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Abstract

Caseous lymphadenitis (CLA) is a disease that affects small ruminants, and the best way to prevent its spread on a herd is
through immunoprophylaxis. Thus, we aimed to evaluate the MBP:PLD:CP40 fusion protein as a new CLA immunogen. The
fusion protein was constructed by combining Corynebacterium pseudotuberculosis PLD and CP40 proteins with maltose-
binding protein (MBP) as an intrinsic adjuvant. The antigenicity, allergenic potential, prediction of B epitopes, binding to
MHC receptors, and docking on the Toll-Like 2 receptor were evaluated in silico. MBP:PLD:CP40 was expressed and puri-
fied. 40 BALB/c were divided into four groups (G1 — control, G2 — Saponin, G3 — MBP:PLD:CP40, and G4 — rPLD +rCP40).
Total IgG, IgG1, and IgG2a were quantified, and the expressions of cytokines after splenocyte in vitro stimulation were
assessed. Mice were challenged 42 days after the first immunization. The in silico analysis showed that MBP:PLD:CP40
has immunogenic potential, does not have allergic properties, and can dock on the TRL2 receptor. MBP:PLD:CP40 stimu-
lated the production of IgG1 antibodies in a fivefold proportion to IgG2a, and TNF and IL-17 were significantly expressed
in response to the antigenic stimuli. When rPLD and rCP40 were used together for immunization, they could induce IFN-y
and IL-12, but with no detectable antibody production. The G3 and G4 groups presented a survival of 57.14% and 42.86%,
respectively, while the G1 and G2 mice were all dead 15 days after the challenge. MBP:PLD:CP40 partially protected the
mice against C. pseudotuberculosis infection and can be considered a potential new CLA immunogen.

Key points

o The fusion protein induced more I1gG1 than IgG2a antibodies;

o The fusion protein also induced the expression of the TNF and IL-17 cytokines;
e Mice inoculated with MBP:PLD:CP40 presented a 57.14% survival.
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Introduction

Corynebacterium pseudotuberculosis is the etiologic agent
of caseous lymphadenitis (CLA), a disease that affects
small ruminants and causes economic losses worldwide
(Dorella et al. 2006). Antibiotics cannot penetrate the cap-
sule formed around the CLA’s granulomatous lesions, and
in this way, the treatment of the disease is difficult, and
vaccination can be considered the most effective preven-
tive measure (Dorella et al. 2009).

Commercial vaccines against CLA are currently avail-
able; however, the efficacy of these vaccines can vary
among sheep and goats, and abscess formation is still
observed in vaccinated animals (Leal et al. 2018). Thus,
experimental immunogens are being tested to improve
safety and protection rates (Pinho et al. 2021a).

C. pseudotuberculosis phospholipase D (PLD) and
CP40 proteins have already been used as CLA vaccine
targets, with the first inducing significant antibody produc-
tion and the second activating cellular immunity (Selim
et al. 2010; Silva et al. 2014). Thus, it would be interesting
to test PLD combined with CP40, since it would include
effective activators of both cellular and humoral immune
responses (Leal et al. 2018). Maltose Binding Protein
(MBP) has already been described as an intrinsic adjuvant
for fusion proteins (Gong et al. 2015), since it can bind to
Toll-Like 2 receptors (Liu et al. 2017; Wang et al. 2015).
In this way, the objective of this study was to develop
a MBP:PLD:CP40 fusion protein and then characterize
its immunogenicity and immunoprophylaxis properties in
silico and in vivo.

Materials and methods
In silico analyses

Physicochemical analysis, 3D structure prediction,
antigenicity, and allergenic potential

The physicochemical properties of the MBP:PLD:CP40
fusion protein were analyzed using the constructed amino
acid sequence through the ProtParam software (http://web.
expasy.org/protparam). The analyzed parameters were (1)
molecular weight; (2) theoretical isoelectric point (pl);
(3) instability index; (4) in vitro and in vivo estimated
half-life; (4) aliphatic index; (5) the grand average of
hydropathicity (GRAVY); and (6) number of amino acids
(Gasteiger et al. 2005).

The RaptorX tool was used to predict and select
the best tertiary structure (PMID: 22814390). The
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SAVE PROCHECK server (https://saves.mbi.ucla.edu)
(Laskowski et al. 1993) was used to generate a Ramachan-
dran graph. The structural representation was made using
the Chimera software (UCSF, San Francisco, CA).

The antigenicity analysis was performed through ANTI-
GENpro (http://scratch.proteomics.ics.uci.edu/) (Cheng
et al. 2005). The assessment of the allergenic potential was
performed using the software AlgPred (http://www.imtech.
res.in/raghava/algpred/index.html) (Saha and Raghava
2006).

Prediction of B epitopes and binding to class | and Il MHC
molecules

For the prediction of B lymphocyte epitopes, the Immune
Epitope Database and Analysis Resource (IEDB) server
(http://www.iedb.org/) were used. Additionally, analyses
based on the hydrophilicity scale method (Parker et al.
1986), solvent accessibility scale method (Emini et al. 1985),
and fp-turn prediction method (Chou and Fasman 1978) were
also performed. The predictions of the possible binding to
the major histocompatibility complex (MHC) class I and
I molecules were performed at the IEDB server using the
NetMHCpan EL 4.1 (Reynisson et al. 2020) and 2.22 (Wang
et al. 2010) methods.

Prediction of docking on the Toll-like 2 receptor

The docking analysis between the MBP:PLD:CP40 fusion
protein and the mouse-specific Toll-like 2 (TLR2) receptor
(PDB 5d3i, with modifications) was performed using the
SwarmDock software (https://bmm.crick.ac.uk/~svc-bmm-
swarmdock) (Torchala et al. 2013). The 3D structures of the
fusion protein and the receptor were made using the Chimera
software (UCSF), and the representation of the binding was
performed with the LIGPLOT v.2.2 software (Wallace et al.
1995).

