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Mycoplasma hyopneumoniae is the etiological agent of porcine enzootic pneumonia (EP), which is a respiratory disease respon-
sible for huge economic losses in the pig industry worldwide. The commercially available vaccines provide only partial protec-
tion and are expensive. Thus, the development of alternatives for the prophylaxis of EP is critical for improving pig health. The
use of multiple antigens in the same immunization may represent a promising alternative. In the present study, seven secreted
proteins of M. hyopneumoniae were cloned, expressed in Escherichia coli, and evaluated for antigenicity using serum from natu-
rally and experimentally infected pigs. In addition, the immunogenicity of the seven recombinant proteins delivered individually
or in protein cocktail vaccines was evaluated in mice. In Western blot assays and enzyme-linked immunosorbent assays, most of
the recombinant proteins evaluated were recognized by convalescent-phase serum from the animals, indicating that they are
expressed during the infectious process. The recombinant proteins were also immunogenic, and most induced a mixed IgG1/
IgG2a humoral immune response. The use of these proteins in a cocktail vaccine formulation enhanced the immune response
compared to their use as antigens delivered individually, providing evidence of the efficacy of the multiple-antigen administra-
tion strategy for the induction of an immune response against M. hyopneumoniae.

Porcine enzootic pneumonia (EP) is a chronic respiratory dis-
ease with a high incidence in pig farms worldwide. Myco-

plasma hyopneumoniae, the etiological agent of this disease, colo-
nizes and destroys the main mechanism of innate immunity of the
pig respiratory system—the respiratory ciliated epithelium—pre-
disposing the pigs to secondary and opportunistic infections (1).
EP prophylaxis comprises the use of antibiotics, management pro-
cedures, and vaccination, which is considered the most efficient
control measure (2). The commercially available vaccines consist
of inactivated whole cells (bacterins) and have high production
costs, mainly due to the fastidious growth of this microorganism.
In addition, these vaccines do not eliminate M. hyopneumoniae
from infected pig herds (1, 3, 4). Thus, efforts have been directed
toward the search for new prophylaxis strategies against EP that
do not include the use of bacterins.

M. hyopneumoniae does not penetrate host cells, and thus it is
believed that the pathogenesis of this microorganism is mediated
by a complex and multifactorial process that involves components
of the cell membrane and secreted proteins, many of which are still
unidentified (5). Data generated from the sequencing of four iso-
lates of M. hyopneumoniae (7448, 168, J, and 232) and the com-
parative genomic and proteomic analyses of pathogenic strains
(7448 and 232) and a nonpathogenic strain (J) of M. hyopneu-
moniae (6, 7, 8, 9) have allowed the identification of coding se-
quences (CDS) from secreted antigenic proteins and/or proteins
involved in the pathogenicity of the microorganism. Some vac-
cines including only one of these candidate antigens have shown
promising results (10, 11). However, only two single-antigen vac-
cines have been tested in pigs, and these vaccines have resulted in
only partial protection (12, 13). The simultaneous administration
of multiple antigens, combining proteins in a single immuniza-

tion dose (cocktail vaccine), may be an alternative that offers more
adequate protection (13, 14).

In the present study, the antigenicity of recombinant secreted
antigens of M. hyopneumoniae was verified using serum from nat-
urally and experimentally infected pigs. Additionally, the immu-
nogenicity of the recombinant proteins delivered individually or
in protein cocktail vaccines was evaluated in mice, providing evi-
dence of the ability of the multiple-antigen administration strat-
egy to induce an immune response.

MATERIALS AND METHODS

Bacterial strains, plasmids, and serum samples. M. hyopneumoniae iso-
lates (strains 7448, 7422, and J), serum from specific-pathogen-free (SPF)
pigs, and porcine hyperimmune serum against M. hyopneumoniae strain
7448 were obtained from Embrapa (Concórdia, Santa Catarina, Brazil).
Porcine convalescent-phase serum was obtained from a commercial herd
chronically affected by EP. In this herd, a nonproductive cough was ob-
served during the finishing phase of the pigs, and suggestive lung lesions
were observed in the pigs at necropsy. The Champion pET200D/TOPO
His tag expression vector and the Escherichia coli TOP10 cloning strain
were purchased from Invitrogen. The E. coli BL21(DE3)-RIL expression
strain was purchased from Stratagene. The pAE vector was obtained from
the Butantan Institute (15).

