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Abstract: Paratuberculosis is an infectious disease of ruminants caused by Mycobacterium avium subsp.
paratuberculosis (MAP). MAP is an intracellular pathogen with a possible zoonotic potential since
it has been successfully isolated from the intestine and blood of Crohn’s disease patients.Since no
cure is available, after the detection of the disease, animal culling is the sole applicable containment
strategy. However, the difficult detection of the disease in its subclinical form, facilitates its spread
raising the need for the development of effective diagnosis and vaccination strategies. The prompt
identification and isolation of the infected animals in the subclinical stage would prevent the spread
of the infection.In the present study, an immunoinformatic approach has been used to investigate
the immunogenic properties of 10 MAP proteins. These proteins were chosen according to a
previously published immunoproteomics approach. For each previously-described immunoreactive
protein, we predicted the epitopes capable of eliciting an immune response by binding both B-cells
and/or class I MHC antigens. The retrieved peptide sequences were analyzed for their specificity
and cross-reactivity. The final aim is to employ the discovered peptides sequences as a filtered
library useful for early-stage diagnosis and/or to be used in novel multi-subunit or recombinant
vaccine formulations.

Keywords: paratuberculosis; proteomics; Mycobacterium avium subsp. paratuberculosis (MAP);
immunoinformatics; early diagnosis; vaccines; epitopes

1. Introduction

Bovine paratuberculosis, also known as Johne’s disease (JD) is an infectious disease of ruminants
caused by Mycobacterium avium subsp. paratuberculosis (MAP). It is characterized by chronic and
progressive granulomatous enteritis. The infected animals initially show normal appetite and
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food consumption, but the intestinal wall thickening and the impaired nutrient absorption cause a
reduced feed-conversion rate and a progressive weight loss. Milk yield is also negatively affected
by the progression of the infection. Nevertheless, clinical manifestations do not involve all infected
animals [1-3]; the subclinical stageof infection can last from 2 to 15 years [4] and, despite the
absence of visible symptoms, animals in this stage can shed MAP and spread the disease [3,5-7].
For these aforementioned reasons, this pathology leads to significantly increased veterinary costs
worldwide [3,8,9].

The causal agent of JD is MAP. It is considered a zoonotic pathogen [10] because of its possible
link with Crohn’s disease. MAP infection affects animals and there is considerable evidence that might
be a co-cause of human Crohn’s disease [11]. MAP isolation from the intestine and blood of Crohn’s
disease patients has extensively documented. More precisely, MAP presence was found to be seven
times higher in Crohn’s disease patients than what has been found in patients with any other bowel
inflammation [12,13]. MAP also infected animals and Crohn’s disease patients show similar alterations
of the immune system response reinforcing the hypothesis about the analogy between the two [14-17].

MAP is a slow-growing bacterium, commonly acquired via the fecal-oral route by both animals
and humans [18]. Despite the pathogenetic mechanism of MAP, infection has not been fully understood,
it has been demonstrated that its acid resistance enables it to survive in the gastric environment,
allowing its entrance in the intestinal tract. At the ileal level, MAP invades the lymphatic system
overlying Peyer’s patches. This stimulates the host’s immune response that, besides activating the
humoral response, promptly phagocytizes MAP into macrophages [8]. As an intracellular pathogen,
MAP can either survive into macrophagic cells or being killed and disassembled to present its antigens
to T-lymphocytes [3].

Evidence from multibacillary JD revealed a massive humoral antibody response along with a
tendency to suppress the cell-mediated immune response [3,19,20]. Whereas, a recent comparative
study between two groups of cows, one in the sub-clinical and the other in the clinical stage, highlighted
an increased T-cell activity in the first group of animals compared to the second one [21]. Studies
on cattle at the early stage of MAP infection revealed an upregulation of class I MHC molecules,
suggesting a pivotal role of these molecules in the very beginning of the infective process [22]; this is of
great interest for both diagnosis and prophylaxis-oriented studies. Figure 1 provides an overview of
the major immunological mechanisms triggered byMAP infections.

To date, JD diagnosis relies on both direct (MAP culture, PCR, microarrays etc.) and indirect
(ELISA) detection of MAP from feces, milk and necroscopy-derived tissues. However, all the available
diagnostic methods suffer from sensitivity (especially in the sub-clinical phase) that strongly reduce
their robustness and efficient applicability on large-scale control programs. The failure to detect the
subclinical infection makes it difficult to timely apply the control measures necessary to block the
spread of the infection within the same, and to other, herds.