Fusion protein construction and expression

Nucleotide sequence and vector for the expression
of the MBP:PLD:CP40 fusion protein

The fusion protein sequence was constructed based on the
gene sequences that encode the C. pseudotuberculosis PLD
(WP_013240889.1) and CP40 (WP_138130220.1) pro-
teins. The genes were merged entirely, with substitutions
of the active site amino acids (PLD H19A-H53A and CP40
D150A-D153A-E157A). The inclusion of a rigid linker
(EAAAKEAAAKEAAAKE) between PLD and CP40 pro-
teins was performed (Lu and Feng 2008). Additionally, the
sequence GGENLYF was added between MBP and PLD
as a TEV (Tobacco Etch Virus) protease cleavage site. The
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sequence was expressed and cloned into a pMAL-c2X (Plas-
mid #75286) vector, containing the maltose-binding protein
(MBP) sequence.

Cloning and expression

rPLD and rCP40 recombinant proteins, used in a separately
way for immunization, ELISA and cellular immunity assays,
were expressed as previously described. Briefly, for rPLD
and rCP40, the plasmids previously constructed pAE/pld
(Silva et al. 2018) and pAE/cp40 (Droppa-Almeida et al.
2016) were introduced by heat shock into the expression
strain E. coli BL21 (DE3) Star. Expression of recombinant
proteins was induced by the addition of 1 mM of isopropyl-
a-D-thiogalactoside (IPTG) to the culture medium supple-
mented with ampicillin (100 pg/mL), followed by incubation
in an orbital shaker (200 rpm) at 37 °C for 3 h. After, the
confirmation of expression of rPLD and rCP40 were per-
formed by western blotting using a horseradish peroxidase
(HRP)-conjugated anti-6 X His tag monoclonal antibody
(Sigma—Aldrich, Saint Louis, MO). Then, the cells were
lysate by sonication in buffer containing 8 M urea for solu-
bilization of proteins and the purification was performed by
affinity chromatography on a HisTrap™ Sepharose nickel
column (GE Healthcare Life Sciences, Marlborough, MA).
After, a dialysis with PBS buffer was performed to refold
the proteins.

The MBP:PLD:CP40 fusion protein was expressed as fol-
lows: 80 ng of the pMAL-c2X recombinant vector was used
to transform thermocompetent E. coli (Origami) cells. After-
ward, the transformation product was stirred at 250 rpm
for 1 h at 37 °C in SOC liquid medium. Then, the bacteria
were selected in LB selective medium (solid) containing
ampicillin (100 ug/mL) and subsequently inoculated into
individual tubes containing 10 mL of LB selective medium
with ampicillin (100 ug/mL) under constant agitation and
aeration for 16 h at 37 °C. These cultures were then diluted
100 times in fresh LB medium containing antibiotics and
incubated at 37 °C until reaching a 600 nm optical density
between 0.4 and 0.6. Expression induction was performed
at 20 °C with 0.4 mM IPTG. After expression, the culture
was centrifuged at 8000 X g, the supernatant was discarded,
and the precipitate was resuspended in a cell lysis buffer,
sonicated (4 pulses of 40 s) and centrifuged at 15,000 X g
for 30 min at 4 °C. Additionally, the MBP:PLD:CP40 was
treated with TEV-protease for 16 h to show the possibility
of cleavage of MBP, obtaining the PLD:CP40 protein (not
used in this particular study). Afterwards, the samples were
then applied to a 15% SDS-PAGE and electrotransferred to a
nitrocellulose membrane. The membrane was incubated with
an anti-polyhistidine monoclonal antibody (Sigma-Aldrich)
diluted 1:10,000 in PBS Tween-20 0.05% (PBST) and subse-
quently with an alkaline phosphatase-conjugated anti-mouse

IgG antibody (Sigma-Aldrich) diluted 1:30,000 in PBST.
The reaction was detected with a solution containing H,0,
and BCIP/NBT (5-bromo-4chloro-3-indolylphosphate/
nitro-bluetetrazolium).

Protein purification

The purification was performed through a Ni-Sepharose
affinity chromatography (GE Healthcare Life Sciences).
Briefly, the resin was washed and eluted by gradually
increasing imidazole concentrations. The fractions were
analyzed on a 15% SDS-PAGE and concentrated in 10 kDa
centrifuge devices (Amicon, Miami, FL). Subsequently,
another purification step was performed by size exclusion
chromatography on a Superdex G75 10/300 column (GE
Healthcare Life Sciences) using the AKTA-pure system
(Cytiva, Marlborough, MA). The samples were evaluated by
Dynamic Light Scattering (DLS) in a Zetasizer Nano series
S90 device (Malvern Instruments, Malvern, UK), and data
acquisition was performed from 10 cycles of the 30 s at a
constant temperature of 25 °C. The purified protein was also
tested in an immunoenzymatic assay, using serum samples
from goats and sheep naturally infected or not by C. pseudo-
tuberculosis in different dilutions, and the MBP:PLD:CP40
purified protein as antigen and in different concentrations,
with the objective to verify the recognition of the fusion
protein by antibodies of animals with caseous lymphadenitis.

Circular dichroism spectroscopy

Circular dichroism spectroscopy was performed on a Jasco
J-815 spectropolarimeter (Jasco, Portland, OR) with a
Peltier-type temperature control system. The far UV-CD
spectrum of MBP:PLD:CP40 fusion protein was collected
from 260 to 197 nm at 25 °C in a 0.05 cm quartz cuvette. A
scan speed of 50 nm/min was used with a response time of
1.0 s, spectral bandwidth of 1.0 nm and spectral resolution
of 0.1 nm. The signal was averaged over 10 scans. Each
spectrum was acquired independently twice. The protein
was diluted to 5 pM in 20 Mm Tris and 100 mM NaCl, pH
7.4. The contribution of the buffer was subtracted from the
protein spectra. Percentages of the secondary structure in
solution were calculated with the CONTINLL software of
the CDPro package, using the reference set of proteins SP43.

