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Abstract

Mycoplasma hyopneumoniae (M. hyopneumoniae) is a primary agent of porcine enzootic pneumonia, a disease that causes
significant economic losses to pig farming worldwide. Commercial vaccines induce partial protection, evidencing the need
for a new vaccine against M. hyopneumoniae. In our work, three chimeric proteins were constructed, composed of potentially
immunogenic domains from M. hyopneumoniae proteins. We designed three chimeric proteins (Q1, Q2, and Q3) based on
bioinformatics analysis that identified five potential proteins with immunogenic potential (MHP418, MHP372, MHP199,
P97, and MHP0461). The chimeric proteins were inoculated in the murine model to evaluate the immune response. The mice
vaccinated with the chimeras presented IgG and IgG1 against proteins of M. hyopneumoniae. There was induction of IgG in
mice immunized with Q3 starting from 30 days post-vaccination, and groups Q1 and Q2 showed induction at 45 days. Mice
of the group immunized with Q3 showed the production of IgA. In addition, the mice inoculated with chimeric proteins
showed a proinflammatory cytokine response; Q1 demonstrated higher levels of TNF, IL-6, IL2, and IL-17. In contrast,
animals immunized with Q2 showed an increase in the concentrations of TNF, IL-6, and IL-4, whereas those immunized
with Q3 exhibited an increase in the concentrations of TNF, IL-6, IL-10, and IL-4. The results of the present study indicate
that these three chimeric proteins can be used in future vaccine trials with swine because of the promising antigenicity.
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Introduction

Mycoplasma hyopneumoniae (M. hyopneumoniae) is the pri-
mary agent of enzootic pneumonia (EP) in swine, a chronic
respiratory worldwide disease, and one of the primary agents
involved in the porcine respiratory disease complex [1]. It
is mainly transmitted through nose-to-nose contact and
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indirectly via aerosols among susceptible pigs or airborne
transmission among farms [2].

The control of M. hyopneumoniae infections in pig farms
can be accomplished in many ways, namely by optimizing
management and biosecurity practices and housing condi-
tions, vaccination, and antimicrobial medication [3]. Vac-
cination is a helpful strategy to control M. hyopneumoniae
and widely used worldwide [1]. The commercial vaccines
commonly used are composed of inactivated bacterial whole
cells, but they do not stimulate a potent immune response
against M. hyopneumoniae infection [4, 5] and do not pre-
vent colonization by M. hyopneumoniae [3].

In vitro M. hyopneumoniae cultivation is fastidious and
laborious and requires an enriched medium [6]. Reverse
vaccinology is being used to predict vaccine targets, espe-
cially for microorganisms that are difficult to cultivate in the
laboratory [7]. Data produced using the complete genome
of seven M. hyopneumoniae strains (7448, 7442, 232, 168,
168-L, J, and KMO14) [8-12] allowed the analysis of cod-
ing regions associated with pathogenesis. Some of these

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42770-023-01240-7&domain=pdf
http://orcid.org/0000-0002-9379-1686

944

Brazilian Journal of Microbiology (2024) 55:943-953

proteins are adhesins (P97, P102, and MHP0461), lipopro-
tein (MHP372), membrane protein (P46), and a hypothetical
protein (MHP418) [13-15].

The use of chimeric proteins constructed from immuno-
genic regions of antigens has become an attractive strategy
in the construction of vaccine candidates, mainly due to the
possibility of having several immunodominant epitopes from
a single protein [16, 17]. Also, appropriate adjuvants help to
improve the immunogenicity of these proteins. The B subu-
nit of the thermolabile enterotoxin (LTB) of Escherichia coli
stimulates both mucosal and systemic immunity, mainly by
increasing the antigen presentation by dendritic cells to T
cells [18].

The chimeric proteins used in this work were designed
based on previous results from our group that investigated
the genetic characteristics of Brazilian field M. hyopneumo-
niae strains [19, 20]. In addition, we also used the antigens
identified from previous works [13, 15, 18, 21-28] to design
three chimeric proteins to access their immunogenicity in a
mouse model as a preclinical evaluation.

