neutralizing epitope could be positioned close to epitopes 520
to 529 and 564 to 581. Alternatively, two different antibody
molecules might be binding to the 291-to-308 and 520-to-529/
564-t0-581 regions separately. However, their ability to inhibit
infection depends on cooperative interactions between the two
antibodies so that the virus is not neutralized unless both

J. VIROL.

antibodies are bound. Additional studies will be needed to test
these hypotheses.

Considering that SARS-CoV can be transmitted via inhala-
tion or the fecal-oral route, a vaccine that can induce mucosal
immunity might be more protective than those that elicit only
a systemic immune response. In this regard, the results of our
study indicate that recombinant L. casei expressing S protein
antigens may be a promising mucosal vaccine candidate against
SARS-CoV infection. Furthermore, our surface display system
could be used to design vaccines against other pathogens that
are transmitted mucosally (e.g., human immunodeficiency vi-
rus type 1).
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