Received 22 March 2013 Returned for modification 11 April 2013
Accepted 21 June 2013

Published ahead of print 26 June 2013

Address correspondence to Odir Antônio Dellagostin, odir@ufpel.edu.br.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/CVI.00140-13

1370 cvi.asm.org Clinical and Vaccine Immunology p. 1370–1376 September 2013 Volume 20 Number 9

http://dx.doi.org/10.1128/CVI.00140-13
http://cvi.asm.org


In silico selection of open reading frames and primer design. Open
reading frames (ORFs) of M. hyopneumoniae 7448 (GenBank access
NC_007332) were analyzed using bioinformatics software (Pfam,
SignalP, PROSITE, NNPREDICT, and Vector NTI 8.0), as previously de-
scribed (16). ORFs encoding secreted proteins related to pathogenesis,
including up to three tryptophan (TGA) codons, were selected. Predom-
inantly hydrophilic regions of the ORFs were selected for amplification.
Primers were designed with the use of Vector NTI 10 (Invitrogen). For
site-directed mutagenesis, primers upstream (forward [F]) and down-
stream (reverse [R]) of the mutation site and two mutagenic primers
(forward [FM] and reverse [RM]) were designed according to Simionatto
et al. (17). To clone fragments into the pAE vector, a restriction site was
added to each primer. To directionally clone fragments into the Cham-
pion pET200D/TOPO expression vector (Invitrogen), a CACC sequence
was included in the forward primer. The primers used in this study are
shown in Table 1.

Amplification and cloning of the coding sequences. The M. hyopneu-
moniae coding sequences were amplified and purified according to Simi-
onatto et al. (16). The targets MHP0418 and MHP0372 were subjected to
site-directed mutagenesis according to Simionatto et al. (17) and con-
firmed by DNA sequencing using the DYEnamic ET dye terminator cycle
sequencing kit and a MegaBACE 1000 DNA sequencer (GE Healthcare).
PCR products and mutated amplicons were cloned into the pAE vector
using T4 DNA ligase (Invitrogen). MHP0372 was directionally cloned
into the Champion pET200D/TOPO His tag expression vector (Invitro-
gen) according to the manufacturer’s instructions.

Expression, solubility testing, and purification of recombinant pro-
teins. Recombinant plasmids were transformed into E. coli BL21(DE3)-
RIL expression-competent cells. Recombinant protein expression and
solubility testing were performed as previously described (16, 18). The
purity of the purified recombinant proteins was analyzed on a 12% SDS-
PAGE gel, and the protein concentrations were determined using the BCA
protein assay kit (Pierce) according to the manufacturer’s instructions.
The presence of the purified recombinant proteins was verified by West-
ern blotting performed according to Simionatto et al. (18), using a mouse
monoclonal anti-histidine-tagged antibody (Sigma-Aldrich) and an anti-
mouse IgG peroxidase-conjugated (1:4,000) (Sigma-Aldrich) secondary
antibody.

Recombinant protein antigenicity assays. To assess the antigenicity
of M. hyopneumoniae proteins expressed in E. coli, Western blotting and
enzyme-linked immunosorbent assays (ELISAs) were performed as pre-
viously described (18). For the Western blot analysis, two pools contain-
ing five convalescent-phase pig sera and one pool with five SPF pig sera
were tested. To perform the ELISA, 36 convalescent-phase pig sera, 4
hyperimmune pig sera (experimentally infected with the M. hyopneu-
moniae 7448 strain), and 10 SPF pig sera were tested. The levels of anti-
bodies against M. hyopneumoniae in the sera of convalescing pigs were
previously determined by ELISA using an extract of M. hyopneumoniae
strain 7448. Mean values were calculated from serum samples assayed in
triplicate.

