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ARTICLE INFO ABSTRACT
Keywords: Interleukin-10 (IL-10) is one of the key anti-inflammatory cytokines produced during infections to
Interleukin-10 suppress inflammation and to limit host tissue damages. However, some Gram-negative bacteria,
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like Brucella abortus (B. abortus), use IL-10 for neutralizing the host defensive mechanisms thus
surviving within the host cells. Polymorphisms in the IL-10 gene may affect the structure of the
resulting protein and consequently its interaction with the proper IL-10 receptor (IL-10R), thus
potentially compromising the inflammatory pathway triggered by pathogens such as B. abortus.

This study aimed to assess the relationship between IL-10 polymorphisms and brucellosis using
a combined methodology: in silico analyses (i.e. docking and Molecular Dynamic Simulations) -
for predicting the protein modifications induced by single nucleotide polymorphisms (SNPs) - and
association study.

The predictive analysis evidenced that the substitution of Threonine at position 175 with
Methionine in the IL-10 protein sequence, may affect the IL-10/IL-10R interaction, while the
genotyping analysis revealed that the g.4002T allele - resulting in the T175M substitution - is
associated with resistance to brucellosis (OR = 0.45; p-value = 0.015), thus supporting the
computational predictions.

This study suggests that the identified genetic variant alters the IL-10 structure and its inter-
action with the receptor, which may contribute to increase resistance to brucellosis, ultimately
favouring pathogen clearance. The proposed approach could represent an alternative strategy for
livestock disease management and control.

1. Introduction

Interleukin-10 (IL-10) is a key anti-inflammatory cytokine produced by host immune cells during infections to limit tissue damage
and to ensure the pathogens clearance by modulating the immune response [1,2]. IL-10 elicits its function by interacting with the
heterotetrameric IL-10 receptor complex (IL-10R) constituted by two IL-10R-alpha (IL-10RA) and two IL-10R-beta (IL-10RB) subunits.
Upon IL-10 binding, the IL-10/IL-10RA complex interacts with IL-10RB, activating the Janus kinase 1 (Jak1l) and Tyrosine kinase 2
(Tyk2) [3]. This activation triggers a signalling cascade that ends with Signal Transducer and Activator of Transcription 3 (STAT3)
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phosphorylation, dimerization, and its translocation into the nucleus [4]. Here, STAT3 induces the transcription of Suppressor of
Cytokine Signaling 3 (SOCS3), able to suppress the Mitogen-Activated Protein Kinase (MAPK) and Nuclear Factor
kappa-light-chain-enhancer of activated B cells (NF-kB) activation, thereby inhibiting pro-inflammatory cytokine signalling and
preventing an excessive inflammation [5]. This biological process highlights that IL-10 is important for controlling the excessive in-
flammatory response and favouring the host survival [6].

However, IL-10 can also exert a negative effect on the host immune response [7]. Some bacteria, like the intracellular Brucella
abortus (B. abortus), have developed strategies to benefit from the host immune-regulatory mechanisms and establish a chronic
infection.

B. abortus is a Gram-negative bacterium able to induce IL-10 production for neutralizing the host defensive mechanisms thus
surviving within the immune cells. Specifically, the production of IL-10 down-regulates the T helper 1 (Th1) cell response and sup-
presses the Interferon gamma (IFN-y) production through the inhibition of macrophage functions, thus favouring the bacterial survival
within phagocytic cells [8-10]. Consistent with these findings, IL-10 neutralization was found to up-regulate the level of IFN-y, as well
as other pro-inflammatory cytokines, including Tumor Necrosis Factor beta (TNF-f), Interleukin-12 (IL-12) and Interleukin-6 (IL-6), in
mice infected with B. abortus, thus decreasing the bacterial load and increasing the tissue damage [1,9].

Different studies have demonstrated that the presence of polymorphisms in IL-10 gene could influence the development of
brucellosis [8,11,12]. Given the significant impact of brucellosis on human health and livestock [13-15] such as abortion, reduced
milk production and significant economic losses for disease management [16-18], investigating and better understand the host
defensive mechanisms is necessary. Despite various attempts to limit the spread of infection, brucellosis remains endemic in several
geographical areas such as South America countries and Mediterranean Europe [19,20].