Material and methods
Design and expression of chimeric proteins

Three chimeric proteins (Q1, Q2, and Q3) were designed
using five potential M. hyopneumoniae immunogenic
proteins: MHP418, MHP372, MHP199, P97, and
MHPO0461. These proteins' surface or immunogenic pro-
tein domains were grouped in tandem through the rigid
protein linker (EAAAKEAAAK). A domain represent-
ing the B subunit of thermolabile enterotoxin (LBT) of
E. coli was added to each chimera. For Q1 construction,
the proteins MHP418, MHP372, and MHP 199 were
evaluated for most surface regions, using the Miyazawa
hydrophobicity scale [29]. For Q2 and Q3 construction,
antigenic regions of the proteins P46 and MHP0461
were selected using structural models of these proteins.
Thus, proteins P46 and MHP0461 had their structural
models produced through homology modeling using the
I-TASSER software [30-32], with subsequent stereo-
chemical and energetic evaluation through the Rampage
[33] and ProSa programs [34]. Both models had their
antigenic regions evaluated; for Q2, we used the ELLIPro
program [35], and for Q3, we employed the Discotope
[36] and Epitopia programs [37]. In this study, the gene
sequences from the complete genome of M. hyopneu-
moniae strain 7448 (GenBank: NC 007332.1) and the
protein sequence of LTB (GenBank: ABI14553.1) were
used for all bioinformatics analyses and synthetic gene
design. A gene was designed for the synthesis of the LTB
protein (reLTB) to function as a cross-reactivity control

@ Springer

of the experiments since this protein is present in the
structure of E. coli bacteria, which mainly occur in the
intestinal tract of endotherms [18]. The proteins' theo-
retical molecular weight and the isoelectric point were
calculated according to a previous report [38].

The protein domains of the chimeras are represented
in Fig. 1. The synthetic genes were synthesized and
cloned into the pET29a plasmid (Genscript, NJ, USA),
and the N-terminus 6 X histidine-tagged chimeric pro-
teins were expressed in Escherichia coli strain BL21-
CodonPlus (DE3)—RIL (Agilent Technologies). Protein
purification was performed by affinity chromatography
using a HisTrap crude FF (GE), according to the manu-
facturer's recommendations in an FPLC system (AKTA
TM purifier). The chimeric proteins were checked using
a 12% SDS-PAGE gel and Western blot (WB) analysis.
For Western blot assays, we used 6 X His Tag antibodies
(Sigma) at 1:2,000 and HRP conjugated anti mouse IgG
(Sigma) at 1:5,000.

Chimeric protein immunogenicity assessment

Four protein formulations were produced (Table 1). As
a positive control, proteins from whole bacterial cell
lysates of M. hyopneumoniae strain J were used (Mhl],
GenBank: NC 007295.1). The MhJ was cultured in Friis
medium as previously described [39]. The protein con-
centrations were quantified using the Bradford protein
assay (BioRad, USA). Phosphate-buffered saline (PBS)
and reL'TB protein were used as negative and adjuvant
controls, respectively.

The immunization assay was performed using male
BALB/c mice aged 4-6 weeks, divided into six groups
(Table 1). The animals were subcutaneously inoculated
with three doses at 15-day intervals. Blood samples were
collected from the tail at 0, 15, 30, and 45 days after the
first immunization (d.p.i.). On day 45, the mice were eutha-
nized, and the spleen was aseptically removed to perform the
cytokine assay. The animals were obtained from the local
breeding facility (Vigosa, MG, Brazil) and maintained under
controlled environmental conditions. All experiments were
performed according to the local Ethics Committee on Ani-
mal Experimentation (Protocol Number 54/2015).

Detection of IgA, IgG, IgG1, and IgG2a antibodies
against M. hyopneumoniae proteins

A 96-well Maxisorp microtiter plate (Nunc) was coated with
1 ug/well of MhJ protein or recombinant proteins in 100 uL of
carbonate-bicarbonate buffer and incubated on a 96-well ELISA
microplate at 4 °C for 14 h. After incubation for 14 h at4 °C, the
wells were washed and incubated with 5% BSA in PBS. Sub-
sequently, the plates were washed three times with PBS-Tween
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Fig. 1 Linear sequence and recombinant protein domains obtained
by the modeling program I Tasser. A and B represent Chimera 1. C
and D represent chimera 2. E chimera 3. In parentheses, the amino
acid sequences of native proteins used to form chimeric proteins are

0.05%, and 100 pL of diluted serum samples at 1:50 was added
and incubated at 37 °C for 1 h. The plates were washed three
times with PBS-T, followed by incubation for 1 h at 37 °C with
100 uL diluted anti-mouse IgG antibody (1:6,000), anti-mouse
IgG1 (1:3,000), anti-mouse IgG2 (1:3,000), or anti-mouse IgA
(1:2,000) from Sigma. Color development was achieved by add-
ing a solution containing H,0,, OPD, and 0.1 M citrate buffer
(pH 5.0). The readout was performed at a wavelength of 492 nm.
Both positive and negative controls were added to all plates, and
each sample was tested in triplicate.

