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Mycoplasma hyopneumoniae, the causative agent of porcine enzootic pneumonia, colonizes the respiratory
cilia of affected swine, causing significant economic losses to swine production worldwide. Vaccination is the
most cost-effective strategy for the control and prevention of this disease. The goal of this study was to design
and evaluate a replication-defective recombinant adenovirus, rAdP97c, expressing the C-terminal portion of
P97 adhesin (P97c), an important pathogenesis-associated protein of M. hyopneumoniae, as a new vaccine
candidate against M. hyopneumoniae infection. P97c-specific immune responses were evaluated in BALB/c mice
following intranasal and intramuscular inoculation with rAdP97c. Mice inoculated by both routes of immu-
nization produced significant levels of specific immunoglobulin G (IgG) antibodies in the serum and in
bronchoalveolar lavage fluids (BALs). Animals immunized intranasally also produced a significant level of
P97c-specific IgA in BALs. Intramuscular inoculation of rAdP97c induced a systemic and mucosal Th1-type
biased response, evidenced by the predominance of IgG2a in the serum and BALs, whereas intranasal
inoculation resulted in a mixed Th1/Th2-type response (balanced levels of IgG1 and IgG2a) in both sytemic and
mucosal compartments. P97c-specific antibodies were able to inhibit the growth of M. hyopneumoniae cells in
vitro. These data suggest that rAdP97c vaccine may represent a new strategy for controlling infection by M.
hyopneumoniae.

Mycoplasma hyopneumoniae is the etiological agent of enzo-
otic porcine pneumonia (PEP), one of the most economically
significant diseases in the swine industry worldwide. The dis-
ease is characterized by chronic nonproductive cough, retarded
growth rate, and inefficient food conversion (29). Adherence of
M. hyopneumoniae to the swine respiratory epithelial cells
causes reduction of ciliary activity, ciliostasis, and loss of cilia
(7), predisposing the swine to secondary infections. For exam-
ple, it is now clear that M. hyopneumoniae potentiates and
exacerbates the severity and duration of pneumonia caused by
the porcine reproductive and respiratory syndrome virus (38).
After colonizing, M. hyopneumoniae stimulates numerous
changes, consisting of infiltrates, mononuclear cells (macro-
phages and lymphocytes) around bronchi and bronchioles, se-
cretion of proinflammatory cytokines, and lymphoid hyperpla-
sia of bronchus-associated lymphoid tissue (22, 26, 30).
Traditionally, M. hyopneumoniae infection is controlled by the
use of antibiotics. However, this practice does not prevent
infection, and treatment cost is prohibitive. In addition to the
use of antibiotics and animal management procedures, the
prevention of PEP through vaccination is needed. The com-
monly used vaccines against M. hyopneumoniae are in the form
of inactivated whole cells or bacterins. These vaccines are
efficacious against M. hyopneumoniae challenge (8, 37) but do

not prevent colonization by the pathogen or completely elim-
inate pneumonia (14). In addition, their preparation is very
expensive, because the growth of M. hyopneumoniae in vitro
requires a rich culture medium and is time-consuming (19).

To develop the next generation of M. hyopneumoniae vac-
cines, several research groups are pursuing different strategies,
including subunit vaccines (6, 18) and utilization of bacterial or
plasmid vectors expressing M. hyopneumoniae proteins (4, 5,
32). Some immunodominant antigens of M. hyopneumoniae
have been identified. They include the cytosolic 36-kDa pro-
tein (P36), lipoproteins P65 and Mhp378 (17, 23, 35), and the
P97 protein. The last is identified as a ciliary adhesion mole-
cule on the basis that monoclonal antibodies against P97 in-
hibit adherence of M. hyopneumoniae to swine cilia in vitro
(45). P97 contains two repeat regions, R1 and R2, located in its
C-terminal portion (15). The cilium binding site is located in
R1, and at least seven AAKPV/E repeats are required for
functional binding (15, 24). R2, located downstream of R1, is
involved in attachment of M. hyopneumoniae to the host ex-
tracellular matrix (16). P97 is typically well conserved among
different strains of M. hyopneumoniae, and the lack of cytoad-
hesion of avirulent strains of M. hyopneumoniae is related to
the absence of functional P97 adhesin (41). Therefore, P97
adhesin could represent an attractive target to develop effec-
tive vaccines against M. hyopneumoniae. However, when used
as a recombinant vaccine, P97 did not protect swine from
infection or reduce the severity of lung lesions caused by M.
hyopneumoniae (18). On the other hand, Shimoji et al. (32)
showed that intranasal immunization of pigs with an attenu-
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ated strain of Erysipelothrix rhusiopathiae YS-19 expressing the
C-terminal portion of the P97 protein significantly reduced
lung lesions caused by M. hyopneumoniae, despite the absence
of antigen-specific antibody responses. This finding indicates
that the P97 antigen can be protective if administered in a
manner that increases its immunogenicity.