This study aims to investigate the relationship between IL-10 polymorphisms and brucellosis through integrated methodologies,
including in silico approaches like docking and Molecular Dynamic Simulations (MDS), and association study. This combined approach
could provide evidence about the possible association between IL-10 genetic variations and brucellosis susceptibility.

2. Materials and methods
2.1. Sampling

DNA samples were extracted from the peripheral blood of 192 Italian Mediterranean Buffaloes raised in three herds located in the
province of Caserta (Campania region, Italy) and enrolled in a previous study [21]. All the herds were in the same geographical area
and managed under comparable extensive systems, with similar environmental conditions, brucellosis prevalence and management
practices.

The animals were grouped in positive (infected) and negative (uninfected) to B. abortus infection, according to the official test
(buffered Brucella antigen test and complement fixation test), as reported by the ANNEX III of the EU Regulation 2020/689 [22]. For
this study, 96 DNA samples were selected for each group (i.e. 96 infected and 96 uninfected animals). This sampling was carried out
according to a non-probability sampling method, from November 2022 to September 2023. All the animals enrolled for this study were
lactating buffaloes between 40 and 90 months of age and were from the same source population; by this way the uninfected had the
same possibility as infected of becoming positive to brucellosis.

2.2. Primer design and sequencing analysis

The end-point PCR and sequencing analysis was carried out on 30 Mediterranean river buffaloes (15 brucellosis-positive and 15
negative). In order to identify possible Single Nucleotide Polymorphisms (SNPs) in the exon 5, the primer pairs design was carried out
in a region including also part of the intron 4 and 5 UTR region of the Mediterranean Water Buffalo IL-10 (bIL-10) (GenBank assembly:
GCA_000471725.1; NW_005783511.1:356114-360857; Gene ID: 102400790), using Benchling on-line software (https://www.
benchling.com). The primer sequences were Fw: 5-AGGTCCAGGGCAACACATAG-3' and Rw: 5-TCTAGGGGAGAGGCACAGTA-3’
(Supplementary Fig. S1). The PCR reaction mix included 200 ng of genomic DNA, 3 mM MgCl,, 200 nmol of each primer, dNTPs each
at 400 pM, 0.5 U of Taq DNA Polymerase (all from Promega). The thermal protocol consisted in 1 cycle at 95 °C for 5 min; 35 cycles at
94 °C for 1 min, 57.5 °C for 1 min and 72 °C for 45 s and a final cycle at 94 °C for 1 min, 65.0 °C for 1 min and 72 °C for 5 min. All PCR
products were analysed directly by electrophoresis in 1.5 % agarose gel (Bio-Rad, Hercules, CA, USA) in 0.5X TBE (Tris-Borate-EDTA)
buffer, stained with Safe View Classic (ABM’s Safe View Classic). The expected amplicon size was 422 bp. The PCR products were
purified and sequenced in outsourcing on both strands by CEINGE Institute.

2.3. bIL-10/IL-10R complex homology modelling

The Mediterranean Water Buffalo protein IL-10 (bIL-10) and its receptor (bIL-10R) were developed by adopting as model the
human IL-10 (PDB_ID: 2ilk.1) and the human IL-10 complexed with the soluble IL-10R (PDB_ID: 1Y6K), respectively. The homology
modelling was performed by using the Swiss Model web tool (https://swissmodel.expasy.org/). After its modelling, the bIL10 was
superposed to the 1Y6K model, which contains both the ligand and its receptor, for reconstructing the complex bIL-10/bIL-10R. The
quality of the complex was assessed by the following parameters: Ramachandran plot, normalized Qualitative Model Energy Analysis
(QMEAN) Score, QMEAND global score, and Pro-Check tool. Chiron (https://dokhlab.med.psu.edu/chiron/login.php) and YASARA
(http://www.yasara.org/minimizationserver.htm) web Servers [23] were then utilized to address the bIL-10 clashes and outliers thus
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improving its structural integrity. Finally, the model was evaluated by MolProbity software (v. 4.5.2.).
2.4. Molecular Dynamic Simulations (MDS)

