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Abstract
Background and Aims:

To evaluate the functional and structural impact of deleterious missense single-nucleotide polymor-

phisms (nsSNPs) on human Interleukin-2 (IL-2), a key cytokine in antifungal immunity.

Methods:
In silico analysis of nsSNPs using bioinformatics tools (MAPP, PhD-SNP, PolyPhen-1/2, SIFT,
SNAP, PredictSNP, I-Mutant 2.0, ConSurf, Project HOPE) to predict their effects on protein func-

tion and structure. Musitt DEEP was used for post-translational modification analysis.

Results:

Novel deleterious missense nsSNPs were identified in IL-2 (M1T, F62C, 73P, S1071, G118E, and
W141R). Computational analyses predicted significant alterations in IL-2’s surface properties, such
as altered (signal peptide, transmembrane protein, disordered interface,metal binding, coiled coil, sta-
bility,disordered interface), or loss of (n-terminal acetylation, acetylation, strand, loop, transmembrane
protein), or gain of (intrinsic disorder, of helix, allosteric site or of relative solvent accessibility), change
is hydrophobicity and size were observed. Thus, potentially disrupt interactions with other immune
molecules and function. Dramatic changes were obsevered in post-translational modifications for mu-
tations T71I and S1071, resulted in the loss of phosphorylation sites, while the mutations M1T and
L92S led to a gain of phosphorylation.

Conclusion:

'These findings represents a foundational step in identifying potentially pathogenic IL-2 mutations,
suggest the nsSNPs in IL-2 may contribute to impaired antifungal immunity by altering protein func-
tion and structure.Further research is warranted to explore the clinical implications of these findings
for personalized medicine approaches to fungal infections.
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Introduction:

Approximately 1.5 million people die
each year from invasive fungal infections
(IFIs), which pose an increasing threat to
human health.! Research into host-path-
ogen interactions is crucial for developing
diagnostic biomarkers to predict fungal
susceptibility and reduce mortality.2 Host
mutations, particularly in key immune
modulators, can significantly alter the im-
mune response in either direction. Inter-
leukins (ILs) are crucial in the immune re-
sponse to fungal infections, contributing to
B cell maturation and antibody secretion,
both vital for combating these pathogens?.
'The 15-kDa cytokine interleukin-2 (IL-2)
is primarily produced by activated CD4+
and CD8+ T cells, with natural killer (NK)
cells, NK T cells, and dendritic cells (DCs)
secreting smaller amounts in response to
microbial stimulation.”* When IL-2 binds
to its receptor (IL-2R), it exerts both auto-
crine and paracrine effects. IL-2 can have
both beneficial and detrimental roles; for
instance, it inhibits Th17 differentiation
but can also promote the expansion of
Th17 cells.*

In healthy individuals with a balanced
cell-mediated immune (CMI)

IL-2 stimulates the proliferation of acti-

system,

vated T-cell populations. IL-2 also plays
a key role in regulating CD4+ T-cell dif-

ferentiation and the effector and memory

responses of CD8+ T cells. By supporting
the survival and proliferation of regulatory
T cells (Tregs), IL-2 is critical for main-
taining immunological tolerance, which
indicates its essential role in directing the
adaptive immune system.** Additionally,
IL-2 is implicated in the differentiation,
expansion, and homeostasis of various ef-
tector T-cell subsets, including T helper
cells (‘Th1, Th2,Th17) and memory CD8+
T cells.’ IL-2 also enhances the cytolytic
activity of NK cells, promoting cell death
induction and activation.* Furthermore,
IL-2 plays a strategic role in targeting
tumor and fungal cells by activating non-
major histocompatibility complex (IMH-
C)-restricted cytotoxic cells, leading to the
generation of lymphokine-activated killer
cells.®