As M. hyopneumoniae infection is restricted to the swine
respiratory tract, the ideal vaccine would be mucosally admin-
istered and able to stimulate a suitable mucosal immunity,
including specific T helper (Th) response and immunoglobulin
A (IgA), which can prevent the adherence of pathogens to
mucosal cell surfaces (25). Replication-defective recombinant
adenoviruses (rAds) are extensively used as antigen delivery
vehicle vectors (11, 36). They display several attractive fea-
tures, including (i) natural tropism for epithelial cells, (ii) ef-
ficient gene delivery to antigen-presenting cells, and (iii) high
immunogenicity to induce both humoral and cellular immune
responses to the transgene product, in some cases after a single
inoculation (36).

The purpose of the present study was to construct a rAd
expressing the C-terminal portion of M. hyopneumoniae P97
adhesin (rAdP97c) and to characterize the P97c-specific im-
mune response induced in a murine model. Alternative routes
of administration of rAdP97c and their effects on humoral
immunity were evaluated.

MATERIALS AND METHODS

Cells, virus, and plasmids. M. hyopneumoniae strain 25934 was obtained from
the American Type Collection Culture (ATCC) (Manassas, VA). Escherichia coli
DH5 and BL21(DE3)pLysS strains were used for plasmid DNA amplification
and production of recombinant proteins, respectively, and were grown in Luria-
Bertani medium at 37°C. Human embryonic kidney (HEK) 293 cells (ATCC
CRC-1573) were used for the production of rAds, and they were maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented with 10% heat-
inactivated fetal bovine serum and 2 mM L-glutamine at 37°C in a 5% CO2

incubator. The Ad used in this study was a replication-defective E1- and E3-
deleted human serotype 5 (Ad5). The pAdPS-CMV5-Cuo-IRES-GFP (pAd)
plasmid was used as an Ad5 transfer vector for the generation of rAds (28). Both
pAd and Ad5 were obtained from B. Massie, Biotechnology Research Institute,
National Research Council of Canada. The pGEX4T1 plasmid (Amersham
Pharmacia Biotech, Baie d’Urfé, Québec, Canada) was used to express recom-
binant proteins in fusion with glutathione S-transferase (GST).

PCR amplification of the P97c gene and site-directed mutagenesis. Genomic
DNA from M. hyopneumoniae was prepared as previously described (3) and was
used as a template for the amplification of a 1,676-bp fragment (containing the
R1 and R2 regions), which was designated the C-terminal portion of the P97
gene (P97c). The oligonucleotide primers used for amplification were
P97c546EcoRI(F) and P97c1054SalI(R) (Table 1). They were designed from the
previously published sequence of the P97 adhesin gene (GenBank accession no.
U50901). To express the full-length P97c protein in heterologous cells, myco-
plasmal TGA codons (tryptophan) found in the P97c gene were replaced with
the universal TGG (tryptophan) codons by site-directed mutagenesis using the
overlapping extension-PCR method (Fig. 1). Primers each carrying the appro-
priate substitution used for site-directed mutagenesis are listed in Table 1.
Amplification reactions were carried out using Vent DNA polymerase. After

TABLE 1. Oligonucleotide primer sequences

Designationa Nucleotide sequence (5� to 3�)b Descriptionc

P97c546EcoRI(F) TGATGAATTCGGGGCCTTTAAATCCGTGCTTAATTCCT
GGACAGGAAAAATTCAGC

Cloning and SDM

P97c546(R) GTCTAATTTTGCCCAAGGAGCAAAATT SDM
P97c766(F) AATAATTTTGCTCCTTGGGCAAAATTAGAC SDM
P97c766(R) CAACCTCTGTTTTCCAATTTTTACCTTG SDM
P97c1054(F) CAAGGTAAAAATTGGAAAACAGAGGTTG SDM
P97c1054(R) TTGTCGACTTATTTAGATTCTGGTTCCTC Cloning and SDM
pAd97cBglII(F) GGAAGATCTGCCACCATGAATTCGGGGCCTTTAAATCC Cloning
pAd97cBglII(R) GGAAGATCTTTATTTAGATTCTGGTTCCTC Cloning

a The numbers indicate the position of the nucleotide A (in TGA codons) replaced by the nucleotide G during site-directed mutagenesis. F, forward primer; R,
reverse primer.

b The underlined sequences represent EcoRI, SalI, or BglII restrictions sites. GCCACC, Kozak sequence.
c SDM, site-directed mutagenesis.

FIG. 1. (A) Schematic representation of the P97 adhesin gene of M. hyopneumoniae strain 25934 showing the R1 and R2 regions (hatched) and
the positions of TGA codons. (B) Schematic representation of site-directed mutagenesis of TGA codons to TGG codons in the C-terminal portion
of the P97 adhesin gene (P97c). The arrows indicate the orientations of the overlapping primers used. The region of the P97c protein recognized
by MAb 8H4-G6 is indicated (square dot).
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amplification, all products were sequenced to confirm that changes from A to G
occurred at the third position of the targeted codons.