773 907
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shown. #(MHP0461,,_,55), #(MHP0461 5 3;,). Modeling program I
Tasser [30-32]. The Q3 protein could not solve the structure by the
modeling program

Evaluation of antibody induction using Western blot

Serum samples 45 d.p.i were used to analyze the reactivity
against the proteins from whole M. hyopneumoniae cell lysates
and those of Mycoplasma hyorhinis by Western blot (WB). The
proteins were analyzed in SDS-PAGE and electrophoretically
transferred onto a nitrocellulose membrane. The membrane was
then blocked with PBS-BSA for 14 h at room temperature. After
washing with PBS-T twice, the membrane was incubated with
serum at 1:100 for 2 h at room temperature. After five washes, it

Table 1 Identification of
experimental groups and dose

Dose composition

composition Q1

relTB

(adjuvant control group)
PBS

(negative control group)
MhJ

(positive control group)

50 pg of Q1, 100 ug of saponin, and 10% aluminum hydroxide
50 pg of Q2, 100 ug of saponin, and 10% aluminum hydroxide
50 pg of Q3, 100 ug of saponin, and 10% aluminum hydroxide
50 pg of reLTB, 100 pg of saponin, and 10% aluminum hydroxide

100 pg of saponin and 10% aluminum hydroxide

50 pg of proteins from Mhp strain J (MhJ), 100 pg of saponin,
and 10% aluminum hydroxide
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was incubated with anti-mouse IgG (Sigma, 1:6,000), and after
another five washes, the membrane was incubated with a DAB
solution. To control for the cross-reactivity of antibodies present
in mouse sera, an isolated sample of pig lung was use. This
sample tested positive for Mycoplasma hyorhinis and negative
for M. hyopneumoniae.

Cytokines quantification

Spleens were aseptically removed, macerated with 10 mL of
RPMI medium, and centrifuged at 250 g at 4°C for 5 min.
The pellet was resuspended in 5 mL of lysis buffer (0.17 M
Tris—HCl, 0.16 M NH,Cl) and incubated for 5 min at room
temperature. Cells were washed with RPMI medium sup-
plemented with 10% fetal bovine serum, centrifuged, and
then adjusted to 5% 10° cells/well. These cells were stimu-
lated with chimeric proteins (Q1, Q2, and Q3), reLTB, PBS,
and MhJ for 48 h at 37 °C in a 5% CO, incubator. Cytokine
concentrations were evaluated in the supernatants using the
BD cytometric bead array (CBA) mouse Th1/Th2/Th17
Cytokine Kit and BD FACSVerse flow cytometer.

Statistical analysis

Statistical analyses were performed by comparing the
responses of antibodies and cytokines between the groups
inoculated with chimeras in relation to the group vaccinated
with reLTB. Additionally, the group immunized with MhJ was
compared with that inoculated with PBS. One-way analysis of
variance (ANOVA) followed by Tukey's multiple comparisons
test was performed using GraphPad Prism 8.4.3 (GraphPad
Software, San Diego, California USA, www.graphpad.com).

Results
Characterization of chimeras

Chimeric proteins Q1, Q2, and Q3 showed theoreti-
cal molecular weights of 104.18, 88.41, and 83.79 kDa,
respectively. The most antigenic regions of proteins with