In vivo analyses

Animal model and ethical aspects

Forty BALB/c mice (males, 8 weeks old—from Instituto
Gongalo Moniz—Fiocruz-BA, Salvador, Brazil) were

used in this study. This project was approved by the Eth-
ics Committee of the School of Veterinary Medicine and
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Zootechnics of the Federal University of Bahia (permission
number 19/2021).

Experimental groups, sampling, immunization,
and challenge

The animals were divided into four groups of 10 animals
each, and immunizations were performed subcutaneously at
0 and 28 days. Groups were immunized as follows: G1—200
pL of a sterile saline solution; G2—200 pL of saline solution
containing 7.5 pg of saponin; G3—200 pl of sterile saline
containing 50 pg of the MBP:PLD:CP40 fusion protein and
7.5 pg of saponin; G4—200 pL of sterile saline contain-
ing 25 pg of rPLD, 25 pg of rCP40, and 7.5 ug of saponin.
Blood was sampled by retro-orbital sinus puncture at 0,
14, 28, and 42 days after the first immunization. All blood
samplings were performed under anesthesia with 10% keta-
mine (100 mg/kg) and 2% xylazine (10 mg/kg). The blood
samples were centrifuged at 1500 X g for 15 min and stored
at -20 °C. The challenge was performed on seven animals
from each group two weeks after the last immunization by
intraperitoneally injecting 200 uL of a solution containing
10* CFU of the virulent C. pseudotuberculosis MIC-6 strain
(Ref. Seq. NZ_CP019769.1), and the animals were observed
for 30 days. All animals were necropsied after death by vet-
erinarian pathologists, and lesions were macroscopically
evaluated.

Humoral immune response evaluation

The production of total IgG, IgG1, and IgG2a was evaluated
as previously described (Bezerra et al. 2021), with minor
modifications. Briefly, ELISA plates were coated with 100 pl
of rPLD and/or rCP40 at a concentration of 2.5 pug/ml, at
4 °C for 16 h. Serum samples diluted 1:100 in PBST-1%
skimmed milk was then applied at 100 ul/well, and incu-
bated at 37 °C for 1 h. After six washes with PBST, the
anti-mouse total IgG (Sigma-Aldrich), IgG1 (Invitrogen,
Waltham, MA), and IgG2a (Invitrogen) conjugated with
horseradish peroxidase diluted 1:5000 in PBST-1% skimmed
milk were applied to the plates, which were incubated at
37 °C for 1 h. After additional six washes with PBST, the
reaction was developed with a solution of OPD (ortho phe-
nylenediamine) and hydrogen peroxide for 10 min, stopped
with 2 N sulfuric acid (H,SO,), and then read at 492 nm.

Cellular immune response evaluation

Forty-two days after the first immunization, three mice from
each experimental group were euthanized by cervical dis-
location under anesthesia and had their spleens aseptically
collected. The spleens were macerated through a cell strainer
in a petri dish containing 5 mL of HBBS-HANK’S buffer
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(Sigma-Aldrich), transferred into tubes, and centrifuged at
500 x g for 7 min at 4 °C; the pellet was resuspended in ACK
lysing buffer (Thermo Fisher Scientific, Waltham, MA) and
left at room temperature for 5 min; the lysis reaction was
stopped with 10 mL of PBS and centrifuged at 500 X g for
7 min at 4 °C. The pellet was then resuspended in DMEM
medium (Thermo Fisher Scientific) containing 1% antibi-
otic/antimycotic solution (Sigma-Aldrich) and 10% inacti-
vated fetal bovine serum (Sigma-Aldrich). The cells were
counted and had the concentration adjusted to 1.5 x 107 cells/
mL, and then 1 mL of this solution was placed in each well
of sterile 24-well culture plates.

Cells were stimulated with rPLD and rCP40 proteins
(10 pg/mL each), concanavalin A (CoA) (10 ug/mL) as a
positive control, and culture medium as a negative control.
The plates were incubated for 48 h, and each well content
was centrifuged at 500 g at 4 °C for 10 min. The pellets
were resuspended in TRIzol (Invitrogen), and the trans-
formation of RNA into cDNA was made using the High-
capacity Reverse Transcriptase kit (Applied Biosystems,
Waltham, MA). Finally, the IL-4, IL-12, IL-17, IFN-y and
TNF cDNAs were quantified using the Stratagene Mx3005P
Real-Time PCR System (Agilent Technologies, Santa Clara,
CA) and specific primers; the results were normalized using
the glycerol-3-phosphate dehydrogenase (GPDH) gene
(Dummer et al. 2014; Overbergh et al. 1999).

Statistical analyses

Statistical analyses were performed using the software
GraphPad v. 8 (GraphPad Software, California, USA).
The humoral and cellular immune response quantification
followed a normal distribution based on the Kolmogo-
rov—Smirnov test. Therefore, one-way ANOVA and Holm-
Sidak’s multiple comparisons test compared differences
among the groups. The percent of survival was calculated
dividing the number of dead animals by the total number
of animals of each group. The Log-rank and Fisher’s tests
were performed to verify the differences between the sur-
vival curves (kinetics of mortality during 30 days).

Results
MBP:PLD:CP40 sequence and 3D structure

The proposed 3D model can be visualized in Fig. S1. The
fusion protein contains the amino acid residues encoding for
maltose binding protein (386 AA), PLD (282 AA), CP40
(348 AA), His-tag, TevSite (7 AA), and the rigid linker (16
AA), as shown in Table S1. The analysis of the second-
ary structure of the protein showed that it has 33% alpha-
Helix, 16% beta-sheets, and 50% coil structure (Fig. S2).
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The Ramachandran graph shows that the MBP:PLD:CP40
protein 3D structure presented 89.5% of the amino acids in
favorable regions (Fig. S3).