Cloning and purification of recombinant P97c. The mutated P97c gene was
digested with EcoRI and SalI and cloned into the pGEX4T1 plasmid. The
resulting pGEX/P97c vector was transformed into E. coli BL21(DE3)pLysS. An
overnight culture was diluted in 1 liter of LB medium supplemented with 100
�g/ml ampicillin and incubated at 37°C until late log phase (the A600 reached 0.6
to 0.8). Protein expression was induced by the addition of isopropyl-�-D-thioga-
lactopyranoside to a final concentration of 1 mM for 3 h. Cells were harvested
and resuspended in ice-cold 0.1 M phosphate-buffered saline (PBS) (pH 7.4)
containing 1 mM phenylmethylsulfonyl fluoride, 1 mg/ml lysozyme, and protease
inhibitors. The cells were sonicated, and 1% Triton X-100 was added, followed
by a 30-min incubation period at room temperature (RT). The GST-P97c protein
was purified by affinity chromatography on glutathione-Sepharose 4B beads
(Amersham Pharmacia) and either eluted with reduced glutathione (20 mM
glutathione, 50 mM Tris-HCl [pH 8.0], 120 mM NaCl) or directly cleaved for
16 h at RT with 20 units of thrombin protease. The recombinant P97c protein
(rP97c) was then dialyzed against PBS and decontaminated using a Detoxi-Gel
endotoxin-removing column (Pierce, Rockford, IL). The protein concentration
was determined using a Bio-Rad protein assay in conjunction with a bovine
serum albumin standard curve (Bio-Rad, Mississauga, Ontario, Canada). The
rP97c protein was identified by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and confirmed by Western blot analysis with mouse
monoclonal anti-P97c antibody (MAb 8H4-G6). This MAb was previously pro-
duced in our laboratory by intraperitoneally immunizing BALB/c mice with the
recombinant GST-P97c fusion protein (unpublished data).

Construction of replication-defective rAds. The mutated P97c gene was ream-
plified by PCR from the pGEX/P97c plasmid using the forward primer
pAd97cBglII(F) (including a GCCACC Kozak consensus sequence and an ATG
initiation codon) and the reverse primer pAd97cBglII(R). After digestion with
BglII, the PCR product (1,676 bp) was inserted between the BglII and BamHI
sites of the pAd plasmid under the control of the constitutive cytomegalovirus
immediate-early promoter/enhancer, yielding the pAdP97c plasmid. The pAd
vector was digested with BglII and BamHI to remove the gene encoding green
fluorescent protein (GFP), in order to screen the positive clones by immunoflu-
orescence analysis. rAd5 carrying P97c (rAdP97c) was generated using the trans-
fection/infection method (10). pAdP97c was linearized by PacI digestion and
transferred into HEK 293 cells using polyethylenimine as a transfection reagent
(Polysciences Inc.). The next day, cells were infected with Ad5 at various mul-
tiplicities of infection and incubated for 4 days to maximize homologous recom-
bination. The cells were lysed by freeze/thaw cycles, and supernatant was used to
reinfect fresh HEK 293 cells for 6 h. After being overlaid with 1.25% agarose
SeaPlaque-Dulbecco’s modified Eagle’s medium mixture, the cells were incu-
bated until lysis plaques formed. The viral plaques were screened for P97c
expression by immunofluorescence and Western blotting. One positive clone was
plaque purified and amplified on HEK 293 cells. After freeze/thaw cycles,
rAdP97c was purified by double cesium chloride centrifugation and dialyzed
against PBS. The rAd5 expressing GFP (rAdGFP) was constructed in the same
way. Viruses were titered by the 50% tissue culture infectious dose (TCID50)
method (27) and stored at �80°C.

Immunofluorescence analysis. Indirect immunofluorescence assays were per-
formed on HEK 293 cells seeded in 24-well plates and transfected with 2 �g of
pAdP97c or infected with rAdP97c (multiplicity of infection, 100:1). Mock-
infected cells were used as negative controls. After 48 h of incubation, the cells
were washed with PBS-0.1% Tween 20 (PBST) and fixed with cold acetone-
methanol (1:1). The plates were incubated with MAb 8H4-G6 for 1 h at 37°C.
After the plates were washed, bound MAb was detected with fluorescein iso-
thiocyanate-conjugated goat anti-mouse IgG (Sigma-Aldrich, Oakville, Ontario,
Canada) and visualized by fluorescence microscopy (Leica; Leitz, Wetzlar, Ger-
many).