To better understand the effect of the amino acid substitutions (associated to the identified SNPs) on the binding affinity between
bIL-10 and bIL-10R, the MDS analysis was performed by using GROMACS (version 2023.2) [21,24,25]. Briefly, the OPLS-AA (Opti-
mized Potential for Liquid Simulation All-Atom) force field was applied to each atom of the complex [26,27] which was then solvated
in a water-spaced box (model TIP3P). Ions were added to neutralize the charges, and the complex energy minimization was carried out
to remove any steric clash.

The simulations run for 10 ns (ns) according to the following conditions: constant Boltzmann pressure (1 atm), temperature of 310
Kelvin (K), and a time step of 2 fs (fs). The stability of the complex over the entire simulation was evaluated by calculating the kinetic
and energetic parameters. Specifically, the Root-mean-square deviation (RMSD) and Root-mean-square fluctuation (RMSF) were
assessed to evaluate the structural changes and the amino acids flexibility of the complex, respectively; the Radius of Gyration (RoG)
was instead adopted for estimating the complex compactness. Finally, the H-bonds number were analysed to determine the strength of
interactions between the two proteins [25].

2.5. Solvent Accessible Surface Area (SASA) analysis

The SASA analysis was performed to investigate the intermolecular interactions and the effects of solvation in reference and
mutagenized bIL-10/bIL-10R complexes [28,29]. It was calculated by using the Adaptive Poisson-Boltzmann Solver (APBS) Elec-
trostatics plug-in of PyMOL software (v. 2.5.5) [30]. The analysis was carried out according to systems’ default parameters (Amber
force field; temperature at 310 K; solvent dielectric constant of 78.000 €). The values were expressed between —5 and +5 kT/e.

2.6. Genotyping analysis

The genotyping analysis for the g.4002C>T polymorphism was carried out by an allele specific-PCR (AS-PCR). The reagents and
concentrations were the same of the end-point PCR carried out for the exon 5 amplification and sequencing. However, the protocol was
optimized based on the annealing temperatures of the primers used for genotyping (Table 1), which were previously reported by
Iannaccone et al. [31].

2.7. Statistical analysis

Allele frequencies were calculated by simple allele counting [32]. The univariate logistic regression model was performed for
estimating the association of bIL-10 polymorphic sites with B. abortus infection. Odds ratio (OR) and 95 % confidence intervals were
calculated by Fisher’s exact test using the statistical package GraphPad Prism version 8 (GraphPad, La Jolla, CA, USA). The values were
considered significant at p-value < 0.05 [33].

3. Results and discussion
3.1. Sequencing and SNP identification

Thirty samples (15 infected and 15 uninfected animals) were randomly chosen and sequenced to identify possible SNPs in the exon
5 of bIL-10 gene. The alignment of the sequencing results evidenced the presence of two SNPs in exon 5: £.3936G>A and g.4002C>T.
These polymorphisms are responsible for the following amino acid substitutions in bIL-10 protein (UniProtKB ID: Q2PE56): p.
Arg153Lys (R153K) and p.Thr175Met (T175M), respectively. The last polymorphism has been already identified in a previous work
[31].

3.2. Homology modelling and 3D protein structure

The complex bIL-10/bIL-10R was constructed through homology modelling by using Swiss Model tool. Specifically, the bIL-10
component was developed by adopting the human IL-10 as reference structure, which showed an 80.89 % of sequence similarity

Table 1
List of the primers used for genotyping analysis.
Gene (SNP) Primer Primer sequence (5-3) Amplicon size (bp) Annealing Temperature
IL-10 (g.4002C>T) Forward 1 TACATAGAAACCTACGTGACAAC 119 65.0 °C
Forward 2 TACATAGAAACCTACGTGACAAT
Reverse ATCGGATTTCAGAGGTCTTCCGT
TTA

Note. The alleles identified by AS-PCR forward primer are evidenced in bold character.
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and 85.63 % of sequence coverage with the Bubalus bubalis homolog. The QMEAN global score of 0.73 + 0.5 and a Ramachandran
outlier of 1.11 % allowed us to select this model as the reference one (Fig. 1A and B).