Inoculation of mice with recombinant vaccines. Female BALB/c
mice aged 8 to 10 weeks were inoculated intramuscularly (IM) with 50 �g
of each recombinant protein in 15% aluminum hydroxide adjuvant on
day zero. Eleven groups with five animals each were randomly allocated
and immunized, as follows: group 1, MHP0107; group 2, MHP0272;
group 3, MHP0418; group 4, MHP0487; group 5, MHP0443; group 6,
MHP0660; group 7, MHP0372; group 8, protein cocktail containing
MHP0418, MHP0443, and MHP0487 (C1); group 9, protein cocktail con-
taining MHP0418, MHP0660, and MHP0372 (C2); group 10, 100 �l of
phosphate-buffered saline (PBS) with 15% aluminum hydroxide adju-
vant (negative control); and group 11, 100 �l of the commercial vaccine
RespiSure (Pfizer) (positive control). Each animal was boosted with the
same dose and formulation 21 days after the first inoculation. Animals
from groups C1 and C2 were immunized with 16.6 �g of each protein at
each dose. Blood samples were collected from the retro-orbital sinus at 0
(preimmune serum), 21, 42, 63, 84, and 105 days postinoculation (DPI).
At day 105, the animals were euthanized. All animal experiments were
performed according to the guidelines of the Ethics Committee in Animal
Experimentation of the Federal University of Pelotas.

Indirect ELISA to evaluate total IgG antibodies in serum of immu-
nized mice. In serum from immunized mice, specific antibodies against
the recombinant proteins were quantified by ELISA as previously de-
scribed (18, 19), with some modifications. Microtiter plates were coated
with 100 ng of each recombinant protein (indirect ELISA). To evaluate the
immune response induced by the C1 and C2 vaccines, mouse sera were
tested against 100 ng of each individual protein present in the cocktails

TABLE 1 Selected ORFs of M. hyopneumoniae and primer sequences

Recombinant protein
annotationa Function

Selected fragment
(aa) Primer sequencec

MHP0107 Protein P102 (copy 2) 646–948 5=-CACCGGATCCGTATCAAAAGCAGATCGA-3= (F)
5=-CCCAAGCTTTTATTGTTTTATATAATTACTAAT-3= (R)

MHP0272 Protein P97-paralog 228–708 5=-CACCGGATCCAAAATAAAAGAAAAATTGTTT-3= (F)
5=-CCGGTACCTCAAGCCCGAACTTT-3= (R)

MHP0418 Hypothetical protein 145–500 5=-CACCGGATCCGAAAATTTAGCGCCATAT-3= (F)
5=-CCCAAGCTTTCATTTTTTAACTGAAATTGG-3= (R)
5=-AGGCATTGgTATTCTTTATTAG-3= (FM)
5=-AGAATAcCAATGCCTTTCAG-3= (RM)

MHP0443 Hypothetical protein 32–510 5=-CACCGGGTACCGAATGATTTTGTCTTTTTG-3= (F)
5=-CCCAAGCTTTCAGATTCTACCATTAATCTTT-3= (R)

MHP0487 Putative Mg2� transporter 1–280 5=-CACCGGATCCGATAAAAAAAGTTCTTTTCTTTT-3= (F)
5=-CCCAAGCTTTCAAAAAACTCTTGATTTTACGAT-3= (R)

MHP0660 Hypothetical protein 1–394 5=-CACCGGATCCATAAAAAAATCATCAAAAAT-3= (F)
5=-GGGGTACCTCACAGCCTTAGATTTAAA-3= (R)

MHP0372b Lppt lipoprotein 497–883 5=-CACCTTTGATTTTCTTAATTTTTCAACA-3= (F)
5=-TTATTCCATATATTCGCTAAGGA-3= (R)
5=-TTCCTTGATTGgCGATCAAATATA-3= (FM)
5=-TGATCGcCAATCAAGGAATAAATC-3= (RM)

a GenBank annotation of M. hyopneumoniae 7448 (NC_007332).
b Directionally cloned into a Champion pET200D/TOPO His-tagged expression vector (Invitrogen).
c F, forward primer; R, reverse primer; FM and RM, forward and reverse primers for site-directed mutagenesis of MHP0418 and MHP0372, respectively. Mutated nucleotides are
shown in bold lowercase letters. Underlined nucleotides represent restriction sites of BamHI (GGATCC), HindIII (AAGCTT), and KpnI (GGTACC) enzymes.

Recombinant Vaccines against Mycoplasma hyopneumoniae

September 2013 Volume 20 Number 9 cvi.asm.org 1371

http://cvi.asm.org


and against a pooled sample containing 33.3 ng of each included protein.
Proteins were incubated with the serum from immunized mice (diluted
1:50), and IgG anti-mouse antibody conjugated to horseradish peroxidase
(Sigma-Aldrich) was used to evaluate the total IgG antibodies.