A thorough comprehension of the etiopathogenetic mechanisms of MAP infection and host
response would be beneficial for diverse research scenarios, providing guidance for the design of
MAP-specific diagnostic tools capable of JD diagnosis in the subclinical phase. From this perspective,
a previous study from our research group [18] employed an immunoproteomic approach to investigate
and select MAP-specific immunoreactive proteins. Here, incubation of MAP proteome with sera from
infected bovines highlighted several possible candidate immunoreactive proteins. These candidates
represent a good starting point for an immunoinformatic analysis of their sequences in order to find the
best immunoreactive sub-sequences and epitopes. This would provide a library of peptides that might
be useful for novel prophylactic strategies and/or for their potential application in the immune-based
detection of MAP.

The rapid development of the bioinformatics tools and databases provides the possibility to
detect the antigenic/epitopic regions of given protein sequences. This innovative strategy for the
in-silicoanalysis is time- and cost-effective compared to the “old-fashioned” laboratory-based approach.



Pathogens 2020, 9, 705 3o0f15

Recently, Carlos et al. [23] and Rana et al. [24] applied immunoinformatics-based studies to detect class
II MHC epitopes possibly useful for the control of JD in a rapid and cost-effective manner.

Over the last decade, these computational approaches lead to the achievement of successful
epitopes prediction in several research fields as virology [25,26], bacteriology and cancer research [27].

In this study, previously-selected immunogenic proteins [18] were studied via several
immunoinformatics approaches aiming at the detection of the most promising peptide sequences useful
for diagnostic purposes. The parameters taken into account were affinity for both the humoral antibody
binding and the class I MHC molecule binding. We predicted the most suitable peptide sequences and
discuss their potential employment in the design of innovative control measures against JD, with a
specific focus on the early diagnosis of JD and/or potential use in novel specific vaccine formulations.
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Figure 1. Schematic overview of the Mycobacterium avium subsp. paratuberculosis (MAP) immunity.
2. Results

The peptide sequences of the previously-identified immunoreactive proteins [18] were used to
recall the novel protein identifiers in the NCBInr protein database. Because of the continuous evolution
of the data repositories and the increasing knowledge on their entries, some protein accession numbers
were re-classified into other identifiers. Table 1 summarizes the BLAST-based alignments of the
peptides performed to line up the selected proteins to the current identification system. All pBLAST
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alignments matched at 100% with the reference protein kept. The low E-value of each alignment
supports the attribution of the immunoreactive proteins to the novel identifiers.

Table 1. Peptides alignment and novel protein identifiers attribution.

New

Former GI . Peptide Sequence Match (%) Position E-value
Accession
GYISGYFVTDAER 100 196-208 158 x 10-8
41410034 CAA526301 e vEGAGDSDAIAGR 100 326343 253 x 10712
LASGSLLGPDRPIELR 100 2540 157 x10-10
41408639 P61976.1 DGDWTIVQGLEIDEFSR 100 200-306 271 x 1013
WNLQLSNAVIFR 100 25236  526x10-8
41409105 Q73VKe.1 LIDTAAAYGNEAAVGR 100 49-64  222x10°10
MADTSRPDHLPNLR.D 100 1-15 4.69 x 10711
41407484 AAS03703.1 LGGATGPAAAREPYE 100 216-230  2.08 x 10~
QGVVGLFQPGLVGEQAPGLSVR 100 243264 240 x 1016
41408219 AZPB1686.1 )\ p A GAGSEEPLPQTYVDYETSPR 100 66-88  2.35x 10-18
EAADAVLDEINER 100 30-42 452 10°8
41409159 AASOS609.1 5 oMHGSDVVQTGWALAR 100 90-107 824 x 10714
41406421  AAS02640.1 DAGLAVTEAGASFPYR 93.75 368-383  2.46 x 10~
41410345 Q73529.1 YLRHLSK 100 158-164 0.028

41410406  ETA93906.1 IITSPAFTGDR 100 73-83 5.48 x 10
VVVVGTTPDAAAGPHER 100 119-135 1.68 x 1011
414109790 AJK73649.1  ppip C GHADILVNNAGITR 100 283300 228 x 10~13