The bIL-10R was instead modelled using the human IL-10R as template, which shows 70.95 % of sequence similarity and 39.40 % of
sequence coverage (Fig. 1C and D). This low sequence coverage is due to X-ray crystallography limitations which cannot define the
entire structure of proteins composed by intracellular and extracellular domains. Therefore, it was possible to develop only the
extracellular domain of the bIL-10R through homology modelling. However, to perform an accurate analysis, the receptor needs to be
bounded to the membrane; so, the protein transmembrane domain has been reconstructed de novo through Alpha-Fold2 and restrained
to simulate the membranes bound. The developed model was shown in Fig. 2.

The models were optimized using Chiron and YASARA web servers which minimizes energy and solved clashes. The output models
were then evaluated by MolProbity (vers. 4.5.2) which have provided the Ramachandran plot (Ramachandran outliers: 1.79 %), All
Atom Clash score (2.36), Poor rotamers (1.44 %) and MolProbity score (1.73) (Supplementary Fig. S2).

3.3. MDS analyses

To evaluate the effects of the selected polymorphisms on the bIL-10 function, the reference type protein (WT) and the three
mutagenized counterparts containing single substitution (i.e. R153K or T175M) or both (i.e. KM) were investigated by using GRO-
MACS software (Fig. 3). Specifically, the RMSD, the RoG and the RMSF were evaluated. The RMSD of the complex evidenced that all
the substitutions alone or in combination did not cause a significant shift from the reference complex (Fig. 3A). The RoG analysis,
instead, highlighted a greater stability of WT and R153K complexes, respect to T175M and KM; thus, suggesting a better interaction
between the bIL-10 and its specific receptor (Fig. 3B). Finally, the RMSF analysis of the bIL-10 displayed that the T175M substitution
caused a marked reduction of amino acid fluctuation compared to the reference, indicating hindrance to their movement capability
(Fig. 3C). In particular, the protein structure including the amino acids ranging from the positions 29 to 67 and those from 87 to 113,
resulted to be particularly rigid. Furthermore, the amino acids from position 42 to 67 (constituting the bIL-10 external loop) are
involved in the bIL-10/bIL-10R interaction and H-bonds network formation; by this way, a decreased movement flexibility could
compromise the interaction with receptor, consistently with the RoG results. Therefore, the H-bond network analysis was carried out to
verify the above hypothesis (Fig. 4). The result showed that the complex with the highest number of H-bonds during the simulation was

A) B)
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18¢°

Fig. 1. bIL-10 and bIL-10R homology modelling. Homology modelling of the Mediterranean Water Buffalo IL-10 (bIL-10) and its receptor IL-10R
(bIL-10R). 3D structure of A) bIL-10 and C) the bIL-10R (1B) modelled according to the human crystallographic structures 2ilk.1 and 1Y6K,
respectively. Ramachandran plot of B) bIL-10 and D) bIL-10R. All bIL-10R amino acids are in their allowed Phi and Psi conformations (1D), while
few amino acids of bIL-10 (4 out 385) do not fit with the expected conformation.



A. Fulgione et al. Heliyon 11 (2025) e44182

bIL-10R
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bIL-10R
Chain B

Fig. 2. bIL-10/bIL-10R complex 3D structure. bIL-10/bIL-10R complex obtained through homology modelling. bIL-10 is coloured in cyan while bIL-
10R is in green. The trans-membrane domain of bIL-10R developed by ab initio prediction through AlphaFold are evidenced by dotted circles.
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Fig. 3. MDS analysis of bIL-10/bIL-10R complex. A) RMSD analysis of the bIL-10/bIL-10R highlighting that the T175M is the complex which
diverge more from the WT. B) RoG analysis which evaluate the stability of the globular form of the protein/receptor complex. This analysis evi-
dences the WT as the most stable complex. C) RMSF analysis of the bIL-10 alone to investigate the effect of amino acids substitutions. The amino
acids from position 29 to 67, are more flexible and dynamic in the WT and R153K complex respect to T175M.