Physicochemical analysis, antigenicity,
and allergenic potential

The MBP:PLD:CP40 fusion protein presented antigenicity
in the in silico analysis and was non-allergenic, showing no
IgE epitopes and no similarity with known allergens. Addi-
tionally, through the ProtParam server, it is speculated that
the protein presents stability even at high temperatures and
is hydrophilic due to the low instability and high aliphatic
indices. In addition, it has a significant half-life. These data
are presented in Table 1.

B lymphocyte epitopes and binding analysis to MHC
landll

The fusion protein shows a range of possible regions that can
be recognized as linear or conformational epitopes (Fig. 1).
Additionally, the analyses of B-turn, epitope accessibility,
and hydrophilicity show possible epitopes that can be recog-
nized by B lymphocytes (Fig. 1). Table 2 shows the specific
sequences most likely to bind to class I and II MHC mol-
ecules from mice, chosen for binding to all tested alleles, and
overlap sequences that can bind to both molecules.

Docking results for the binding with TLR2

Figure 2 shows the representation of the docking between
the fusion protein and TLR2. It was possible to confirm that
the MBP:PLD:CP40 fusion protein has several docking

Table 1 Physicochemical parameters, antigenicity, and allergenic
potential of the MBP:PLD:CP40 fusion protein. The physicochemi-
cal parameters were analyzed using the ProtParam server. Antigenic-
ity was analyzed on the ANTIGENpro server. The allergenic potential
was analyzed using the AlgPred server

Parameter Result

Allergenic potential None

Antigenicity ANTIGENpro=0.846011
Number of amino acids 1039

Molecular weight 115.11 kDa

Theoretical isoelectric point 6.02

Instability index 22.80

Aliphatic index 74.28

GRAVY —0.525

Estimated half-life 30 h (mammalian reticu-

locytes, in vitro)
>20 h (yeast, in vivo)
> 10 h (E. coli, in vivo)

regions to the TLR2 receptor. The interaction in which there
was a greater variation in the Gibbs free energy and the pos-
sible bonds between the MBP and the receptor are shown in
Fig. 2. It also can be seen the residue interactions in Fig. 2B,
presenting 21 hydrogen bonds and 29 hydrophobic interac-
tions, denoting a stable ligation between the MBP and the
TLR2. Specifically, Glu45, Lys 202, Ser211, Val38, Asp207,
Asn234, Asn205, Lys16, Asp296, Glu221, Lys145, His40,
Asp 42, Lys2,6 and Lys219 amino acid residues of the MBP
protein are able to form hydrogen bonds with the Lys357.
Cys327, Glu273, Asn270, Ser328, GIn407, His332, Glu349,
Ser303, Tyr 320, Lys 352, Phe 299, Tyr 297, Glu381, Lys
387, Gly 328, GIn377, and Phe 296 amino acid residues
of the TLR2. Regarding the hydrophobic interactions, the
amino acid residues of the MPB Thr37, Lys43, Glu214,
Ser238, 1le212, Glu39, Ser146, Thr237, Ala215, Lys 141,
Gly144, Lys143, Lys297, Asnl9, Ala22, Tyr18 and Pro41,
and the Leu302, Asn353, Tyr350, GIn331, Pro326, Tyr306,
Asp268, Leu298, Asp301, I1e382, Lys378, and Thr385
amino acid residues of the TLR are envolved.

Expression and purification of MBP:PLD:CP40

The MBP:PLD:CP40 protein was expressed the expected
molecular weight of 115 kDa and that the MBP part can
be cleaved and the PLD:CP40 protein can be obtained
(Fig. 3A). The purity of the samples after four eluating con-
ditions (imidazole 40 mM, 60 mM, 80 mM, and 400 mM)
(Fig. 3B). After obtaining a significant degree of purity,
the DLS analysis showed that the protein is monodispersed
and free of protein aggregates and secondary structures
(Fig. S4). Additionally, the expressed protein could be rec-
ognized by antibodies from serum samples of sheep and
goats naturally infected by C. pseudotuberculosis, as seen by
the differences of the OD results in C. pseudotuberculosis-
negative and positive animals (Table S2).

Circular dichroism spectroscopy

The UV-CD spectrum characteristic of MBP:PLD:CP40 is
shown in Fig. S5; additionally, the percentages of the sec-
ondary structure in solution are shown in Table S3. These
results indicate that the MBP:PLD:CP40 fusion protein is
correctly folded, and suitable for performing biological
assays.

Humoral immune response

rPLD- and rCP40-specific antibodies were produced after
immunization with the fusion protein. Total IgG antibod-
ies were significantly (p <0.05) produced in the G3 group
42 days after first immunization; however, an increase in
antibody titers can be seen at 28 days after immunization
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Fig. 1 Prediction of MBP:PLD:CP40 fusion protein linear and con-
formational epitopes likely to be recognized by B cells, and epitope
analyses through amino acid characterization. The parameters evalu-
ated were f-turn, accessibility, and hydrophilicity of conformational

(Fig. 4). Anti-rCP40 total IgG was more produced than anti-
rPLD in the G3 group, as shown in Fig. 4 (p <0.05).