IL-2 regulates the expression of cytokine
receptors and transcription factors, either
promoting or inhibiting cytokine cascades
responsible for T helper (Th) cell differen-
tiation.® The common cytokine receptor y
chain (yc), which is mutated in individuals
with X-linked severe combined immuno-
deficiency, is shared by 1L-2, IL-4, IL-7,
1L-9, 1L-15, and IL-21. As a result, IL-2
has been used therapeutically in regulato-
ry T cells (Tregs) for autoimmune disease
treatment and in CD8+ T cells for cancer

immunotherapy.® Numerous studies have

linked the loss of IL.-2 or reduced sen-
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sitivity to IL-2 with weakened immune
responses, as seen in viral infections and
tumor progression.” IL-2 also activates
non-MHC-restricted cytotoxic cells, lead-
ing to the production of lymphokine-acti-
vated killer cells, which can destroy fungal
and tumor targets.® Increased vulnerabili-
ty to fungal infections has been associat-
ed with defective cell-mediated immuni-
ty (CMI), particularly in mucocutaneous
infections caused by Candida albicans.
'This is especially evident in patients with
AIDS, lymphomas, or those undergoing
Research has
suggested that IL-2 possesses lectin-like

corticosteroid treatment.®

characteristics, showing specific binding to
high-mannose glycoproteins such as man-
nan, ovalbumin, and uromodulin. A dis-
tinction appears to exist between the man-
nose-binding site and the IL-2R binding
site.” This raises the possibility that 1L.-2
might bind to Candida albicans, given
the high concentration of exposed man-
nose groups on its cell wall, which could
influence the host’s response to candidia-
sis.” 1% Another study demonstrated that in
early-stage murine candidiasis, IL-2 pro-
duction correlates with the induction of
IL-4-producing CD4+ Th2 cells.”® How-
ever, a temporary loss of T cell responsive-
ness, including IL-2 production, appears
necessary for the development of CD4+
Th1 cells.”t CMI also serves as the prima-

ry defense mechanism against Paracoccid-
ioides brasiliensis.!? Previous studies have
shown that individuals with paracoccidi-
oidomycosis (PCM) exhibit an immuno-
logical imbalance, indicated by lymphocyte
hyporesponsiveness to the main P. brasil-
iensis antigen, the 43-kDa glycoprotein
(gp43).12 'This finding was further support-
ed by comparisons of healthy individuals
and those with invasive or chronic PCM.
'The study revealed poor lymphocyte prolif-
eration and an inverse correlation between
antibody levels and IL-2 and IFN-y pro-
duction, suggesting that the cytokine im-
balance led to the production of non-pro-
tective antibodies. 2

As shown earlier IL.-2 is essential for
immune system regulation, and even mi-
nor structural changes due to missense
non-synonymous single-nucleotide poly-
morphisms (nsSNPs) can have substantial
immunological consequences, thus un-
derstanding these mutations is vital. This
study specifically explored how nsSNPs
can functionally alter the human IL-2 pro-
tein. The nsSNPs are point mutations that
result in a change in the amino acid se-
quence of a protein which may significant-
ly affect the protein’s function and stability,
leading to various health implications®.
For instance, computational analyses have
shown that specific nsSNPs in other pro-

teins can destabilize their structure, which
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may also apply to IL-2 % Utilizing in
silico tools allows researchers to predict the
effects of nsSNPs on protein structure and
function rapidly, facilitating the identifi-
cation of potentially harmful mutations to
guide the next expermintal extensive labo-
ratory work. These tools allow for the rapid
and cost-effective prediction of potentially
damaging mutations by simulating their
effects on protein structure and stabili-
ty. While the focus on nsSNPs in IL-2 is
critical, it is also important to consider that
other genetic factors and environmental
influences can contribute to immune sys-
tem variability, suggesting a multifaceted
approach to studying immune responses.
Given IL-2’s critical role in immune re-
sponses, even subtle structural changes
induced by nsSNPs could have profound
immunological consequences, potentially
predisposing individuals to increased sus-
ceptibility to infections, including fungal
pathogens, or influencing the efficacy of
immunotherapies. While the general im-
portance of IL-2 in immunity is well-es-
tablished, there is a gap in understanding
the specific impact of nsSNPs on IL-2’s
structure and function. To our knowledge,
comprehensive studies specifically inves-
tigating the effects of nsSNPs on IL-2
protein function and structure have been
limited . This highlights a crucial area for

investigation to better understand individ-

ual variations in immune responses.