Double-sandwich ELISA to evaluate IgG subclass (IgG1 and IgG2a)
antibodies in serum of immunized mice. To evaluate IgG subclasses
(IgG1 and IgG2a), a double-sandwich ELISA was performed similarly to
the indirect ELISA, but using antibodies provided by the IsoQuick kit
(Sigma-Aldrich) followed by anti-goat antibody conjugated to horserad-
ish peroxidase (Sigma-Aldrich). Sera from mice were assessed individu-
ally, and all reactions were performed in triplicate.

ELISA of cell lysate. The sera from immunized mice (diluted 1:20)
were incubated with 1 �g of crude extract of M. hyopneumoniae 7448, in
order to verify if the antibodies induced by the recombinant vaccines
recognized the native proteins of M. hyopneumoniae. The ELISA was per-
formed as previously described (18, 19). Sera from mice were assayed
individually and all reactions were performed in triplicate.

Western blot assay with whole-cell extracts of Mycoplasma spp. To
verify the ability of sera from mice immunized with the recombinant
proteins to recognize native proteins from the M. hyopneumoniae 7448,
7422, and J strains, a whole-cell extract was used in a Western blot assay, as
previously described (18, 19). Sera from mice inoculated with PBS and the
commercial vaccine were used as negative and positive controls, respec-
tively.

Statistical analysis. Statistical analyses were performed using the
Tukey test because the data presented a normal distribution pattern. Dif-
ferences were considered significant when P was �0.01, determined using
GraphPad Prism 4 (GraphPad Software).

RESULTS
Cloning of targets and expression and purification of recombi-
nant proteins. According to the criteria used, seven sequences en-
coding the predicted secreted proteins were selected to be cloned and
expressed in E. coli: the C-terminal region of the P102 paralog (copy
2) (MHP0107), the N-terminal region of the P97 paralog
(MHP0272), a putative Mg2� transporter protein (MHP0487), a li-
poprotein (LPPT) (MHP0372), and three hypothetical proteins
(MHP0418, MHP0443, and MHP0660). The TGA codons from
MHP0418 and MHP0372 were replaced by TGG, which was con-
firmed by sequencing. All amplicons were successfully cloned and
characterized by restriction enzymes showing the expected fragment
sizes. The results of SDS-PAGE showed that all expressed recombi-
nant proteins were insoluble, making solubilization with 8 M urea

necessary. The seven recombinant proteins were purified (Fig. 1A)
and recognized by anti-histidine monoclonal antibodies (MAbs) in
the Western blot analysis (Fig. 1B).

Antigenicity of the recombinant proteins. Six of the seven
recombinant proteins tested were recognized by serum from con-
valescing pigs, according to the Western blot assay (Fig. 2B). The
recombinant proteins were not recognized by SPF serum, indicat-
ing that they are expressed only during infection with M. hyopneu-
moniae. In the ELISA, only the MHP0443 and MHP0660 proteins
did not significantly react against convalescent-phase pig serum
(Fig. 2A).

Immunogenicity of the recombinant proteins. The induction
of specific antibodies (total IgG; IgG1 and IgG2a subclasses) in
mice was verified by ELISA after immunization with the recom-
binant proteins. All recombinant proteins induced an antibody
response that was statistically higher (P � 0.01) at 42 DPI than
that of the negative control (PBS) mice and preimmune serum;
the antibody titers remained constant through 105 DPI. The re-
combinant proteins MHP0372 and MHP0443 induced higher op-
tical density (OD) values in mice (Fig. 3A) than the other proteins;
however, the differences were not statistically significant. Most of
the antigens induced a mixed IgG1/IgG2a response (Fig. 4A).
MHP0443 and MHP0372 were also the most immunogenic in
animals immunized with the C1 and C2 cocktail vaccines, respec-
tively (Fig. 3B). In mice, the induction of total antigen-specific IgG
antibodies against cocktail vaccines was similar to that for most of
the proteins administered individually. However, a more sensitive
ELISA (the double-sandwich ELISA) using the secondary anti-
body against the IgG1 and IgG2a subclasses demonstrated that
this vaccination strategy resulted in the production of higher levels
of these subclasses than those of the proteins administered indi-
vidually (Fig. 4). Animals inoculated with PBS and the commer-