Fig.2 Recombinant chimera A)
protein expression, purification,
and characterization. A SDS-
PAGE 12%: Q3 (chimera 3 puri-
fied), Q2 (chimera 2 purified),
Q1 (chimera 1 purified) and
MM (protein ladder). The arrow
indicates the chimeras. B West-
ern blot (WB): Q3 (chimera 3
purified), Q2 (chimera 2 puri-
fied), Q1 (chimera 1 purified),
and MM (protein ladder)
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immunogenic potential against M. hyopneumoniae were
selected according to the bioinformatics analysis. The pro-
teins MHP418, MHP372, and MHP199 (P102) showed the
residues 101-305, 500-749, and 500-749, respectively,
of amino acids most likely to be exposed to the solvent,
according to the hydrophobicity profile of the amino acids.
Using the ELLIPro server, the proteins P46 and MHP0461
showed the regions of excellent flexibility and solvent expo-
sure among the residues 90-300 and 90-348 of amino acids,
respectively. Using the Discotope and Epitopia server, the
protein P46 showed the residues 80—135 and 286-312 of
amino acids, and the protein MHP0461 showed the residues
72-135 and 286-312 of amino acids. The C-terminal region
of the protein P97 was used in the chimera composition,
considering that this region has already been described with
a robust immunogenic capacity [40].

Chimeras 1 and 2 were detected in the insoluble fraction,
whereas chimera 3 and reLTB were detected in both solu-
ble and insoluble fractions. The expression parameters were
evaluated by varying the IPTG concentration, temperature,
and induction time. The optimal induction time for all three
proteins was 4 h, and the optimal IPTG concentrations were
0.75 mM for Q1 and Q2, 0.25 mM for Q3, and 0.5 mM for
reLTB. Figure 2 shows the results of the purification of the
chimeras and WB.

Induction of antibodies against recombinant
proteins

The immunogenicity of the recombinant proteins was
evaluated through the detection of antibodies specific to
each chimera at 45 d.p.i. The animals in the groups Q1
and MhJ showed IgG, IgG1, and IgG2a induction against
QI in comparison to reLTB and PBS groups, respectively
(Suppl. Fig. S1A-C). The group immunized with Q2 showed
increased IgG, IgG1, and IgG2a binding to Q2 compared
to the reLTB-immunized group (Suppl. Fig. S1D-F). The
animals immunized with Q3 only showed increased IgG2a
binding to Q3 compared to the reLTB group (Suppl.
Fig. S1I). The animals that were vaccinated with whole-cell
proteins of M. hyopneumoniae did not present significant

B) Q3 Q2 Q1 MM

— 100 kDa
—100 kDa

75 kD
[ 75 kDa ke
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seroconversion specific to Q3 compared to the PBS group
(Suppl. Fig. S1G-I). The animals immunized with M. hyo-
pneumoniae whole-cell proteins showed IgG, IgG1, and
IgG2a binding to Q1 and IgG1 binding to Q2 compared to
those of the PBS group (Suppl. Fig. S1A-C and S1E).

Induction of antibodies against whole-cell proteins
of M. hyopneumoniae

Next, we evaluated the antibodies specific to M. hyopneu-
moniae proteins in the serum of mice at different groups and
time points. As expected, all evaluated immunoglobulins
were significantly higher in MhJ-immunized mice (positive
control group) compared to mice inoculated only with PBS
(negative control group) after 15 d.p.i. (Fig. 3).

Specific IgG antibodies against MhJ in the Q1, Q2, and Q3
groups were observed at later time points (30 and 45 d.p.i.).
Both IgG and IgGl1 levels increased in the Q2 and Q3 groups
at day 30 p.i. and in all Q1, Q2, and Q3 groups at day 45 p.i.,
compared to the reLTB group (Fig. 3A and B). The 1gG2a
level was significantly higher in the Q1, Q2, and Q3 groups
at day 30 p.i. but only in the Q3 group at day 45 p.i. (Fig. 3C).

In addition to IgG antibodies, anti-MhJ IgA was evalu-
ated in serum samples at 45 d.p.i. The IgA specific to Mh]
was significantly higher in the Q3 group than in the reLTB
group (Fig. 3D).
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Fig.3 IgG and IgA antibodies against MhJ proteins. Mice were
immunized with recombinant proteins, and immunoglobulin lev-
els (Ig) were evaluated at 0, 15, 30, and 45 d.p.i. IgG (A) IgG1 (B)
and IgG2a (C) against whole-cell proteins as ELISA antigens were
evaluated in the six immunized groups. IgA antibodies against Mhp
proteins (D). Mice were immunized with recombinant proteins, and

Western blot analysis showed distinct patterns among the
groups against M. hyopneumoniae whole-cell proteins from
strain J (Fig. 4A). Sera from the Q1 group exhibited mark-
ings on proteins within the range of 35-48 and 48-63 kDa.
Sera from the Q2 and Q3 groups displayed markings on
proteins within the range of 25-35, 3548, and 75-100 kDa.
The positive control exhibited markings on several proteins
with several molecular weights, whereas the negative control
group presented only weak nonspecific markings. There was
no reaction from the sera of the animals from the Q1, Q2,
and Q3 groups with M. hyorhinis proteins (Fig. 4B).