Once the updated protein identifiers are inferred, the major immunogenic domains of the selected
proteins were predicted through an immunoinformatic approach. Prediction of the linear B-epitopes
provided a list of epitopes capable of eliciting antibody production (Supplementary Table S1). All the
selected proteins showed relevant epitopes from an immunogenic point of view. A large number
of short epitope sequences is predicted for each immunogenic protein; whereas, an average of six
candidate epitopes (min 4-max 8) meeting the threshold of a minimal length of 10 aminoacids is
predicted for each of the selected immunogenic proteins. Figure 2 depicts the ten immunogenic proteins
of MAP along with the relative distribution of the predicted B-epitopes. Whole protein calculated
immunogenic potential based on the type-B epitopes prediction indicates the “hypothetical protein
MAP_1386¢” (AAS03703) as the most immunogenic one. This evidence is supported by its highest
number of predicted epitopes and the highest average epitope length (Figure 2). On the other hand,
the fructose-bisphosphate aldolase (ETA93906), reported the lowest number of predicted epitopes
along with the lowest epitope sequence length. Regardless of the number of predictions, candidate
epitopes are evenly mapped over the full sequence length of the immunogenic proteins, suggesting a
good versatility of the predicted sequences (Figure 2).
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EIENSDSDYDREK EKVRNSPAGTGLNAATGEYE
. 35Q-362 464-483
CAA52630- heat shock protein 65
541
43-54 7791 144135 325-341 426-437 517-538
WGAPTITNDGVS AKKTDDVAGDGTTTA KEVETKDQIA KDETTIVEGAGDSDAIA ELKPEGEEATGA VVADKPEKAAA

PAGDPTGGMGG

IASWTEPKGG TFPSLPDLRDA

338-347 396-406

AAS02640- hypothetical protein MAP_0323c

36-45 56-71 118-129 242-251 370-392
TRGKPAPAQL GDDYRDSEGTDTRNYG ~ VDSQRPWKDEPS AAGNPNRPYV GIAVTEAGASFPYRKDPNDTNIRS
GATGPAAAREPYETRGAT
GRLDGYQYADMPDDRD GELHGGSWDS ~ DEDPVQVV
110-125 16%-174 218-243

AAS03703- hypothetical protein MAP_1386¢

248
139 64-79 92-108 136157 202-211
MADTSRPDHLPNLRD ~ LEPPGPLRFFGPEEEP DVEPRVPVAESVDAKLA ~ ETASRRYGAGS IGFGGPAYPR
DGKPPHPSWLPRQRRGTTPQMIGR FAAAEPQTREA
NESTDGTGGAV GVEPDEVGLANA
) 122132 213224

AAS05609- FixA
1 263

12-34 64-73 91-100 156-168 226-252

PDTWSERKLTD  TAGPERATEA DGMHGSDWQ GKVTGERETDDGV SSVLSSTPKPPKTAG

GDWTLDREAADA EKVTDEGEGGNQ

KGKNAAEWWG PVTTKDGDWT
202211 285294

P61976.1- Malate dehydrogenase

329
70-79 127-136 235-251 308-322
EIGADPNKIF VGVTGNPANT RGASSAASAASATTDAA RIDKTTAELADERNA

GAASAVAPRAYRA  ADKATAATAPSVQTAVGQAAAELGD

182-194 378-402
Q73529- Phosphoglucosamine mutase

33-42 102-114 116-128 134-144
QLASGSAPGR ~ SHNPMPDNGIKIF  PGGHKLDDGTEDR GDAGPRPVGAG

NDGTRLRPDPDTYEGS
26Q-281

Q73VK6- Uncharacterized oxidoreductase MAP_3007

1-20 82-91 179-191  202-217
MTGESGSAAPSIALNDENTM  LATSDQGFKG LRKTNAEHNVVTQ  NDHPTVNSVAAEYGKT 281

ETA93906- Fructose-bisphosphate aldolase

312
14-27 95-107 157-166 286-295
SSMSNQQQAERMTS DRDIEGKPSTTYL RSVIGGANPV TVDQSDEQFN
EADSTPPADWERPLD GIAGNRGQTNYATT
198-212 35Q-363