The production of anti-rPLD and anti-rCP40 IgG1 anti-
bodies (p < 0.05) was only significant in the G3 group after
42 days of immunization (p <0.05), and statistical differ-
ences between G3 and G4 groups (Fig. 4). Regarding the
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Position

epitopes likely to be recognized by B cells. The cut-off point was
established as recommended by the IEDB server and is represented
by a red line within the graph

IgG2a subtype, it was noticed a less pronounced production
of this antibody when compared to IgG1 (Table 3), with
no significant production of anti-rPLD (p <0.05) in the G3
group (Fig. 4). Anti-rCP40 IgG2a antibodies were signifi-
cantly produced at 14 and 42 days after the first immuni-
zation in the G3 group, with no significant production at
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Table2 Fusion protein aminoacid sequences most likely to bind
to class I and II MHC from mice (Mus musculus). The underlined
sequences represent the overlapping regions for MHC I and 11

Protein Start End Sequence

PLD 394 408 QSMASPASTANRPVY
420 434 VDDAVAIGANALEID
449 463 IPTSAGATAEEIFKH
506 520 YLEPAGVRVLYGFYK
592 606 LRKSSEARDQGKLGK
626 640 KANVDGLIFGFKITH
653 667 AIKRWVDKHSATHHL

CP40 697 711 QAPLKASPGHADKVG
794 808 VVRTVGAQLLILNKIK
859 873 QWQLRKIMGAFSELM
917 931 LAQTYDKGTKESIDQ
953 967 EENDTNRFLTAVGEV
1002 1016 GDDFTTLKPTDFAFT

28 days, and presenting higher titles than the G4 group. No
significant production was found in the control groups (G1
and G2) for any of the antibodies assessed (Fig. 4).

Cellularimmune response

The IL-4 mRNA quantification showed no significant dif-
ferences among the groups (p <0.05). The G4 group sig-
nificantly expressed more IL-12 and IFN-y than the G3
group (p <0.05). Regarding IL-17 and TNF, only the G3
group presented a significant expression when compared to
the control group (p <0.05). Higher IL-12 and IFN-y levels
were found in the G4 group (Fig. 5). G1 and G2 groups did
not present significant levels of any of the cytokines evalu-
ated herein.

Survival analysis

After the virulent C. pseudotuberculosis MIC-6 strain chal-
lenge, a survival curve was constructed based on a 30-day
monitoring (Fig. 6). All animals from G1 and G2 groups
were dead after 15 days of challenge, and the immunized G3
and G4 groups had a final percent survival of 57.14% (4/7)
and 42.86% (3/7), respectively after the 30 days of observa-
tion. Through the Log-rank test, all curves were significantly
different (p < 0.05), and the final percent survival of the G3
group was significantly higher than the G4 group (p <0.05).
Additionally, lesions were detected on the kidneys, liver,
lungs, spleen, and heart. The total number of lesions was
lower in the fusion protein group than the other groups — 05
lesions in the mice inoculated with the fusion protein, 13
in the control group, 16 in the saponin group, and 13 in the
group inoculated with rPLD and rCP40 (Table 4).

Discussion

Nowadays, one of the most used tools for vaccine develop-
ment is reverse vaccinology, which uses immunoinformat-
ics to evaluate new targets and predict epitopes capable
of being recognized and presented by the immune sys-
tem (Rappuoli 2001). Thus, we used immunoinformatics
approaches to develop the MBP:PLD:CP40 fusion protein,
and tested its immunoprophylaxis potential in vivo using
a murine model.

The novelty regarding C. pseudotuberculosis immuno-
gens that were employed in the MBP:PLD:CP40 design is
the presence of the maltose-binding protein (MBP), which
has already been described in the literature as an intrinsic
adjuvant in vaccine models based on fusion proteins, inducu-
ing the immune system activation through binding to Toll-
Like 2 and 4 receptors (Gong et al. 2015; Liu et al. 2017;
Wang et al. 2015), which can be found on antigen-presenting
cells (APCs). Nevertheless, MBP lacks other important adju-
vant functions and cannot be the only adjuvant molecule
used in a vaccine construct, and saponins are largely used
for C. pseudotuberculosis vaccine trials for preventing the
protein denaturation and aiding the protein to be released
in a slower manner, as seen in recent studies (Bezerra et al.
2021; Pinho et al. 2021b). It was seen that the fusion protein
binds to the TLR2 receptor through the MBP, with a total
of 21 hydrogen bonds and 29 hydrophobic interactions, and
can assist in the recognition of the antigen and its presenta-
tion to T cells through the activation of antigen presenting
cells (Kumar et al. 2019). The role of TLR2 functions in
C. pseudotuberculosis infection is not yet described; how-
ever, it plays an important role in infections by mycobacteria
through the recognition of several mycobacterial compo-
nents and inflammatory responses (Hu and Spaink 2022).
Additionally, it was already been described that mycobac-
teria may use TLR2 inhibition as an invading mechanism,
through the PPES1 protein which inhibits autophagy by sup-
pressing this receptor (Strong et al. 2022).

Although immunoinformatics analyses are of great help
in terms of time/cost parameters, predictions are not formal
evidence, and they do not entirely replace traditional vacci-
nal research methods (Oli et al. 2020), and the confirmation
of the results obtained in silico is required. The expressed
MBP:PLD:CP40 fusion protein, presented an approximate
molecular weight of 115 kDa, as previously predicted, and
despite the high molecular weight and the presence of three
whole proteins, it was stable as previously in silico predicted
and did not present any interfering secondary structures that
could hampered its immunological functions, as seen by the
DLS and circular dichroism results.

The MBP:PLD:CP40 protein presented several epitopes
for B lymphocytes, both linear and conformational,
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«Fig.2 Anchoring of the MBP:PLD:CP40 fusion protein to the TLR2
receptor. A Structure generated by the Chimera software; TLR2
(receptor) in purple and MBP:PLD:CP40 protein (ligand) with MBP
(grey), TEV protease site (red), PLD (green) rigid linker (pink), and
CP40 (blue). B Residue interactions between proteins provided by
the LIGPLOT v.2.2 software. Green lines represent hydrogen bonds,
semicircles denote hydrophobic interactions. It can be seen 21 hydro-
gen bonds and 29 hydrophobic interactions between MBP and the
TLR2. The MBP aminoacid envolved in the hydrogen bonds are writ-
ten in green and followed by the letter (B), and the TLR2 residues
envolved in these bonds are written in blue and followed by the letter
(A). The MBP and TLR2 amino acid residues that participate in the
hydrophobic interactions are represented inside pink and red semicir-
cles, respectively