Evaluation of the cytokine profile

To gain insights into the immune response induced by the
chimeras, cytokine quantification was performed in super-
natants from splenocyte cultures derived from immunized
animals. Animals immunized with M. hyopneumoniae
whole-cell proteins from strain J (MhJ) showed increased
production of TNF, IL-6, IL-2, and IL-4 after in vitro
stimulation with MhJ (Suppl. Fig. S2). Additionally, within
this group, an elevated IL-10 level was observed follow-
ing stimulation with all chimeras, as compared to reLTB
(Suppl. Fig. 2C). Among the cytokines evaluated in the dif-
ferent stimuli, the TNF presented the highest levels (Suppl.
Fig. 2H).
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serum IgA levels against MhJ proteins were evaluated at 45 d.p.i. in
the six immunized groups. Results are expressed as S/P ratio: (OD
sample — OD negative control) / (OD positive control — OD negative
control) with mean =+ standard error of the mean (SEM) for individ-
ual values obtained in each experimental group. *p <0.05; **<0.01;
*#%p <0.001; **+*¥p <0.0001
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Fig.4 Induction of IgG 45 A)
d.p.i against whole bacterial

cell lysates from M. hyorhinis
and MhJ assessed by Western
blot. A Serum reactivity against
whole-cell protein of MhJ. B
Serum reactivity against whole
proteins of M. hyorhinis. MM
(protein ladder), Q1 (serum
from Q1 group), Q2 (serum
from Q2 group), Q3 (serum
from Q3 group), PBS (serum
from PBS group), LTB (serum
from reLTB group), MhJ (serum
from Mh strain J group)

Splenocytes derived from Q1-immunized animals stimu-
lated with whole-cell proteins of M. hyopneumoniae (MhJ)
presented higher concentrations of TNF, IL-6, IL-10, IL-2,
IFN-vy, IL-17A, and IL-4 when compared to the negative
control (PBS) (Fig. 5A-G). Upon stimulation with Q1, an
increase in IL-6, IL-2, and IL-17 was observed compared
to reLTB (Fig. 5B, D, and F). Regarding the stimulus repre-
sented by whole bacterial cell lysates from M. hyopneumo-
niae and Q1 protein in splenocytes, the results showed an
increase in the levels of TNF, IL-6, IL2, and IL-17 (Fig. 5).

Splenocytes derived from the mice vaccinated with Q2
presented higher concentrations of TNF, IL-6, and IL-4
when stimulated with whole-cell proteins of M. hyopneumo-
niae in comparison to those stimulated with PBS (Fig. 6A,
B, and G). Stimuli with Q2 induced elevated levels of TNF,
IL-6, IL-2, IFN-y, IL-17A, and IL-4 compared to reLTB
(Fig. 6). As TNF was the major cytokine produced by
Q2-immunized mice (Fig. 6H), an increase in TNF, IL-6,
and IL-4 levels was observed when splenocytes from mice
vaccinated with Q2 were stimulated with either the MPH
whole-cell proteins or Q2 stimuli.

The Q3-immunized animals presented splenocytes secret-
ing higher concentrations of all assessed cytokines (Fig. 7A-
G). Upon stimulation with whole-cell proteins of M. hyo-
pneumoniae, the splenocytes secreted higher levels of TNF,
IL-6, IL-10, and IL-4 (Fig. 7A-C, G). Thus, an increase in
TNF, IL-6, IL-10, and IL-4 was detected when splenocytes
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from mice immunized with Q3 were stimulated with either
the MPH or Q3 stimuli (Fig. 7).