AJK73649- 3-ketoacyl-ACP reductase

1 454
27-45 123-136 165-174 246-260
GVPQPETL GTTPDAAAGPHERI PAAKPAATGL ESAAETLAETASRVG
RRYRPGDPPLA

QATPEQTIQTLAGAPTPDDL EATYRGVPPP
14
AZP81686- hypothetical protein EGA31_12440

111 21-31 61-90 218-230
MTSAQNESQAL NATKTVPQLST ~ QVAIEAEAGAGSEEPLPQTYVDYETSPREY ~ LIPSDKVPVEDGK

Figure 2. Depiction of the candidate B-cell-binding protein epitopes. The figure represents the selected
immunological proteins selected. For each of the protein is displayed the prediction of the B-cell
epitopes along with the relative sequence region.
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Prediction of binding affinity for the diverse class I BoLAs histocompatibility antigens predicted
a high number of peptide sites. The full list of class I MHC epitope prediction is provided in the
Supplementary Table S2. Epitope prediction from the previously selected immunogenic proteins
yielded a total of 7044 peptides, each of which scoring a peculiar binding affinity. Peptides scoring a
binding affinity among the top 0.5% are considered as strong binders (SB); whereas, peptides with a
percentile rank comprised between 0.6% and 2% were labelled as weak binders (WB). Sorting all the
entries using the “sole” WB and SB resulted in a total of 818 candidate epitopes when considering all
the MHC haplotypes for the ten immunogenic proteins (Supplementary Table S2).

For a better evaluation of the most suitable MAP epitopes, we focused our attention towards the
sequences that are most commonly recognized by the immune system effectors (i.e., BOLA haplotypes
and, in turn, CD8* T-cells). Figure 3 lists, for each of the tested immunogenic protein, the shared
epitopes among the MHC haplotypes.

AMQTLPQVL
GLYEFFTPL
GMIGLTQAL
NQIELHPLL
EMFDLIHQM
AMLQDMAIL
AQLDLSNAL
TQMTAAIPL
TERAVSAAL
GVFNLEATL
FITWRGIPL
HMLRHQQIL
RLLEIEPAL
RMAQTGSPL
AMDACEASL
NQSAIATYL
AMRKWESSM
AAGQIGYSL
ALEGVVMEL
NERAVEEAL
ARLEPPGPL
TQSYTPLAL

Binding
Affinity
2.0

1.5
1.0
0.5

Figure 3. Selected class I MHC binding peptides. The Heat Map displays the selected T-epitopes
and summarizes BoLAs haplotypes predicted to bind each sequence as means of a color scale
that depends on the binding affinity. Peptides “AMLQDMAIL” belongs to heat shock protein 65
(CAA52630.1); “AQLDLSNAL” and “HMLRHQQIR” belong to hypothetical protein MAP_0323c
(AAS02640.1); “ARLEPPGPL” belong to hypothetical protein MAP 1386¢ (AAS03703.1); “GVFNLEATL”
and “NERAVEEAL” belong to the protein FixA (AAS05609.1); “RLLEIEPAL”, “AAGQIGYSL” and
“ALEGVVMEL” belong to the Malate dehydrogenase protein (P61976.1); “AMQTLPQVL” AND
“RMAQTGSPL” belong to Phosphoglucosamine mutase (Q73529.1); “NQIELHPLL”, “TERAVSAAL”,
“AMDACEASL” and “TQSYTPLAL” belong to Uncharacterized oxidoreductase MAP_3007 (Q73VK®6.1);
“EMFDLIHOM” and “AMRKWESSM” belong to fructose-bisphosphate aldolase (ETA93906.1);
“GLYEFFTPL”, “GMIGLTQAL” and “TQMTAAIPL” belong to 3-ketoacyl-ACP reductase (AJK73649.1);
“FITWRGIPL” and “NQSAIATYL” are peptides of the hypothetical protein EGA31_12440 (AZP81686.1).

The vast majority of the listed epitopes are classified as SB; while eight of them, belonging to the
proteins Malate dehydrogenase (P61976), Uncharacterized oxidoreductase MAP_3007 (Q73VK®6) and
hypothetical protein EGA31_12440 (AZP81686), are to be considered as WB on the basis of their affinity
rank. Regardless of the binding affinity, all these sequences are predicted to be commonly bound by a
plurality of MHC haplotypes. An average of 2 (min 1-max 4) suitable epitopes are selected for each
of the tested protein. Such epitopes are predicted to be recognized by five diverse BoLAs out of the
six MHC haplotypes used for the computer-based prediction; except for the immunogenic proteins
FixA (AAS05609) whose epitopes can be bound by four BoLAs out of six. The BoLA-HD6, BoLA-JSP.1
and BoLA-T2c are able to recognize all the selected epitopes sequences among the immunogenic
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proteins. On the other hand, the BoLA-T2a is not showing any binding affinity to the epitope sequences;
while BoLA-D18.4 and BoLA-T2b fail to bind the epitopes of AAS05609 protein(Figure 3).