bearing several regions with accessible and hydrophilic
p-turn conformations, capable of being recognized and
interact with antibodies (Novotny et al. 1986). Due to
its large size and presence of several B and T epitopes,
this fusion protein may modulate both humoral and cel-
lular immune responses in a more diverse way than qui-
meric antigens that present a limited number of epitopes
(Baranov et al. 2021). It can also be cited that quimeric
and synthetic peptide vaccines can present low solubility
and stability (Patarroyo et al. 2002), and in this way they
may remain in the host organism for a short time, signifi-
cantly interfering in its capacity to interact with immune
cells. The in vivo analysis confirmed the immunoinfor-
matic results by showing a significant production of IgG
antibodies after immunization with the fusion protein,
mainly IgG1 subclass, associated with a lower presence of
IgG2a. A higher production of IgG1 in mice, when com-
pared to IgG2a, is a consequence of a tendency to develop
a Th2 response (Mills et al. 2000). As Thl and Th2 cells
secrete different cytokines, humoral immune responses
develop through the production of distinct antibody iso-
type patterns, with Th1-type immunity associated with the
IgG2a subclass and Th2-type with antibodies of the IgG1
subclass in mice (Germann et al. 1995).

It was already described that high IgG2a levels, in the
absence of detectable IgG1, were able to protect mice immu-
nized with rCP40 (Droppa-Almeida et al. 2016). Recent
studies aiming to develop a new CLA vaccine have shown a
predominance of IgG2a production over the IgG1 subclass
(Bezerra et al. 2021; Rezende et al. 2020; Silva et al. 2020).
Differently, Silva and collaborators (Silva et al. 2014) have
also employed the rCP40 alone and in combination with a
mutant C. pseudotuberculosis strain (CP09) as an immuno-
gen and observed a more pronounced Th2 response, which is
characterized by the induction of the production of neutral-
izing antibodies, leading to a partial protection against C.
pseudotuberculosis infection through the neutralization of
exotoxins, such as PLD. This fact was also seen herein, with
the MBP:PLD:CP40 leading to a five-fold higher production
of IgG1 when compared to IgG2a, suggesting that the fusion

protein elicited a response characterized by a Th2 profile
rather than a Th1 response. It must be also considered that
Th2 antagonizes Th1 responses (Abdelaziz et al. 2021) and,
as the development of granulomes is a result of exacerbated
cellular immune responses based on excessive chemotaxis
(Guler et al. 2021), the Th2 response can also regulate this
process and inhibit the formation of caseous lymphadenitis
lesions.

The pathways that make Th cells specialize into Thl
or Th2 profiles are regulated by different stimuli, such as
the presence of specific cytokines and immunologically
active hormones, the dose and route of antigen administra-
tion, and the type of APCs stimulating the T cells, and the
lack of Th1 profile stimuli could lead to the polarization
to Th2 response triggered by MBP:PLD:CP40 (Abebe and
Bjune 2009). Considering this situation, it is possible that
the protein dose used in the present study drove the cellular
response to a Th2 profile, and its partial protection can be
related to the neutralization of the exotoxins produced by C.
pseudotuberculosis, or even to the inhibition of cytokines
that drive the formation of caseous granulomes, since [FN-y,
IL-12 and TNF are crucial for this particular process and are
significantly produced when a Th1 profile is induced, and
this induction can be inhibited by a Th2 profile (Munk and
Emoto 1995; Ferluga et al. 2020).

Another fact that must be considered in the Th2 polariza-
tion induced by the vaccinal formulations is the adjuvant that
was used herein. Saponins are traditionally used in veteri-
nary vaccines with significant result results (Fernandes et al.
2008); however, it can induce, in some cases, a more pro-
nounced humoral response than a Th1-mediated one (Wang
2021). Saponin was used in this experiment since it was
already employed as an adjuvant in other caseous lymphad-
enitis vaccinal trials (Bezerra et al. 2021; Droppa-Almeida
et al. 2021), and is being now used even in commercial
veterinary vaccines (Fernandes et al. 2008); however, the
use of an adjuvant that can drive to a higher production of
IFN-y, with a consequent bacterial clearance through acti-
vated phagocytosis, can be included in further trials using
the fusion protein.

The fusion protein stimulated the production of both
anti-PLD and anti-CP40 specific antibodies, despite what
was previously reported in the literature about C. pseudo-
tuberculosis PLD and CP40 proteins, where the first is an
inducer of substantial antibody production and the second
stimulate cellular immunity (Selim et al. 2010; Silva et al.
2014). Although specific antibody production was nearly
equal between the two proteins, anti-CP40 was more pro-
duced than anti-PLD, especially considering that the total
IgG and IgG2a subclass showed no statistical difference in
anti-PLD production. Interestingly, no antibody produc-
tion was observed when rPLD and rCP40 were combined
to immunize mice. This fact could have happened due to
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S 1

Fig.3 Expression and purification evaluation of the MBP:PLD:CP40
fusion protein. A Western blot using anti-polyhistidine antibody for
the detection of MBP:PLD:CP40 and PLD:CP40. S—Molecular
weight in kDa; 1—MBP:PLD:CP40 and PLD:CP40. B 15% SDS-
PAGE evidencing the results of the fusion protein purification. S—

the amount of protein herein used (25 pg each) since it has
already been described a significant antibody production
when rPLD or rCP40 alone were used in a higher quantity
(50 pg) (Leal et al. 2018; Pinho et al. 2021b; Silva et al.
2014). Class IT MHC genes regulate the humoral antibody
response to protein antigens (Egea et al. 1991) in mice and
other mammalian species. Furthermore, TLRs are neces-
sary for further antibody production, and TLR signaling
is required for DC maturation and T and B cell activation
(Delgado et al. 2009); therefore, a low amount of rPLD and
rCP40 could hamper antibody production due to the lack of
B cell stimulation.