the WT (19 + 1.8) while the complex containing the Methionine at position 175 (T175M) was the one with the lowest H-bonds
numbers (15 + 2.0) (Fig. 4B). During the entire simulation time, it has been observed that the maximum number of H-bonds was at
5300 picoseconds (ps) in the WT complex, while the lowest number was at 2550 ps in the T175M complex (Fig. 4A). H-bonds dif-
ferences between the WT and the mutagenized complexes were analysed by one-way ANOVA multiple comparison test which
demonstrated a statistical significative difference between WT and T175M (p-value = 0.0019) (Fig. 4B). To deeply investigate the
differences between the above two complexes, the MDS data were extracted at 2550 ps, 5300 ps, and 9100 ps to be further investigated
(Supplementary Fig. S3).
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Fig. 4. H-bonds analysis. H-bonds analysis between bIL-10 and bIL-10R. A) H-bonds number over the 10 ns of simulation. The WT complex is the
one showing the higher number of H-bonds, except for the last part of simulation. B) The same analysis is plotted as H-bond average. As represented,
the WT complex have formed an average of 19 + 1.8 H-bonds while the T175M formed 15 + 2.0 H-bonds.

3.4. Structural and electrostatic analyses

The MDS analysis evidenced that the T175M substitution could reduce the motility of the amino acids involved in the interacting

domains of bIL-10/bIL-10R, thus significantly reducing the number of H-bonds.
To better understand whether other variables could influence the number of H-bonds, the Solvent Accessible Surface Area (SASA)

analysis was carried out for analysing WT and T175M complexes at 9100 ps, time at which RoG and H-bonds analyses evidenced a most

Fig. 5. WT and T175M APBS and H-bond network analyses. A) and B) shows the charges differences between WT and T175M complexes,
respectively. As indicated by red arrow, there is a gain of positive charges in the WT complex respect to T175M. This loss positive charges in T175M
could explain the detachment of the bIL-10 external loop (aa. 42-67), indicated by black arrow, from the positive binding pocket on the receptor
bIL-10R. C and D deepen the H-bonds interactions between the bIL-10 (cyan) and the bIL-10R positive binding pocket (green). As shown in Fig. 5C,
the Asp63 of WT strongly binds the Arg101 (1.8A°) and Tyr 68 (1.6A°) of bIL-10R. However, in T175M complex the H-bond network change and the
Asp63-Tyr68 bond distance increase to 2.6A° while the Asp63-Arg101 bond is lost due to the increased distance between these two amino acids of

10.2A° (Supplementary Fig. S3).
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Table 2
Association of the IL-10 polymorphic site with B. abortus infection.
Genes (SNP) Amino acid substitution Status Number of individuals in each Total Total number of OR (CD)* P-value
genotype alleles
IL-10 (g.4002C>T) T175M CC CT TT C T
Infected 79 17 0 96 175 17 0.45 (0.24-0.83) 0.015
Uninfected 65 28 3 96 158 34

2 CI (confidence intervals).

significant divergence between the two complexes. As shown in Fig. 5, the bIL-10R had a more positive charged area in the case of WT
complex respect to the T175M. This positive charge was due to the presence of amino acids such as the Arg101 (Fig. 5A-C).

T175M (Fig. 5B-D) showed a reduction of positive charges in the same area (indicated by red arrow in Fig. 5A). Being the external
bIL-10 loop highly negatively charged (Supplementary Fig. S4), the above reduction of positive charges in the bIL-10R could reduce the
binding affinity between the receptor and its ligand. This, together with the RMSF analysis, which showed a movement reduction in the
amino acids belonging to this loop (from 42 to 67), could explain the different behaviour when T175M substitution was present. By this
way, the presence of this last substitution caused the bIL-10 shifting out from the binding pocket and an increase of H-bond distance
between Asp63 and Tyr68 (from 1.6A° to 2.6A°) and the loss of the binding with the Arg101 (Fig. 5B-D).