The class I MHC epitopes as of Figure 3 are further aligned against both the mycobacteria and
cow databases to assess the specificity of the predicted epitope sequences for MAP. Complete list of
alignments is available in the Supplementary Table S3. Sequence alignment highlighted that the peptide
AMDACEASL and AMRKWESSM respectively of the “uncharacterized oxidoreductase MAP_3007"
(Q73VK®6) and “fructose-bisphosphate aldolase” (ETA93906) proteins are the most specific for MAP.
Specifically, AMDACEASL scores 100% identity with the MAP and the Mycobacterium aviumcomplex
(MAC); whereas, hits with other mycobacteria specimens are featured by a lower sequence identity
(below 89%) and a far higher E-value when compared with MAP and MAC hits (0.16 vs. 5.3,
Supplementary Table S3). Similarly, the peptide AMRKWESSM scores 100% sequence identity with
MAP and MAC and only less than 73% of sequence similarity is scored by the alignments with other
mycobacteria. The E-value supports the robust alignment against the MAP and MAC (E-value 0.01) in
spite of the other alignments (E-value > 86) further supporting the hypothesis on the specificity of this
peptide sequence (Supplementary Table S3). Concerning the alignment of the peptides against the cow
database, both AMDACEASL and AMRKWESSM did not score relevant matches with any of the cow
proteins. Several hits were matching with discontinuous sequences of the cow proteins database with
high E-values (Supplementary Table S3, topic better commented in the discussion section).

3. Discussion

The host’s immune response to MAP infection is complex and heterogeneous. Debates on the
sequelae of immunological events following MAP infection are currently ongoing. Nevertheless,
it seems widely accepted that the early stage of the infection elicits an important cell-mediated response.
Once MAP is phagocytized, its antigen presentation is accomplished through the loading of the
processed antigen onto MHC molecules. The bovine MHC genes complex (i.e., Bovine Leukocyte
Antigen, BoLA) is carried in the chromosome 23 and represent a fundamental component of the
bovine immune system that allows the recognition and presentation of a virtually infinite number of
antigens [28] (Figure 1). Such a high versatility relies on diverse factors, including the polygenetic origin
of the MHC genes, the codominance of the parental alleles, the polymorphism of the genetic variants
and the peptides/proteins splicing [29]. Class | MHC molecules recognize, bind and present peptide
antigens from intracellular pathogens to CD8* T-lymphocytes [28]. In this view, class I MHC molecules
and Cytotoxic T-lymphocytes (CTL) are likely to play a pivotal role in the early stage of the MAP
infection [30]. Thus, of potential interest for early diagnosis-oriented studies and the design of efficient
vaccine formulations. Class I MHC peptide antigens are to be considered among the main triggers
of the cell-mediated responseand their specific immunostimulation would lead to a more efficient
prophylactic outcome. Nevertheless, a study from Rana etal. highlighted an important involvement
also of the humoral response to MAP infection, other than the adaptive immunity mediated by the
class II MHC molecules [24].

Huge efforts have been made to optimize diagnostics for the efficient detection of MAP by
means of both direct and indirect methods [4,31,32]. The slow-growing rate of MAP along with the
reduced sensitivity of the culture-based methods raised the need to develop alternative diagnostic
strategies. PCR-based diagnosis targeting the multicopy insertion sequence IS900 held the promise of
fast detection of MAP in both environmental and clinical samples. However, the presence of 1S900-like
sequences in other bacterial specimens resulted in a reduction of the PCR specificity. This, along with
the elevated costs of the reagents, equipment and procedures, precludes the PCR applicability in
large-scale programs [33].

Among the indirect methods, ELISA-based detection of anti-MAP antibodies enables faster
diagnosis time but still suffer from drawbacks related to sensitivity and specificity. Although great
improvements have been made in optimizing ELISA kits to reduce cross-reactions with environmental
mycobacterium strains [18,34]. Still, this method suffers from a lack of sensitivity. Moreover, the
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high antigen similarity between MAP and Mycobacterium bovis obstacles the discrimination between
bovines infected with tuberculosis and inoculated with live or attenuated paratuberculosis vaccines [35].
This promotes the seek of molecular target(s) capable of offering a more robust diagnosis.