Discussion

Despite the worldwide use of bacterins in controlling M.
hyopneumoniae, they provide only partial protection, high-
lighting the need for more efficient vaccines [6]. In this
sense, chimeric vaccines may represent a better alternative to
control M. hyopneumoniae. Drawing from the outcomes of
advanced reverse vaccinology, immunogenicity analyses of
molecules and specific vaccine regions can be conducted via
in silico analysis, facilitating an initial selection of potential
vaccine candidates. In this context and intending to produce
an immunogenic vaccine against M. hyopneumoniae, in this
work, we developed and evaluated the immunogenicity of
three protein chimeras designed from M. hyopneumoniae
proteins. These proteins were subsequently expressed in a
bacterial system. When vaccinated in the murine model, the
three chimeras showed antigenicity and could elicit specific
IgG antibodies. Also, the sera from animals immunized
with whole-cell proteins of M. hyopneumoniae exhibited
reactivity against Q1 and Q3. Galli and collaborators [26]
showed that the proteins present in Q1 (MHP418, MHP372,
MHP199, or P102) are antigenic and react with convales-
cent pig sera collected from a commercial herd chronically
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same group. *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001
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Fig.7 Cytokine profile induced in the Q3 group. A TNF level; B IL-6
level; C IL-10 level; D IL-2 level; E INF-y level; F IL-17A level;
G IL-4 level. reLTB, Q3, MhJ (whole-cell proteins of MhJ), and
PBS are the stimuli used in the culture of splenocytes. Results were
expressed as the mean=standard deviation (SD) of the individual

infected by M. hyopneumoniae. Upon analyzing the anti-
body production against the whole-cell protein of M. hyo-
pneumoniae, we observed IgG production in the Q1, Q2,
and Q3 groups. Additionally, when MHP418 and MHP372
were inoculated in mice, they stimulated the production of
antibodies against M. hyopneumoniae [26]. These findings
underscore the capability of the antibodies produced by the
three chimeras developed in this study to interact with M.
hyopneumoniae proteins.

The affinity of the antibodies induced by the chimeras
against whole bacterial cell lysates from M. hyopneumoniae
was also assessed using WB. The antibodies induced by Q1
showed strong reactivity against one protein in the range
of 35-48 kDa, probably protein P102 in its cleaved frac-
tion P42, and one protein in the range of 48—63 kDa, prob-
ably protein P60, another cleaved fraction of P102 [41]. The
sera from Q2 and Q3 groups showed the same patterns of
antibody reactivity. They reacted against a protein between
25 and 35 kDa, probably protein P97 in its fraction P28, a
protein between 35 and 48 kDa, possibly protein P42, and a
protein between 75 and 100 kDa, probably protein P97 [42].
These results indicate that the chimeras possess B lympho-
cyte epitopes common to M. hyopneumoniae. We suggest
that the induction of antibodies by Q1, Q2, and Q3 is related
to their regions corresponding to the antigen determinant of
M. hyopneumoniae.

@ Springer

values obtained for each experimental group. H Cytokine array heat
map. # represents a significant difference in TNF compared to other
cytokines evaluated in the same group. & represents a significant
difference in IL-6 in comparison to other cytokines evaluated in the
same group. *p <0.05; ¥¥p <0.01; ***p <0.001; ****p <(0.0001

Our work quantified the concentration of cytokines asso-
ciated with Thl, Th2, and Th17 responses using CBA kit
analyses. Animals inoculated with the chimeras had hetero-
geneous levels of increased cytokines in each group when
the splenocytes were stimulated with whole-cell proteins
of M. hyopneumoniae or chimeras. We therefore highlight
the significative response of cytokines from splenocytes of
groups inoculated with Q1, Q2, or Q3, where a statistical
difference was noted between the stimulation by whole-cell
proteins of M. hyopneumoniae and purified chimera versus
control groups (PBS and reL TB, respectively).

A common characteristic of the vaccinated Q1, Q2, and
Q3 mice was the increased production of TNF. Generally,
TNF is mainly produced by activated macrophages, T lym-
phocytes, and natural killer (NK) cells [43]. Proinflam-
matory cytokines, such as TNF, play a pivotal role in the
pathogenesis of enzootic pneumonia [44]. Recently, a study
showed that vaccination using bacterins induced a strong
TNF-at in pigs, and there was a relation with immune pro-
tection [45]. The IL-6 showed another cytokine increase in
the three experimental groups (Q1, Q2, and Q3); it is a pro-
inflammatory cytokine with a central role in the integration
of immune defense against infections and functions in both
innate and adaptive immune responses against pathogens
[46, 47]. Various cell types, such as mast cells, macrophages,
dendritic cells, and T and B cells, can express this cytokine
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[47]. Both IL-6 and TNF were cytokines that showed the
highest concentrations in chimera groups after immunization
(Figs. 5H, 6H, and 7H). In addition, IL-4 was increased in
the Q2 and Q3 groups. The IL-4 is a cytokine that plays a
role in developing Th2 responses and promotes the growth
and activation of B cells to produce IgG1 [47]. Figure 4B
shows an increase in IgG1 levels at 30 days post-vaccination
in the Q2 and Q3 groups, and at 45 d.p.i, the mice in all three
experimental groups displayed high levels of IgG1. Yang
and collaborators [47] showed that the IL-4 and IL-6 fused
gene as an adjuvant could significantly improve the protec-
tion efficacy of vaccination against M. hyopneumoniae.