Due to the presence of epitopes capable of being rec-
ognized by several alleles of mouse MHC I and II, it was
predicted that the fusion protein would activate the cellu-
lar immune system when tested in vivo. IL-4, like many
cytokines, can affect a wide range of target cells in a variety
of ways, and it plays a distinct and essential role in regulat-
ing antibody production, inflammation, and the development
of effector T cell responses (Brown and Hural 2017). Nev-
ertheless, when production of IL.-4 was assessed, no signifi-
cant mRNA expression was observed in mice immunized
with the MBP:PLD:CP40 fusion protein, nor when rPLD
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21.1—

14.4—

S 1 2 3 4

Molecular weight in kDa. Washes were performed with different con-
centrations of imidazole: 1 — 40 mM; 2 — 60 mM; 3 — 80 mM, and
4—elution with 400 mM. Black arrows indicate the presence of the
respective proteins

and rCP40 were used herein. Only a subset of activated T
cells, mast cells, and basophils express detectable amounts
of IL-4, and stimulation of IL-4 mRNA expression is tran-
sient: peak levels are only detected six hours postinduction
and then fall precipitously (Brown and Hural 2017).

IL-12 has been recognized as a cytokine that connects
innate and adaptive immunity because it primarily induces
IFN-y production from Th and NK cells in the early stages
of the immune response and induces the differentiation of T
cells in Th1 effectors, appropriate for protection against bac-
terial infection (Méndez-Samperio 2010). Interestingly, the
immunization with MBP:PLD:CP40 did not induce a Th2
profile cytokine (IL-4) nor Thl profile’s IFN-y and IL-12
cytokines. However, when rPLD and rCP40 were applied as
an immunogen in mice, we observed a significantly higher
production of IFN-y and IL-12. IFN-y acts mainly through
phagosome maturation, programmed death activation of host
cells, and ROS generation (Ghanavi et al. 2021), acting as
an essential molecule in intracellular pathogens’ elimina-
tion. The fact that MBP:PLD:CP40 did not significantly
induce such cytokines could be related to the recognition
of the MBP by the TLR2, since the engagement of these
ligands during bacterial phagocytosis can lead, in particular
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Fig.4 Total IgG, IgG1, and IgG2a quantification during 42 days after
the first immunization. Anti-rPLD, anti-rCP40 and anti-rPLD + anti-
rCP40 total IgG, IgG1, and IgG2a were evaluated for all experimental
groups: G1 — Control; G2 — Saponin; G3 — MBP:PLD:CP40 fusion

cases, to the inhibition of cytokine synthesis and decreased
cytokine responsiveness (Huynh et al. 2011); this fact must
be considered since the TLR2 recognizes the fusion protein
through the MBP and this protein is not present when rPLD
and rCP40 were separately used to immunize mice. It can
also be speculated that the formation of secondary structures
that is usually seen in the expression of large proteins such as
the fusion protein use in this study, can hamper the correct
immune activation by the fusion antigen. This was not the

Table 3 Ratio between the production of IgG subtypes IgGl and
IgG2a in the G3 group. The ratio was based on the mean value for
each analysis at 42 days after the first immunization of the G3 group
(MBP:PLD:CP40 fusion protein)

Specific antibodies 1gG1/1gG2a
anti-rPLD 4.83
anti-rCP40 5.24
anti-rPLD +rCP40 5.14

Anti-rCP40 IgG
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protein; and G4 — rPLD +rCP40. Results are expressed as means of
optical density (OD 492 nm) and standard errors; statistical differ-
ences (p<0.05) among the groups are expressed as an “*” within
each graph

case of our fusion protein, since the DLS and the circular
dichroism spectroscopy assays showed not only a correct
folding, but also the absence of such structures; however,
secondary structures can be formed in in vivo scenarios
(Tretyachenko et al. 2017).

While MBP:PLD:CP40 failed to induce 1L-4, IL-12,
and IFN-y, there was a significant production of TNF after
antigenic stimulation in vitro. TNF is primarily produced
by macrophages early after a challenge and is involved in
the innate phase of the immune response, playing a criti-
cal role in the defense against intracellular pathogens, act-
ing as a pro-inflammatory factor, and is costimulatory to B
cells (Korner et al. 2010). Although a high recognition of
MBP:PLD:CP40 by TLR2 could suppress cytokine signal-
ing (Huynh et al. 2011), it is likewise plausible that this rec-
ognition profile has induced the production of TNF observed
herein for the fusion protein. Similarly, the lack of TNF
stimulation in the group immunized with rPLD and rCP40
can be due to a failure to significant stimulate the innate
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Fig.5 Cytokine production profile after in vitro stimulation. G1 —
Control; G2 — Saponin; G3 — MBP:PLD:CP40 fusion protein; and G4
— rPLD +rCP40. Forty-two days after the first immunization, mice
were euthanized and the splenocytes were obtained, and stimulated.
The quantification of IL-4, IL-12, IL-17, IFN-y, and TNF expression

immune system. It is noteworthy to say that the significant
production of TNF seen in the fusion protein group could be
led to the partial protection seen after challenge since it has
already been described that a more efficient and rapid innate
immune response can lead to a better prognosis of caseous
lymphadenitis (Bastos et al. 2013).