The present work describes a companion study that relies on previously-obtained datasets of
our research group [18]. Employing an immunoproteomic approach, we experimentally validated
the whole MAP proteome for its capability of being complexed by the antibodies naturally occurring
in sera of infected bovines. MS-based identification of the immunogenic proteins enabled the
detection of 10 protein candidates whose protein sequences have been now further investigated
for their immunogenic features. We employed an immunoinformatic approach for further focusing
on the peptide sequences, potentially involved in the immunostimulation. A key point of the
immunoinformatic approach is the prediction of the protein epitope sequences. Epitopes prediction
can be based on several features such as physical-chemical properties and structural folding of the
primary protein sequence [36-38]. The present investigation is mainly focused on linear epitopes
because protein-antibody complexes were selected through two-dimensional electrophoresis (2-DE)
and western blotting; thus, on linearized proteins [18,39]. However, the application of other Mass
Spectrometry technologies is quickly developing in the field on immunoproteomics [40] there are still
significant limitation to map on a large scale conformational epitopes.

As expected from the previous experimental data, all the screened protein sequences showed the
capability of being recognized by both B-cells and class I BoLAs. The comprehension of recognition
and binding of MAP by the host immune cells is still controversial. Some studies document a relevant
humoral response to MAP infections. On the other hand, other pieces of evidence describe the
importance of the cell-mediated response to control MAP growth [41-45].

From our perspective and, according to the collected evidence, MAP-targeted antibodies could
play a key role in the specific and sensitive detection of this pathogen in the subclinical stage of the
infection. B-cell epitopes prediction highlighted the “hypothetical protein MAP_1386¢” (AAS03703)
protein as the most active in stimulating antibody production. This finding is in agreement with our
previous study [18], where this protein showed a high level of immunoreactivity exclusively against the
serum of the MAP infected animals. To the best of our knowledge, this protein was not described before
as an antigen and, according to our dataset on its functional domains, it is possible to hypothesize
that it is part of a surface-associated dehydrogenase with oxidoreductase activity involved in pentose
phosphate pathway [18,46]. The fructose-bisphosphate aldolase (ETA93906), instead, is described as
less prone to elicit antibody production. This is consistent with its intracytoplasmic localization and
with its major role in the central metabolism. Despite its cellular localization, several moonlighting
properties have been described as part of its multiple functions [47-49]. Interestingly, B-cell epitopes
prediction highlighted a homogenous distribution of multiple peptide sequences throughout all the
proteins primary sequences (Figure 2). This suggests the potential usefulness of the selected proteins
for a variety of implications where two or more epitopes are needed in a single protein molecule
(e.g., sandwich ELISA, and other indirect diagnostic tests ensuring higher sensibility) [50,51].

Prediction of the class I BoLAs binding peptides confirmed the immunogenicity of the previously
studied proteins. Similarly to HLAs, BoLAs are highly polymorphic proteins; thus, including a plurality
of BoLAs while computing the peptide binding affinity would benefit the robustness and reliability of
the prediction [52,53]. Among the class I MHC epitopes predicted in the present study, the hypothetical
protein EGA31_12440 (AZP81686) differs by only one amino-acidic residue from the MAP membrane
protein 2121c (V7KREOQ), whose immunogenic properties have been already demonstrated by both our
previous investigation and other studies [18,31,54]. It is, indeed, a surface-exposed protein involved in
the mechanism of invasion of the epithelial cells [55,56]. Its expression is upregulated when the MAP is
exposed to the physicochemical conditions similar to the intestine environment and the specific block
of this protein reduces the virulence up to 60% [34]. Interestingly, this protein is among the entries
classified as WB suggesting that more immunogenic properties can also be exploited by the other WB
protein besides the others predicted as being SBs.
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Moreover, we specifically focused on the sole peptide sequences whose binding affinity is shared
among multiple BoLAs. In this manner, the most suitable epitope sequences are likely to have a
broad recognition in a higher portion of the bovine population [57,58]. Epitopes identified with this
approach are of potential interest for diverse purposes and studies, including the investigations aimed
at elucidating the order of immunological events following the MAP infection, and shedding light on
the controversial aspect of suppression, or not, of the cellular-mediate immune response following
MAP infection [3].