SDS-PAGE and Western blot analysis. To determine the expression of rP97c
in E. coli, proteins from transformed cells were subjected to 12% SDS-PAGE
under reducing conditions and then visualized by Coomassie blue staining or
transferred to nitrocellulose membranes (Bio-Rad). Cells transformed by
pGEX-4T1 served as negative controls. To check for P97c expression in eukary-
otic cells, HEK 293 cells were seeded in 60-mm dishes and transfected with
pAdP97c or infected with rAdP97c as described above. Cells transfected with
pAd or infected with rAdGFP or mock-infected cells were used as negative
controls. The cells were lysed in a buffer containing 150 mM NaCl, 10 mM Tris
[pH 7.8], 1% Triton X, 1% sodium deoxycholate, 0.1% SDS, and complete
protease inhibitors. Cell lysates were separated on 12% SDS-PAGE and blotted
onto a nitrocellulose membrane. For Western blot analysis, the membrane was
blocked overnight at 4°C in 5% nonfat milk in PBST and then probed with MAb

8H4-G6 for 1 h at RT. After being washed with PBST, the membrane was treated
with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Sigma).
Immunoreactive protein bands were detected with 0.005% (wt/vol) 4-chloro-1-
naphthol-0.015% (vol/vol) hydrogen peroxide in PBS.

Mice and immunization experiments. Female BALB/c mice aged 7 to 8 weeks
were obtained from Charles River Breeding Laboratory (Montreal, Quebec,
Canada) and maintained under specific-pathogen-free conditions at the Exper-
imental Biology Center of the Armand-Frappier Institute (Laval, Quebec, Can-
ada). Immunization experiments were performed according to the Institutional
Animal Care and Use Committee guidelines. Mice (n � 5 per group) were
immunized either intranasally (i.n.) or intramuscularly (i.m.) with rAdP97c or
rAdGFP (as a negative control). For i.n. immunization, mice were anesthetized
with isofluorane and inoculated with 20 �l in each nare using a Finn pipette for
a total of 5 � 107 TCID50 in PBS. For i.m. inoculation, a total volume of 100 �l
of viruses (5 � 107 TCID50) was injected into each quadriceps (50 �l/quadriceps)
using a 25-gauge needle. The mice received a booster at day 30 with the same
dose. The mice were bled at days 14, 30, and 60 postinfection (p.i.). At day 60,
the mice were sacrificed, and bronchoalveolar lavages were performed by infu-
sion of 0.5 ml of PBS-5 mM EDTA into the lungs, using a 0.58-nm polyethylene
catheter. Bronchoalveolar lavage fluids (BALs) were then filtered through a
sterile 100-�m membrane to remove mucus and cell debris. Sera and BALs were
heat inactivated at 56°C for 30 min, pooled by immunization group, and stored
at �80°C until they were used.

Detection of P97c-specific antibodies. P97c-specific antibody responses in im-
munized mice were assayed by Western blotting and enzyme-linked immunosor-
bent assay (ELISA). For Western blot analysis, rP97c was submitted to SDS-
PAGE and transferred to a nitrocellulose membrane. The membrane was
blocked overnight at 4°C in 5% nonfat milk-PBST and cut into strips. Individual
strips were probed with sera (diluted 1:200 in PBST) from rAdP97c-immunized
mice. P97c-specific antibodies were detected with HRP-conjugated goat anti-
mouse IgG and visualized as described above. Preimmune serum and sera from
rAdGFP-immunized mice were used as negative controls. Levels of P97c-specific
IgA and IgG were determined by indirect ELISA. Ninety-six-well plates (ICN
Biomedicals) were coated with rP97c (0.5 �g/well, diluted in PBS). After over-
night incubation at 4°C, the plates were washed three times with PBST and
blocked for 2 h at RT with 100 �l of PBST plus 2% bovine serum albumin. The
wells were washed, and 100 �l of sera (1:200 dilution in PBST) or BALs (1:50
dilution) was added to each well. Each sample was assayed in duplicate. The
plates were incubated for 2 h at 37°C and then washed, and detection of bound
immunoglobulins was performed by adding 100 �l of HRP-conjugated anti-
mouse IgG (1:2,000) or IgA (1:1,000) (Sigma). After incubation for 1 h, the
plates were washed four times, and 100 �l of 3,3�-5,5�-tetramethyl benzedine
substrate (Sigma) was added to each well. The reaction was stopped by adding 30
�l of 2N HCl per well, and optical densities were read at 405 nm (OD405) with
a spectrophotometer plate reader (Bio-Tek Instruments). In another set of
experiments, P97c-specific IgG isotype responses were assayed using HRP-con-
jugated anti-mouse IgG1, IgG2a, IgG2b, or IgG3 as a secondary antibody
(Boehringer Mannheim).