Indeed, while the Asp63, in the case of WT complex, robustly binds the Arg101 (1.8A°), in the T175M this bond was lost due to the
shift of the loop which drives away from the Arg101 up to 10.2A° (Supplementary Fig. SSE-F). The charge reduction was measured
through ImageJ software, and it shifted from 1.84 Kt/e to 1.70 Kt/e (Supplementary Fig. S5C-D). This agrees with the reduction of the
SASA from 1649.44 A2 in the WT to 1472.97 A2 in the T175M model (Supplementary Fig. S5A-B).

However, at the selected time of 9100 ps, the effects due to the T175M polymorphism were not limited to interval Asp63-Arg101.
Indeed, while the WT complex formed 12 H-bonds between the bIL-10 and bIL-10R, the T175M complex had only 7 H-bonds. In
addition to the Asp63-Arg101 bond loss, the T175M did not displayed the GIn69-Asn96; Gln69-Arg94; Glu170-Arg213 and GIn178-
Asn164 bonds.

Overall, these results suggests that the amino acid substitution induced a change of the bIL-10/bIL-10R electrostatic surface, which
leads to reduced interaction potential and a decreased solvent accessible area. This condition, associated to the low flexibility of
protein structure including the amino acids between the positions 42 and 67, led to a worst positioning of this loop and finally to a
weaker H-bonds network that negatively compromise the stability between the bIL-10/bIL-10R.

Based on the above in silico results, the association study was carried out only for the T175M polymorphism.

3.5. Association study

Referring to the T175M polymorphism, the AS-PCR analysis of the two groups (i.e. infected and uninfected animals) of Italian
Mediterranean water Buffalo allowed us to identify the homozygous (CC or TT) and heterozygous (CT) conditions (Supplementary
Fig. S6). The results evidenced the association of the g.4002T allele, resulting in the T175M substitution, with resistance to brucellosis
(OR = 0.45; p-value = 0.015) (Table 2), thus providing additional elements for the in silico analysis. The results differed from those of
Iannaccone et al. which have evidenced the linking between the same g.4002T allele and Mycobacterium bovis susceptibility [31].
Probably, the divergence of the results is due to the different type of bacteria (B. abortus is Gram negative while Mycobacterium bovis is
Gram positive) and to the consequently mechanisms of inflammatory process activated by the above bacteria.

In fact, IL-10 can exert a different role during different infections. In some cases, higher IL-10 level can overcontrol the T-cell
responses, thus inducing a chronic infection, while lower or no IL-10 expression could lead to a fatal host-mediated pathology. By this
way, IL-10 can be considered as “essential” for balancing the host responses to all pathogens and the presence of polymorphisms on the
gene could alter its expression thus influencing the resistance/susceptibility to a pathology [34].

Considering the resistance to a pathogen as multifactorial, we aim to evaluate if the presence of the g.4002T allele would be able to
increase the brucellosis resistance detected in a previous study in Mediterranean Water Buffaloes having specific TLR4 exon 3 poly-
morphisms [21]. The results have shown that the presence of g.4002T allele in animals having the resistance homozygous condition at
specific polymorphic sites of the TLR4 gene (i.e. AA for ¢.672A>C and GG for c¢.902G>C) was able to increase the brucellosis resistance
in the same animals, giving an OR value of 0.18 but a p-value not statistically associated (i.e. 0.32). Probably, this last value is
dependent from the limited number of samples enrolled for the study and consequently to the reduced number of animals having the
selected alleles for the TLR4 and IL-10 genes. Further study needs to be carried out to better investigate this haplotype condition.

Our result also supports the hypothesis about the IL-10 involvement in brucellosis. In fact, although the IL-10 pathway activation is
essential for the host survivor, some intracellular bacteria such as B. abortus, trigger the IL-10 production for suppressing the Thl
response and IFN-y production, events able to compromise macrophage function and promote the bacterial survival within phagocytic
cells [8-10].
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Fig. 6. IL-10 pathway. The IL-10 pathway starts with IL-10 binding to its receptor thus triggering a signalling cascade which causes nuclear
translocation of STAT3, which in turn promotes the SOCS3 transcription. SOCS3 inhibits MAPK and NF-kB activation, thereby suppressing pro-
inflammatory cytokine signalling and reducing inflammation, so favouring host survival. However, some bacteria like Brucella spp., can induce
IL-10 production to suppress the Thl response and IFN-y production, hindering macrophage function and promoting bacterial survival within
phagocytic cells. The presence of the T175M polymorphism can compromise the IL-10/IL-10R interaction thus preventing pathogens from exploiting
the IL-10 pathway to evade the immune response.