To prove selected epitopes as suitable candidates for the unbiased diagnosis of MAP infection,
we aligned the peptides sequences against a database comprising the closest taxonomically-related
bacteria. Such alignment generated a steep reduction of the number of input sequences and returned
two peptides suitable for a specific diagnosis of MAP. These two candidates were not overlapping
with other mycobacteria other than Mycobacterium avium complex (MAC). The described approach
resumes the pipeline of an in-silico method, therefore, empirical tests will be required for the definitive
assessment of differential diagnosis capability of the selected sequences. The sequence alignment
against the host-specific protein (i.e., the publicly available cow proteome) fails to identify significant
sequence identities. The only alignment hits observed (Supplementary Table S3) were not continuously
overlapping and showed a low percentage of identity and a high E-value. Acknowledged the prediction
of linear epitopes, the matching of our candidates with gapped sequences of cow is likely to be of a
negligible relevance since regarding amino acid residues that are not laying in a concatenate order.
Thus, we speculate that the candidate epitopes suggested in this study are of potential value for the
design of either multi-subunit or recombinant vaccines to confer protection against the first-time
infection of the calves by MAP. Nevertheless, confirmatory experimental trials are warmly encouraged
especially to assess the specificity between MAP infected animals and bovine with tuberculosis [59,60].
Although less significant, a certain level of identity hasbeen registered with other mycobacterium strains.
However, the discrepancy observed in the sequence alignment might be used as the driving force for
the differential diagnosis. At this purpose, application of optimized laboratory protocols expecting
high stringency condition might be the key to improve the specificity of the diagnostic methods.

Finally, empirical evaluation of the synergistic effect of both B-cell epitopes and the class I MHC
epitopes are desirable. This will aim at the evaluation of the successful diagnosis of MAP infection at
the subclinical stage and at the potential in elicitation of protective immunity.

To conclude, the present study describes an innovative pipeline based on the in-silico survey
of selected immunoreactive proteins capable to uncover the immunogenic features of each protein.
This pipeline was applied to the detection of a restricted number of peptides potentially useful for the
diagnosis of JD at the early subclinical stage. Obtained results are as well useful for the implementation
of innovative vaccination strategies.

The obtained results confirmed the immunogenicity observed experimentally through the
immunoproteomic approach applied to the MAP proteome. This evidence demonstrates, once again,
reciprocal support between immunoproteomics and immunoinformatics. Nevertheless, empirical
confirmations are warmly required to test the provided epitope sequences both in-vitro and ex-vivofor
the possible detection of the subclinical phase of the infection and for the efficacy of the eventual
vaccinal formulations. Such experimental tests might also help with the comprehension of the
controversial role of the host immune cell-response underlying behind JD. Complementation of the
linear epitopes array with other conformational ones is also of importance for befitting efficacy and
safety of the deliverables Empirical confirmation may serve as further proof of the robustness of
the immunoinformatics approaches as key contributors in the study of diverse infectious diseases.
This would provide reliable scientific support in a safe, rapid and cost-effective approach.
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4. Materials and Methods

4.1. Data Collection and Protein Sequence Retrieving

The current study focuses on ten proteins whose immunoreactivity has been experimentally
investigated by means of an immunoproteomic approach [18]. Brielfy, the MAP proteome was
incubated with sera from infected animals to screen for proteins with immunoreactive potential.
The most promising entries were then subjected to MS-based identification.

Identifiers of the candidate immunoreactive proteins were queried in the NCBI non-redundant
(NCBInr) protein database to retrieve the whole protein sequences and export them as a FASTA file.
Update of the protein accession numbers operated by the reference data repository (i.e., NCBI) required
the run of a protein sequence alignment for the attribution of the novel protein identifiers (GI numbers).
Selected peptide sequences of the immunoreactive proteins were searched against the NCBInr database
restricted to Mycobacterium avium subsp. paratuberculosis (taxID 1770) and the best hit was used to
transform the former protein accession numbers into the novel NCBI protein Gls. The list of proteins
employed in this study along with their current GI number is provided in Table 1 and Supplementary
Table S4.

4.2. Epitopes Prediction

Prediction of the protein sequences that are likely to elicit antibody production and/or bind
class | MHC proteins was performed through two tools that are commonly employed for the epitope
prediction [27], namely IEDB (http://tools.iedb.org/bcell/) and NetMHC (http://www.cbs.dtu.dk/
services/NetMHCY/), respectively for B- and class I MHC epitopes prediction.