Growth inhibition assay. M. hyopneumoniae cells were grown at 37°C for 3
days in Friis medium (12) supplemented with 20% (vol/vol) porcine serum, 5%
yeast extract, 0.15 mg/ml bacitracin, 0.08 mg/ml thallium acetate. Cells were
harvested by centrifugation at 20,000 � g for 25 min and resuspended in growth
medium. Mycoplasma cells (approximately 1 � 104 color-changing units/100 �l)
were seeded in triplicate in 96-well plates in the presence of sera or BALs (100-�l
serial dilutions in PBS). Phenol red (40 �g/ml) was added to increase the
sensitivity of the assay. Cells incubated with sera or BALs from mice immunized
with rAdGFP or with medium without antibodies were used as negative controls.
The change in color-changing units with phenol red as the indicator at OD560 was
measured as an estimate of the growth of mycoplasmal cells (5).

Statistical analysis. Statistical differences were determined by using a two-
tailed Student t test. Data are expressed as the means � the standard deviations
of the means. A P value of 	0.05 was considered significant.

Nucleotide sequence accession number. The GenBank accession number for
the C-terminal portion of the P97 gene (P97c) is AY512905.

RESULTS

Construction of a rAd expressing P97c. In order to ensure
full-length expression of P97c in heterologous cells, the TGA
codons (which encode a tryptophan rather than a translation
stop in mycoplasmas) within the DNA sequence of P97c were
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converted to TGG codons by site-directed mutagenesis (Fig.
1). The mutated P97c gene was cloned into the pGEX-4T1
plasmid and expressed as a fusion protein with GST in E. coli.
The expected mass of the P97c protein is 61 kDa. After puri-
fication, the SDS-PAGE analysis revealed a prominent band of
87 kDa corresponding to the GST-P97c fusion protein (Fig.
2A, lane 4). After thrombin cleavage, the expected protein
band of 61 kDa was observed, as well as two other bands of
approximately 26 and 35 kDa (Fig. 2A, lane 5). Western blot-
ting using an anti-P97c MAb (MAb 8H4-G6) revealed the
expected 61-kDa band, together with the product of 26 kDa,
but not 36 kDa (Fig. 2B, lane 5). No immunoreactive bands
were detected with controls (Fig. 2B, lanes 1 and 3). These
results suggest that the epitope recognized by this MAb is
located in the 26-kDa polypeptide, as indicated in Fig. 1. A
previous study reported that the P97 cilium adhesin is cleaved
at multiple sites during its expression in host cells, generating
a family of peptides (9).

Next, the mutated P97c gene was subcloned into the Ad5
transfer vector. The resulting plasmid (pAdP97c) was used to
generate rAd5 carrying the P97c gene (rAdP97c) by homolo-
gous recombination in HEK 293 cells. To assess whether P97c
protein could be expressed in mammalian cells, cells were
transfected with pAdP97c or infected with rAdP97c. Indirect
immunofluorescence analysis performed with MAb 8H4-G6
demonstrated that the protein was expressed by both con-
structs. A strong immunofluorescence signal was detected in
cells transfected with pAdP97c or infected with rAdP97c (Fig.
3A, a and b). As expected, no fluorescence signal was visible in
mock-infected cells (Fig. 3A, c). The cell lysates were assayed
by Western blotting using the same MAb. A band of 61 kDa,
corresponding to the expected size of P97c, was detected in the
lysates from cells transfected with pAdP97c or infected with
rAdP97c (Fig. 3B, lanes 3 and 5, respectively), but not from
controls (Fig. 3B, lanes 1, 2, and 4). However, the P97c protein
seemed not to be cleaved in HEK 293 cells, since the 26-kDa
product was not detected.

Systemic antibody responses elicited by rAdP97c. The ability
of rAdP97c to stimulate an antibody response to P97c was
determined after i.n. or i.m. immunization of BALB/c mice at

day 0 and boost at day 30. Mice inoculated with rAdGFP were
used as negative controls. First, preimmune serum and sera
collected at days 14, 30, and 60 were analyzed for the presence
of P97c-specific antibodies by Western blotting using the pu-
rified rP97c as the antigen. As expected, P97c-specific antibod-
ies were not detected in the preimmune serum and serum from
mice immunized with rAdGFP (Fig. 4, lanes 1 and 2, respec-
tively). P97c-specific IgG antibodies were detectable in sera of
mice immunized with rAdP97c by either the i.n. or the i.m.
route (Fig. 4, a and b, respectively). Sera collected at days 14,
30, and 60 p.i. immunoreacted with the 61-kDa protein (P97c).
In addition, sera collected at days 30 and 60 also immunore-
acted with the cleaved product of 26 kDa, but not of 35 kDa,
suggesting that the immunogenic epitopes of P97c are located

FIG. 2. Expression of P97c in E. coli. (A) SDS-PAGE detection of IPTG (isopropyl-�-D-thiogalactopyranoside)-induced expression of P97c in
BL21(DE3)pLys. The pGEX/P9c plasmid was transformed into the BL21(DE3)pLys strain of E. coli and induced by 1 mM IPTG for 3 h at 37°C.
Proteins were separated on 12% SDS-PAGE, followed by Coomassie blue staining. (B) Western blot analysis using an anti-P97c MAb (MAb
8H4-G6). Lane 1, E. coli transformed with pGEX-4T1; lane 2, E. coli transformed with pGEX/P97c; lane 3, purified GST protein; lane 4, purified
GST-P97c protein; lane 5, purified P97c protein after thrombin cleavage. M, molecular mass marker (in kDa).