FIG 1 (A) SDS-PAGE (12%) of the seven recombinant proteins purified by
affinity chromatography. (B) Western blot analysis of the seven recombinant
proteins subjected to 12% SDS-PAGE, electrotransferred to a nitrocellulose
membrane, and probed with mouse monoclonal anti-histidine-tagged anti-
body (diluted 1:10,000) and peroxidase-conjugated anti-mouse IgG (diluted
1:4,000) as the secondary antibody. Lane 1, MHP0107 (38 kDa); lane 2,
MHP0272 (59 kDa); lane 3, MHP0418 (37 kDa); lane 4, MHP0443 (54 kDa);
lane 5, MHP0372 (44 kDa); lane 6, MHP0660 (48.5 kDa); lane 7, MHP0487 (33
kDa). Arrows indicate the bands corresponding to the recombinant proteins.

FIG 2 Antigenicity analysis of the recombinant proteins. (A) ELISA of the
seven recombinant M. hyopneumoniae proteins against 30 convalescent-phase
pig serum samples, four hyperimmune pig serum samples (experimentally
infected with M. hyopneumoniae 7448), and 10 SPF pig sera (all sera were
diluted 1:100). Peroxidase-conjugated anti-pig IgG (diluted 1:2,000) was used
as the secondary antibody. Asterisks indicate significant differences compared
to SPF sera using the Tukey test with GraphPad Prism 4 software (P � 0.01).
Boxes represent the interquartile range in the middle 50% of the absorbance
values. Whiskers represent the minimum and maximum values. (B) Western
blot analysis of the recombinant proteins probed with the pooled sera of 5
convalescing pigs (diluted 1:100). Peroxidase-conjugated anti-pig IgG (diluted
1:2,000) was used as the secondary antibody.
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cial vaccine did not produce antibodies against the recombinant
proteins used in this study (Fig. 3A).

To determine whether the antibodies produced by mice im-
munized with the recombinant proteins recognized the native
proteins of M. hyopneumoniae, the ELISA and the Western blot
assay were performed using cell lysate. In the ELISA, the serum of
mice immunized with the recombinant proteins MHP0418 and
MHP0372 and with the commercial vaccine (bacterin) showed
absorbance values significantly higher (P � 0.05) than those of the
preimmune serum (Fig. 5A). The Western blot analysis revealed
that the seven recombinant proteins induced antibodies that rec-
ognized the native proteins from M. hyopneumoniae strains 7448,
7422, and J (Fig. 5B). Serum from mice inoculated with PBS did
not react against the native proteins of these strains, while serum
from mice inoculated with the commercial bacterin reacted

strongly over the entire length of the nitrocellulose membrane
(data not shown).

DISCUSSION

The antigenicity characterizations of M. hyopneumoniae proteins
as well as the immunogenicity evaluations in mice represent im-
portant steps toward the selection of potential antigens or poten-
tial ways to deliver these antigens, which might improve the effi-
cacy of the vaccines to be tested in pigs. In this study, we selected,
cloned, and purified seven antigens that were predicted to be se-
creted proteins in an in silico analysis and therefore are possibly
related to the pathogenesis of M. hyopneumoniae because they are
exposed on the surface of the microorganism. The antigenicity
and immunogenicity of these antigens were characterized when
delivered individually or as a protein cocktail, and the results in-

FIG 3 Antibody responses of mice immunized with recombinant vaccines determined by indirect ELISA. Microtiter plates were coated with the following
proteins: (A) 100 ng well�1 of recombinant proteins administered individually or a pooled protein sample containing 33.3 ng well�1 of each protein included in
the cocktail vaccines, totaling 100 ng, and (B) 100 ng well�1 of each protein from the cocktail vaccines. Recombinant proteins were incubated with sera from
immunized mice (diluted 1:50). Sera from mice immunized with PBS (negative control) and bacterin (positive control) were incubated with each protein
individually, and a mean value was generated. Peroxidase-conjugated anti-mouse IgG (1:4000) was added as the secondary antibody. The data represent the mean
optical density at 492 mm (OD492) (n � 8) of the mouse sera collected at 105 DPI minus the mean OD492 of the mouse sera collected at 0 DPI. All reactions were
performed in triplicate. Different letters indicate significant differences (P � 0.01) among treatments according to the Tukey test, which was performed using
GraphPad Prism 4 software.