Interestingly, the fusion protein induced a significant
production of IL-17 whereas rPLD and rCP40 did not, and
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was made through real-time PCR. Results are presented as the means
of fold induction and standard errors. The symbol “*” indicate signif-
icant statistical differences between groups (p <0.05), as defined by
the one way ANOVA and Holm-Sidak’s multiple comparisons tests

although the role of IL-17 in C. pseudotuberculosis infec-
tion is yet unclear, Th17 cells are widely considered to guide
cellular traffic towards infected lesions (Orme and Ordway
2016). IL-17 is a significant pro-inflammatory cytokine with
immunomodulatory functions, one of which is to coordi-
nate tissue inflammation by promoting the expression of
pro-inflammatory cytokines such as TNF (Abebe and Bjune
2009), which could also explain the significant levels of TNF
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Table 4 Macroscopy evaluation of lesions found on mice experimentally infect by C. pseudotuberculosis. Organs were obtained after necropsy

and were then analyzed by veterinarian pathologists

Organs Lesions
Gl G2 G3 G4

Kidneys Multifocal granulomatous Multifocal granulomatous Multifocal granulomatous Multifocal granulomatous
nephritis (n=4) nephritis (n=5) nephritis (n=2) nephritis (n=15)

Liver Mild degeneration and Mild degeneration and Mild degeneration and Mild degeneration and
multifocal hepatitis/necro- multifocal hepatitis/necro- multifocal hepatitis/necro- multifocal hepatitis/necro-
sis; focal granulomatous sis; focal granulomatous sis; focal granulomatous sis; focal granulomatous
hepatitis (n=5) hepatitis (n=35) hepatitis (n=2) hepatitis (n=35)

Lungs Focal granulomatous pneu- - - -
monia (n=1)

Spleen - Focal granulomatous splenitis — -

(n=2)

Heart - - Focal granulomatous myocar- Focal granulomatous myocar-

ditis (n=1) ditis (n=1)

Systemic Congestion and hemorrhagic ~ Congestion and hemorrhagic - Congestion and hemorrhagic
lesions (n=3) lesions (n=4) lesions (n=2)

Total of lesions 13 16 5 13

observed in the MBP:PLD:CP40 group. Unfortunately, there
are no records on the importance of IL-17 in the C. pseu-
dotuberculosis infection; however, IL-17 is induced during
both the innate and adaptive immune responses to Mycobac-
terium bovis (a microorganism phylogenetically related to C.
pseudotuberculosis) infection, and is needed for granuloma
development (Curtis and Way 2009), being plausible to infer
that this may also occur in C. pseudotuberculosis infection.
Recent studies on vaccine development for CLA have shown
a specific production of IL-17 after in vitro solenocyte
stimulation (Bezerra et al. 2021; Silva et al. 2020), as seen
herein. Although the immunomodulation of Th17 by vac-
cines is a very recent and unexploited issue, it was already
described that different antigenic emulsions, even those con-
taining saponins (Khademi et al. 2019; Phelps et al. 2020),
were able to induce immunoprotective responses associated
with IL-17 production (Doligalska et al. 2013).

Considering both humoral and cellular immune responses
elicited by immunization of mice with MBP:PLD:CP40, it
was observed a more pronounced production of IgG1 rather
than IgG2a, and significant expression of TNF and IL-17
cytokine mRNAs, and the fusion protein conferred a 57.14%
protection after challenge with a virulent strain of C. pseudo-
tuberculosis. A 42.86% protection was observed after mice
immunized herein with rPLD and rCP40 were experimen-
tally challenged; however, this group presented a significant
production of IFN-y and IL-12 but no significant antibody
production. It is noteworthy to say that low antigen doses
induce, in some cases, an exclusively cell-mediated reaction.
Medium doses produce a cell-mediated response that changes
into a humoral one over time; and large doses produce faster
responses, sometimes with a scarcely detectable cell-mediated
response (Bretscher 2014), which can be seen when lower
doses of antigens are used. In this study, it was used 25 pg
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of rPLD and rCP40 each, since it was a control for the 50ug
fusion protein dose, and in this way this lower dose could be
responsible for this partial protection and immune induction.

An antigenic formulation containing an E. coli bacterin
expressing the PLD protein was already tested in a murine
model, which conferred a 40% protection; in this same study,
when a vaccine composed only of rPLD was used, it could
be observed a 30% protection (Pinho et al. 2021b). The use
of a genetically inactivated rPLD as a vaccinal antigen, in the
same way that was made in our study but conducted in sheep,
was able to protect 44% of the vaccinated sheep against a
virulent C. pseudotuberculosis challenge (Hodgson et al.
1999). Regarding the CP40 protein, when peptides derived
from this protein sequence were tested in a murine model,
they conferred protection levels that varied from 10 to 40%
(Droppa-Almeida et al. 2021). The 57.14% percent survival
that was reached in our study when the fusion protein was
used suggest this vaccinal formulation can represent a higher
number of epitopes that are able to elicit both the humoral
and cellular response, acting on a complementary way to
induce a more protective response, along with the adjuvant
effect of the MBP. In a similar way, Barral et al. (2019) was
able to develop an immunoenzymatic assay combining rPLD
and rCP40 that presented higher levels of sensitivity and
specificity than other immunodiagnosis assays that were
developed to detect anti-C. pseudotuberculosis antibodies
in goats and sheep (Menzies et al. 2004; Rebougcas et al.
2013; Rezende et al. 2016).

In conclusion, the immunoinformatics analyses predicted
that the MBP:PLD:CP40 fusion protein is antigenic, does not
have allergenic potential, and contains multiple epitopes that
can be recognized by B lymphocytes and presented to T lym-
phocytes via MHC I and II molecules. The interaction with
innate immune receptors can also be seen in the prediction
of protein binding to the Toll-Like 2 receptor, demonstrating
its intrinsic adjuvant role. In vivo analyses revealed that the
fusion protein conferred a 57.14% percent survival following
a virulent challenge, higher than the 42.86% reported when
rPLD and rCP40 were used, with a considerable produc-
tion of IgG1 antibody, as well as TNF and IL-17 cytokines.
Hence, the MBP:PLD:CP40 fusion protein is a potential anti-
gen for immunoprophylaxis of caseous lymphadenitis; how-
ever, more studies involving dosage adjustments in a small
ruminant model are needed to understand better its protective
efficacy in the primary hosts of C. pseudotuberculosis.
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