The splenocytes from the Q1 group exhibited increased levels
of IL2 and IL-17. The species M. hyopneumoniae is a mucosal
bacterial species that attaches to the epithelial cilia in the lower
airways [48], and studies have suggested that the Th17 response
plays a role in the early stage of M. hyopneumoniae infection
[49, 50]. In addition, the mice from the Q1 group showed an
IL-2 increase. The IL-2 may be related to protection against M.
hyopneumoniae infection in vaccinated and infected pigs [51].

Splenocytes obtained from animals vaccinated with Q3
exhibited IL-10 expression upon stimulation. The IL-10
is produced by various cell types, including macrophages,
CD8+and CD4 + T cells, y6-T cells, NK cells, B cells, and
dendritic cells. Macrophages are the major source of IL-10,
and this cytokine is a crucial anti-inflammatory cytokine that
can inhibit proinflammatory responses [52, 53]. Pathogenic
bacteria induce IL-10 expression as a strategy to evade the
host immune response [53]. This suggests that evading or
delaying the host's immune response is a potential mecha-
nism to facilitate persistent infection [54].

In vaccinated pigs, there was a higher concentration of
IL-10-producing cells in the bronchial lymph nodes. Vacci-
nation-induced IL-10 secretion may also lead to a reduced
influx of macrophages in the bronchoalveolar lymphoid
tissue compared to non-vaccinated pigs after experimental
infection with M. hyopneumoniae [22]. Further, IL-10 has an
anti-proliferative effect, preventing the pathological effects
of inflammatory cytokines [21]. This mechanism may also
contribute to the reduction of lung tissue damage observed
in vaccinated animals following infection [15, 20].

Some studies performed vaccination assays using chi-
mera proteins against M. hyopneumoniae. Oliveira et al.
[25] describe the construction of a multi-antigen chimera
composed of four antigens, namely P97R1, P46, P95, and
P42. This protein was tested as a vaccine in a murine model.
Conceicdo and collaborators [28] tested a recombinant chi-
mera as a vaccine composed of the R1 repeat region of P97
adhesin and evaluated the immune response in animal mod-
els. The studies cited above showed positive results as a vac-
cine candidate against M. hyopneumoniae in mouse models
or pigs. However, there was no significant protection against
M. hyopneumoniae infection in pigs when testing a chimeric

protein composed of the C-terminal portion of P97, heat
shock protein P42, and NrdF as vaccine candidates [18].
Here, we employed different designs of chimeric proteins
as vaccine candidates that had not been tested previously.

The mouse serves as the primary model for studying
mammalian diseases due to its small size, which makes it
a cost-effective choice, high breeding capacity, and immu-
nological reagents available [55]. There are some similari-
ties in the immune response between pigs and mice because
they are both mammals. Recently, Zhou et al. [56] showed
the susceptibility of mice to Mycoplasma hyopneumoniae
infection. However, there are genetic variations that can
result in slight differences in their immune systems. Whilst
these chimeric proteins were able to induce strong immune
responses in mice, there is no assurance that the same
immune response can be elicited in pigs when using these
chimeric proteins as a vaccine.

Three novel chimeric proteins were successfully designed
based on regions of M. hyopneumoniae proteins. These
recombinant chimeric proteins induced an immune response
in a murine model, able to induce specific antibodies against
M. hyopneumoniae proteins and cytokines. Moreover, the
chimeric proteins could induce proinflammatory cytokines
such as TNF and IL-6. Further studies using different com-
binations with the three chimeric proteins are necessary, and
clinical tests in pigs may be assayed using chimeric proteins.
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