Bepipred algorithm was chosen for the prediction of linear protein epitopes capable of binding
B-cells. This employs a combination of a hidden Markov model and a propensity scale method [61].
Each protein residue is scored for its epitope behavior and the sole aminoacid with a score greater than
or equal to 0.35 was considered as a potential epitope. Linear peptide epitopes of the least length of
10 aminoacids were selected for this study:.

Prediction of epitopes binding class ] MHC molecules was performed through NetMHC prediction
tool, using the artificial neural network (ANN) algorithm [62]. The algorithm was set for the prediction of
nine-aminoacids long peptides capable of binding the following BoLA alleles: BoLA-D18.4; BoLA-HD6;
BoLA-JSP.1; BoLA-T2a; BoLA-T2b; BoLA-T2c. The binding affinity of the peptides wasscored, and a
percentile rank wasprovided by computationally comparing the score of each queried peptide sequence
against 400,000 natural peptides of the same length. Peptides scoring a binding affinity up to 0.5% were
considered as strong binders (SB); whereas, peptides with a percentile rank comprised between 0.6%
and 2% were labelled as weak binders (WB). All other peptides were discarded [3,62,63]. The resulting
list of selected peptide epitopes was further quality-checked and filtered. For each of the selected
proteins, the epitopes shared among the major number of BoLA haplotypes were kept (i.e., the most
commonly recognized in the bovine population), resulting in a consensus list of epitopes to be further
used in the study. A summary of the experimental worklow employed in this study is provided in
Figure 4.
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Figure 4. Schematic representation of the immunoinformatic approach. Blue and orange arrows refer
to the input and output of the data, respectively. Data arising from our previous immunoproteomic
study [18] were used to retrieve the protein sequences of the immunogenic proteins, selected on the
basis of their capability of being complexed by the immunoglobulins in the sera of the infected cows.
The sequence of the immunogenic proteins is subjected to the epitope prediction through dedicated tools
and algorithms. The B-epitope prediction was performed via the IEDB prediction tool, that provides a
list of candidate B-epitopes. The class I MHC epitopes waspredicted via NetMHC. This makes use of
the BoLA haplotypes from the data repository (NCBI) as references for computing the linear peptides
capable of being recognized and presented by the diverse BoLAs. The list of potential T-epitopes is
further refined by selecting the most commonly recognized epitopes with a relatively high binding
affinity. The refined list of epitopes is further tested for sequence specificity and cross-reactivity by
pBLAST alignment versus the mycobacteria and cow protein database which, in turn, arise from the
publicly available data repository (NCBI).

4.3. Epitope Sequences Alignment

The list of epitope sequences was further analyzed through the Basic Local Alignment Search Tool
for protein sequences (pBLAST) [64]. This tool implements the PAM30 algorithm to compare protein
sequences and calculates the robustness of matches as means of expected values (E-value). This value
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describes the statistic of matches occurring “by chance”; thus, it decreases exponentially as the score of
the match increases.

In the pBLAST, each epitope sequence has been aligned against both mycobacteria (NCBI
TaxID 85007) and cow (NCBI TaxID 9913) protein repertoires to evaluate sequence specificity and
cross-reactivity (Figure 4), of importance while selecting candidate epitopes to be employed for the
effective diagnosis and/or prophylaxis of MAP.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/9/705/s1.
Table S1. B-cell binding protein epitope prediction. The file summarizes the B-epitope prediction results. Each
sheet of the XLS file is relative to one of the ten selected proteins. “Position” column is relative to the position of
each aminoachid along the protein sequence; “Residue” indicates the type of aminoacid; “Score” is relative to
the epitope propensity attributed by the algorithm and “Assignment” rank each aminoacid residue as epitope
or not depending on the prefixed settings. Table S2. Class I MHC binding protein epitope prediction. The
XLS file summarizes the results in a table reporting: the predicted affinity (nM); the percentile Rank, and the
predicted binding Core for all the selected alleles. Two additional columns summarize the predictions across
alleles: harmonic mean of the %Rank calculated over all specified alleles (H_Avg_Ranks); the number of alleles
covered by a given peptide (N_binders). Table S3. Selected peptide epitopes alignment against the mycobacteria
and cow databases. The XLS file provides a summary of the pBLAST alignment search. Full description of the
table columns and the alignment criteria is available at https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins.
Table S4. Full list of the prototypic peptides alignment. The file summarizes the p-BLAST alignment of the two
selected epitopes against both the mycobacteria and the cow database. Full description of the table columns and
the alignment criteria is available at https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins.
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