FIG. 3. Expression of the P97c gene in 293 cells. (A) Indirect im-
munofluorescence analysis. HEK 293 cells were transfected with
pAdP97c (a), infected with rAdP97c (b), or mock infected (c) and
probed with an anti-P97c MAb (MAb 8H4-G6). (B) Western blot
analysis. Proteins were separated on 12% SDS-PAGE, transferred
onto nitrocellulose membranes, and probed with MAb 8H4-G6. Lane
1, mock-infected cells; lane 2, cells transfected with original transfer
vector; lane 3, cells transfected with pAdP97c; lane 4, cells infected
with rAdGFP; lane 5, cells infected with rAdP97c. The arrow indicates
the expected mass of the P97c protein.
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in the 26-kDa fragment (containing the R1 region), as indi-
cated in Fig. 1.

Levels of P97c-specific antibodies induced by rAdP97c were
further determined by indirect ELISA. As shown in Table 2,
mice immunized (i.n. and i.m.) with rAdP97c produced signif-
icant levels of specific IgG as early as day 14 p.i. compared with
the control groups (P 	 0.05). There was no considerable
difference between the i.n. and i.m. routes for the induction of
specific antibodies at days 14 and 30. In contrast, we found that
at day 60, the P97c-specific IgG level was two times higher in
i.m.-inoculated animals than i.n.-immunized mice.

Mucosal antibody responses elicited by rAdP97c. To deter-
mine levels of mucosal IgG and IgA responses against P97c
induced in mice following immunization with rAdP97c, BALs
were collected at day 60 p.i. and examined by indirect ELISA
(Table 1). Significant levels of P97c-specific IgG were detected
in BALs of mice inoculated with rAdP97c by the i.n. and i.m.
routes (P 	 0.05). There was no considerable difference be-
tween the routes for the induction of local IgG. Immunization
using the i.m. route did not induce P97c-specific IgA in BALs.
In contrast, mice immunized i.n. gave a significant IgA re-
sponse. This result indicates that P97c-specific IgA antibodies

detected in BALs were locally produced in the respiratory
tract.

P97c-specific IgG isotypes. The P97c-specific IgG isotypes in
sera and BALs were measured at day 60 p.i. in order to deter-
mine which Th subset responses were elicited. In mice, IgG1 is
indicative of a Th2-type response, whereas IgG2a is predomi-
nantly produced during a Th1-type response (34). In sera of
mice immunized with rAdP97c i.n. and i.m., IgG1 and IgG2a
were significantly detected (P 	 0.05); levels of IgG2b and
IgG3 did not rise significantly above those of negative controls
(Fig. 5A). Mice immunized i.m. produced more IgG2a than
IgG1 (IgG2a/IgG1 ratio � 4), whereas those immunized i.n.
had approximately equal levels of IgG2a and IgG1, with a ratio
of 1.4. Analysis of P97c-specific IgG isotypes in BALs also
revealed that IgG1 and IgG2a were predominantly induced

FIG. 4. Western blot analysis for P97c-specific antibody responses.
The recombinant P97c protein was submitted to 12% SDS-PAGE and
transferred onto a nitrocellulose membrane. Individual strips were
incubated with serum (diluted 1:200). Lane 1, preimmune serum; lane
2, serum from rAdGFP-immunized mice; a and b, sera collected at
days 14, 30, and 60 postimmunization from mice immunized with
rAdP97c via the i.n. or i.m. route, respectively. These sera reacted with
the expected protein corresponding to P97c (61 kDa) and also with the
product of 26 kDa.

TABLE 2. ELISA for P97c-specific antibody responses of BALB/c mice immunized with rAdP97ca

Group

Mean OD405 � SD (P)

Serum BAL

IgG on:
IgA on day 60 IgG on day 60 IgA on day 60

Day 14 Day 30 Day 60

rAdGFP i.n. 0.068 � 0.003 0.071 � 0.0049 0.066 � 0.0063 0.075 � 0.009 0.087 � 0.009 0.071 � 0.002
rAdGFP i.m. 0.065 � 0.002 0.071 � 0.0063 0.058 � 0.0014 0.058 � 0.0014 0.081 � 0.015 0.067 � 0.001
rAdP97c i.n. 0.249 � 0.003 (0.008)* 0.36 � 0.029 (0.026)* 0.668 � 0.046 (0.019)* 0.106 � 0.018 (0.054) 0.781 � 0.028 (0.012)* 0.378 � 0.037 (0.029)*
rAdP97c i.m. 0.231 � 0.005 (0.004)* 0.487 � 0.022 (0.0084)* 1.138 � 0.108 (0.0229)* 0.106 � 0.018 (0.054) 0.587 � 0.012 (0.01)* 0.096 � 0.022 (0.154)

a Groups of five mice were immunized with rAdP9c or rAdGFP (negative control) by the i.n. or i.m. route. Samples were collected at days 14, 30, and 60 and pooled
by group. Sera were diluted 1:200 and BALs 1:50 and then analyzed for P97c-specific antibodies by ELISA in duplicate. *, significant difference (P 	 0.05) compared
with rAdGFP groups.