FIG 4 Recombinant protein-specific IgG1 and IgG2a antibodies determined by ELISA. Microtiter plates were coated as follows: (A) 100 ng well�1 of the
recombinant proteins administered individually or a pooled protein sample containing 33.3 ng well�1 of each protein included in the cocktail vaccines (C1 and
C2), totaling 100 ng, and (B) 100 ng well�1 of each protein from the cocktail vaccines. Recombinant proteins were incubated with sera from immunized mice
(diluted 1:50). Goat anti-mouse IgG1 and IgG2a antibodies supplied by the IsoQuick kit for mouse monoclonal isotyping (Sigma) were used as secondary
antibodies. The data represent the mean OD492 (n � 8) of the mouse sera collected at 105 DPI minus the mean OD492 of the mouse sera collected at 0 DPI. All
reactions were performed in triplicate. Different letters indicate significant differences (P � 0.01) among treatments. Statistical analyses were performed in
GraphPad Prism 4 software using the Tukey test.
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dicated that immunization with multiple antigens is a promising
approach for inducing antibodies against M. hyopneumoniae in
mice.

The adhesion of M. hyopneumoniae in the respiratory ciliated
epithelium of the host is a crucial step in disease pathogenesis.
This process is mediated by a protein-receptor interaction, and
adhesins involved in this interaction are likely virulence factors.
Among the likely adhesins are those belonging to the P97/P102
operon, such as MHP0272, which is a paralog from the best-char-
acterized surface antigen of M. hyopneumoniae (P97 protein), and
MHP0107 (second copy of the P102 operon), which is located
downstream of the gene encoding P97 (20–22). The proteins
MHP0272 and MHP0107, as well as MHP0372, MHP0418,
MHP0660, and MHP0487, were recognized by antibodies present
in sera from convalescing pigs when assessed by ELISA and West-
ern blot (Fig. 2A and B). The results indicated that these proteins
are expressed during infection, making them promising candi-
dates for further studies regarding the development of a new vac-
cine. However, MHP0272 and MHP0107 were not recognized by
serum from pigs experimentally infected with M. hyopneumoniae
7448 (Fig. 2A), although the expression of members of the P97
gene family has been observed in pigs experimentally infected with
M. hyopneumoniae 232 (23). The difference in the protein expres-
sion profiles of M. hyopneumoniae observed in in vivo and in vitro
may explain, at least in part, the partial protection elicited by bac-
terins. Interestingly, serum from animals immunized with the
commercial bacterin did not react with any of the recombinant
proteins evaluated. The same result was observed by Marchioro et
al. (19) and Simionatto et al. (18) using a wide range of proteins as
antigens. The partial protection provided by this vaccine may also
be associated with the absence or very low concentrations of these
important antigens.

The other proteins evaluated, including the Mg2� transport
protein MHP0487, the surface lipoprotein MHP0372, and the hy-
pothetical proteins MHP0443, MHP0660, and MHP0418, were
immunogenic in mice (Fig. 3 and 4). In a study addressing the
comparative proteomic analysis between nonpathogenic (J) and
pathogenic (7448 and 7422) strains (24, 25), many of the differ-

entially expressed proteins in these strains were hypothetical pro-
teins that have been neglected; therefore, we included these pro-
teins in the present study. In fact, compared to the other
recombinant proteins, the hypothetical protein MHP0418 pre-
sented the highest reactivity in the ELISA and the Western blot
assay when probed with serum from convalescing pigs (Fig. 2A
and B). Therefore, this protein was included in both cocktail vac-
cines evaluated.

In the study by Pinto et al. (24), MHP0372 lipoprotein was
associated with M. hyopneumoniae cytoadherence, and although
its role in the mechanism of pathogenicity was not evaluated, this
protein is well known to show isoforms in two-dimensional (2D)
gels, indicating that it is posttranslationally modified. The surface
lipopeptides of mycoplasmas that originated through these mod-
ifications are known to contribute to the biological processes of
adaptation (25, 26) and pathogenicity, including antigenic varia-
tion among strains (5, 27), justifying the choice of this protein for
immunological studies. In fact, the results show that MHP0372 is
expressed in vitro in addition to inducing antibodies during nat-
ural infection (Fig. 2). Furthermore, serum from mice immunized
with recombinant MHP0372 showed high absorbance values (Fig.
3) and reacted against M. hyopneumoniae cell lysate (Fig. 5).