4. Conclusions

The proposed approach combines in silico structural and electrostatic analyses with association studies to better understand the
immune response triggered by pathogens such as Brucella spp. The study provides possible insights into the structural and functional
implications of the T175M polymorphism in bIL-10 and about the interaction with its receptor bIL-10R. Specifically, the T175M
substitution induces an increased rigidity of the amino acids involved in the interaction domain, a charge variation and a reduced
number of hydrogen bonds, thus potentially compromising the interaction with its receptor.

The protective effect of T175M polymorphism can be understood through the role of IL-10 in the immune response. IL-10 is an anti-
inflammatory cytokine that suppresses pro-inflammatory cytokine production and also limits the immune response activation (Fig. 6).
During B. abortus infection, high levels of IL-10 can enhance bacterial survival by down-regulating the Thl immune response,
inhibiting macrophage function, and promoting a Th2-biased immune response. Our association study suggests that the g.4002T allele
may have a protective role, thus supporting the hypothesis that a genetic variant - potentially altering IL-10 activity - might influence
the immune balance, thereby contributing to a more effective immune response and increased resistance against brucellosis. The
proposed approach could represent an alternative strategy for livestock disease management and control.

5. Limitation of the study

This study adopts the in silico analysis to predict the potential effects of IL-10 SNPs on the structure and function of the IL-10 protein,
as well as its interaction with the specific receptor IL-10R, in the context of buffalo brucellosis. While this approach provides useful
preliminary insights into how genetic variations might influence protein-receptor binding, they are inherently limited by the predictive
nature of the models used. The in silico analysis cannot fully replicate the complexity of biological environments, and the accuracy of
the predictions depends on the quality of the structural data and algorithms applied. Moreover, the functional consequences of the
identified SNPs on disease susceptibility remain speculative until validated through in vitro or in vivo experimental studies. Therefore,
our findings should be interpreted cautiously, serving primarily as a foundation for further empirical research to clarify the role of IL-
10 variants in buffalo brucellosis. Further experimental studies involving a larger sample size and the evaluation of IL-10 transcription
levels in both brucellosis-positive and -negative animals are needed to confirm the functional impact of the IL-10 SNP on the in-
flammatory response.
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Abbreviations
Abbreviations Definition
IL-10 Interleukin-10
B. abortus Brucella abortus
IL-10R IL-10 receptor
SNPs Single Nucleotide Polymorphisms
IL-10RA IL-10R-alpha
IL-10RB IL-10R-beta
Jakl Janus kinase 1
Tyk2 Tyrosine kinase 2
STAT3 Signal Transducer and Activator of Transcription 3
SOCS3 Suppressor of Cytokine Signaling 3
MAPK Mitogen-Activated Protein Kinase
NF-kB Nuclear Factor kappa-light-chain-enhancer of activated B cells
Thl T helper 1
IFN-y Interferon gamma
TNF-f Tumor Necrosis Factor beta
IL-12 Interleukin-12
IL-6 Interleukin-6
TBE Tris-Borate-EDTA
bIL-10 Mediterranean water buffalo IL-10
bIL-10R Mediterranean water buffalo IL-10 Receptor
MDS Molecular Dynamic Simulations
OPLS-AA Optimized Potential for Liquid Simulation All-Atom
QMEAN Qualitative Model Energy ANalysis
ns nanoseconds
fs femtoseconds
K Kelvin
RMSD Root-mean-square deviation
RMSF Root-mean-square fluctuation
RoG Radius of Gyration
SASA Solvent Accessible Surface Area
APBS Adaptive Poisson-Boltzmann Solver
AS-PCR Allele specific-PCR
OR Odds ratio
ps picoseconds
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