FIG. 5. Specific IgG isotype responses in mice immunized with
rAd97c. Mice (five per group) were immunized with rAdP97c or with
rAdGFP (negative control). Pools of sera (A) and BALs (B) collected
at day 60 p.i. were examined for P97c-specific IgG isotypes by ELISA
in duplicate. The data represent the mean OD405 plus the standard
deviations. *, significant difference (P 	 0.05) compared with negative
controls.

VOL. 14, 2007 IMMUNE RESPONSES OF M. HYOPNEUMONIAE P97 BY ADENOVIRUS 771



(Fig. 5B). Both i.n. and i.m. inoculation of rAdP97c generated
profiles similar to those observed in the sera. These results
suggest that the Th-type response to P97c stimulated in mice
by rAdP97c is modulated by the route of immunization. Im-
munization by the i.m. route seems to favor a Th1-type re-
sponse against P97c, while the i.n. route induces rather a mixed
Th1/Th2-type response in both systemic and mucosal compart-
ments.

Growth inhibition of M. hyopneumoniae. We examined
whether P97c-specific antibodies induced by rAdP97c were
capable of interfering with the growth of M. hyopneumoniae.
The growth of M. hyopneumoniae can be monitored in vitro by
the color and OD change of the indicator (phenol red) in the
growth medium (5, 44). As the mycoplasmal cells grow, the red
color of phenol red gradually turns yellow, resulting in a de-
crease in the OD. We performed growth inhibition assays by
incubation of M. hyopneumoniae cells in the presence of me-
dium without antibodies (as a negative control) or with serial
dilutions of sera or BALs of immunized mice collected at day
60 p.i. The OD decreased from 1.22 (at day zero) to 0.4 (after
3 days of incubation) as M. hyopneumoniae cells grew in the
culture medium without antibodies, indicating cell growth dur-
ing the incubation period (data not shown). In contrast, in the
presence of sera of mice immunized (i.n. and i.m.) with
rAdP97c, the inhibitory effect was observed. The best inhibi-
tion was obtained with dilutions of 1:40 and 1:80 (Fig. 6A).
BALs of mice inoculated (i.n and i.m.) with rAdP97c also
exhibited inhibitory activity, and the best inhibition was
achieved with dilutions ranging from 1:10 to 1:40 (Fig. 6B). As
expected, the growth of cells was not affected by the samples

from mice immunized (i.n and i.m.) with rAdGFP. The results
indicate that the growth of M. hyopneumoniae was inhibited by
P97c-specific antibodies in the sera and BALs and that the
inhibitory effect was concentration dependent.

DISCUSSION

The most effective strategy to prevent diseases caused by
bacteria may be to block interactions between microbial ad-
hesins and their host cell receptors. Many studies have dem-
onstrated the efficiency of adhesin-based vaccines in blocking
attachment in vitro, as well as in vivo (42). As a more successful
example, vaccination with the FimH adhesin of uropathogenic
E. coli reduced in vivo colonization of the bladder mucosa by
the pathogen up to 99% in the murine cystitis model (20).
However, pure adhesins generally elicit poor immune re-
sponses and need to be administered together with an immu-
nostimulative carrier molecule or vector (6, 42). The initial
event in M. hyopneumoniae pathogenesis is its adherence to the
cilia of the respiratory tract epithelial cells (46), which is me-
diated by specific regions of adhesins, such as the R1 motif
located in the C-terminal portion of P97 (15, 24). Therefore,
vaccines inducing immune responses to the R1 region could
prevent colonization of pigs by the microorganism. Replica-
tion-defective rAds display a natural tropism for the respira-
tory epithelial cells and are known to be efficient in eliciting
both humoral and cellular immunity to the expressed antigens
(36).

In the present study, a rAd vector carrying the C-terminal
portion of the P97 adhesin (rAdP97c) was constructed and
evaluated for its potential to induce P97c-specific immune re-
sponses in mice. First, we demonstrated that the P97c protein
was sufficiently expressed in vitro in cells infected with
rAdP97c and could be detected by immunoblotting. To our
knowledge, this is the first report of the construction of a rAd
expressing a mycoplasmal antigen. P97c-specific immune re-
sponses induced by rAdP97c were examined in BALB/c mice.
We found that when inoculated by either the i.n. or i.m. route,
rAdP97c stimulated the production of systemic and mucosal
antibodies to P97c, likely directed to the fragment containing
the R1 repeat region. Significant P97c-specific IgG responses
were induced after a single inoculation and were considerably
enhanced by a booster immunization. Interestingly, inocula-
tion of rAdP97c by the i.n. route (the natural route of M.
hyopneumoniae infection) elicited a suitable mucosal immune
response, as evidenced by the presence of P97c-specific IgA in
BALs. IgA is produced primarily by plasma cells in the mucosa
and is actively secreted, whereas IgG can appear in mucosal
secretions as a transudate from serum (2). Passive diffusion
could account for a portion of IgG detected in BALs after i.m.
inoculation. Our results are in agreement with previous studies
showing that mucosal immunization with rAd results in both
local and systemic immune responses, while parenteral immu-
nization preferentially induces a systemic immune response
(21, 43).