Although the mechanisms of M. hyopneumoniae pathogenesis
have not been completely elucidated, Thacker et al. (3) suggested
the participation of both humoral and cellular immune responses
during the infectious process. It is commonly accepted that Th1
cells are preferentially involved in cell-mediated immunity by in-
ducing the production of IgG2a antibodies, while Th2 cells are
more effective in the regulation and support of B-cell responses,
resulting in the production of IgG1 antibodies (28). Despite the
fact that the induction of Th1 and/or Th2 immune responses by a
vaccine is species dependent and that the induction of antibodies
in mice against M. hyopneumoniae is not correlated to protection,
the production of IgG1 and IgG2a by mice immunized with the
recombinant proteins was evaluated. It is noteworthy that recom-
binant proteins usually induce Th2 cells (29). Nevertheless, the
majority of recombinant proteins evaluated induced both IgG1

FIG 5 ELISA reactions using M. hyopneumoniae 7448 extract as the antigen (A) and Western blot reactions using M. hyopneumoniae 7448 (1), 7422 (2), and J
(3) strains as antigens (B). Detection of antibodies in sera from mice immunized with recombinant proteins and cocktail vaccines (diluted 1:20). Peroxidase-
conjugated anti-mouse immunoglobulin was used as the secondary antibody. Sera from mice immunized with PBS and bacterin (RespiSure-ONE) were used as
negative and positive controls, respectively. The data from panel A represent the OD492 (mean � standard deviation [SD]) of sera from five immunized mice.
Asterisks indicate significant differences (P � 0.01) between preimmune (0 DPI) and immune (105 DPI) sera, according to the Tukey test.
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and IgG2a, indicating a mixed Th1/Th2 response (Fig. 4), possibly
due to the presentation of these proteins on the cell surface.

Evaluation of the antigenicity and immunogenicity of recom-
binant M. hyopneumoniae proteins has been pursued by many
scientists to select antigens for vaccine production. However,
among the antigens previously evaluated as protein (18, 19, 30) or
DNA vaccines (30), only two have been tested in pig immunopro-
tection assays, and these vaccines resulted in partial protection
(10, 12, 31), possibly because of the administration of a single
antigen. Therefore, the use of a multiple-antigen vaccine has
gained attention (13, 14). In this study, we evaluated two protein
cocktails (C1 and C2) that included antigens that were immuno-
genic when delivered individually, including MHP0443,
MHP0487, MHP0372, and MHP0660, or that were antigenic (ac-
cording to the Western blot analysis using convalescent-phase pig
serum), such as MHP0418 and MHP0372. An ELISA analysis us-
ing serum from mice immunized intramuscularly with these pro-
tein cocktails demonstrated that this vaccination strategy resulted
in significant increases in the total IgG (Fig. 3A), IgG1, and IgG2a
levels compared to immunization with individual proteins (Fig.
4A). MHP0443 and MHP0372 were primarily responsible for the
immune response induced by C1 and C2, respectively (Fig. 3B and
4B). Interestingly, the administration of only 16.6 �g of each pro-
tein from the cocktails, which represents 1/3 of the individually
administered dose, was sufficient to induce antibodies against all
the proteins in the cocktails. Previous studies showed that the
concurrent administration of many proteins may contribute to
the modulation of the immune system (14, 32–34). It remains
unknown, however, whether the production of antibodies against
multiple proteins results in improvement of recognition and re-
cruitment of immune cells and if it increases the likelihood of M.
hyopneumoniae recognition in a later infection event.

The present study demonstrated the antigenic and immuno-
genic properties of seven recombinant secreted proteins of M.
hyopneumoniae administered to mice. These data will help iden-
tify potential targets for a subunit vaccine against EP. The com-
bined administration of these proteins increased the production
of IgG1 and IgG2a antibodies, suggesting that this strategy repre-
sents a promising approach to the development of an effective
vaccine. Although the mouse immune response cannot be extrap-
olated to other species and no direct correlation has been found
between antibody concentration and protection against M. hyo-
pneumoniae challenge (35), the results warrant further investiga-
tion in challenge experiments in pigs.
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