The rAdP97c-induced antisera and BALs were shown to be
able to inhibit the growth of M. hyopneumoniae cells. The
inhibition activity was likely related to the presence of IgG,
since despite their IgA levels, BALs from i.n.-immunized mice
did not demonstrate a higher inhibition than those from mice

FIG. 6. Growth inhibition of M. hyopneumoniae. Mycoplasma cells
were cultured in the presence of serial dilutions of sera (A) or BALs
(B) from mice immunized with rAdP97c or with negative control
rAdGFP. The growth inhibition was determined by measuring the
OD560. The results are means of triplicate experiments � standard
deviations.
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immunized by the i.m. route (Fig. 6A). In addition, the inhi-
bition effects of samples were proportional to their IgG titers.
The mechanism by which antibodies inhibit the growth of M.
hyopneumoniae remains unknown, and thus, we cannot rule
out the possibility that P97c-specific IgA could interfere with
the pathogen in vivo and specifically during the adherence
process.

Conceicao et al. (6) have shown that immunization of mice
with pure recombinant R1 of P97 adhesin did not induce spe-
cific systemic and mucosal antibodies to R1. In contrast, im-
munization with the R1 region fused to the B subunit of the
heat-labile enterotoxin B subunit of E. coli (rLTBR1) pro-
duced high levels of specific antibody and cellular responses.
Other systems have been developed in which the R1 region is
expressed by an attenuated strain of Salmonella enterica sero-
var Typhimurium aroA (4) or E. rhusiopathiae YS-19 (32). Mice
immunized with these vectors failed to elicit a humoral im-
mune response to the antigen, indicating that these live strat-
egies are less effective than rAdP97c for the induction of an-
tibody responses against the P97 adhesin. Our results also
demonstrate that rAdP97c displays the ability to enhance the
immunogenicity of the R1 antigen.

The induction of P97c-specific antibodies in BALs could be
important, since local IgA can prevent attachment of myco-
plasmas to the ciliated epithelium and IgG can participate in
opsonization and phagocytosis (31, 40). However, the relation-
ship between locally secreted antibody responses and protec-
tion against mycoplasma infections is still controversial. In
humans, Mycoplasma pulmonis-specific IgA responses have
been found to correlate better with protection than serum (33).
Similarly, Avikan and Ley (1) found a positive correlation
between Mycoplasma gallisepticum-specific IgA levels in tra-
cheal secretions and decreased lesions caused by the microor-
ganism. In contrast, Djordjevic et al. (8) reported that locally
secreted antibodies appeared to play a limited role in recovery
from M. hyopneumoniae infection, since the pathogen can
survive despite vigorous local antibody responses in the host.

It is suggested that an effective immunity against M. hyo-
pneumoniae requires humoral and cell-mediated immune re-
sponses (14, 37). Both immune responses are driven by acti-
vation of CD4� Th cells. Differentiation of naive CD4� Th
cells into Th1 and Th2 cells determines whether humoral or
cell-mediated immunity will be predominant (13, 34). CD4�

Th1 cells are involved in the cell-mediated immune response
and activate B cells to produce opsonizing antibodies, such as
IgG2a, whereas CD4� Th2 cells favor humoral immunity and
secretion of IgG1 and IgA. Here, we have demonstrated that
rAdP97c is capable of inducing both Th1 and Th 2 responses to
P97c, as evidenced by the presence of IgG2a and IgG1 in sera
and BALs of immunized mice. After i.m. immunization of mice
with rAdP97c, there is a clear predominance of P97c-specific
IgG2a in sera and BALs, suggesting a Th1-biased immune
response. Of note, i.n. inoculation stimulated a mixed Th1/
Th2-type response in both systemic and mucosal compart-
ments. However, many factors, such as the vector, the delivery
route, and the antigen, may modulate immune responses
(13, 39).

In summary, the data presented in this study demonstrate that
vaccination of mice with rAdP97c leads to the elicitation of both
systemic immune responses to the encoded antigen, suggesting

that this strategy may represent a new approach to the design of
vaccines against M. hyopneumoniae. However, the immune re-
sponse of mice should not be extrapolated, and the effectiveness
of rAdP97c for the control of PEP requires further studies in pigs.
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