IL-2 plays a pivotal role in the immune
response to fungal infections. This study
explored the potential impact of harmful
genetic variations, specifically missense
non-synonymous single-nucleotide pol-
ymorphisms (nsSNPs), on the function
and structural stability of the human IL-2
protein. Using computational analysis, the
study seeks to predict how these nsSNPs
might alter IL-2’s structure and function,
potentially compromising its ability to ef-
tectively combat fungal pathogens.
Methods:

Study design, data collection, and statis-
tical analysis:

'This research is in silico design involving
solely use of publicly available data com-
putational methods to analyze and inter-
pret biological data Figurel. The research
does not involve any human participants,
animals, or sensitive personal information.
A no objection letter was obtained for the
study protocol from institutional research
ethics board. The sample size included
2081 variant extracted from Ensembl ge-
nome browser (https://www.ensembl.org)
which was then analyzed through difter-
ent software for variant classification. Each
software calculates statistical significance
according to best fitted model mentioned
in each software below. The nucleotide se-

quence in FASTA format (accession no.
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NP_000577.2) was obtained from NCBI
(http://www.ncbi.nlm.nih.gov,
on 19 June 2023), along with the IL-2
(P60568) from the UniProtKB database
(https://www.uniprot.org/, accessed on 19
June 2023). SNPs of the IL-2 gene were
retrieved from the NCBI SNP database
(dbSNP)  (http://www.ncbi.nlm.nih.gov/
snp, accessed on 19 June 2023) and the

Ensembl genome browser (https://www.

accessed

ensembl.org, accessed on 19 June 2023)
with accession no. ENSG00000109471.
All data were downloaded between 19
-30June 2023.

Identification of deleterious nsSNPs:

To predict the functional effects of ns-
SNPs collected from the dbSNP and
Ensembl databases, the PredictSNP tool
(https://loschmidt.chemi.muni.cz/pre-
dictsnp/ , accessed on 21 June 2023) was
used. This approach provided accurate and
stringent results, with SNPs predicted as
damaging by all six programs being clas-
sified as high-risk. PredictSNP leverages
six prediction programs (MAPP, PhD-
SNP, PolyPhen-1, PolyPhen-2, SIF'T, and
SNAP) to identify disease-related muta-
tions. Additionally, PANTHER was em-
ployed to robustly and accurately relate
protein sequence relationships to func-
tional relationships. This algorithm clas-
sifies proteins based on their evolutionary

relationships, molecular functions, and

interactions with other proteins, analyz-
ing substitutions using position-specific
evolutionary conservation scores derived
from alignments of evolutionarily related
proteins.

Identification of deleterious nsSNPs on
the domains and effect on protein stabil-
ity of the human IL-2 protein:

The InterPro tool (https://www.ebi.
ac.uk/interpro/, accessed on 22 June 2023)
was used to identify the locations of mis-
sense nsSNPs within the domains of the
Interleukin-2 protein, recognizing motifs,
active sites, and domains. Protein stability
analysis of mutant proteins was conduct-
ed using the MuPro and I-Mutant 2.0
tools.13,14 The I-Mutant 2.0 web server
(http://gpcr2.biocomp.unibo.it/cgi/pre-
dictions/I-Mutant2.0/I-Mutant2.0.cgi,
accessed on 22 June 2023) calculates
changes in protein structural stability due
to single polymorphisms. Using Gibbs free
energy measurements, I-Mutant 2.0 dif-
ferentiates between wild-type and mutant
protein stability by categorizing variants
as destabilizing mutations (AAG < -1.0
kcal/mol), stabilizing mutations (AAG >
1.0 kcal/mol), and neutral mutations (-1.0
< AAG < 1.0 kcal/mol). The results are
presented with a Reliability Index (RI),
ranging from O (lowest reliability) to 10
(highest reliability). MuPro (http://mupro.

proteomics.ics.uci.edu/, accessed on 22
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June 2023) predicts changes in energy
based on the plain protein sequence of IL-
2, assigning a confidence score between -1
and 1. Scores below 0 suggest a mutation
may decrease protein stability, while scores
above 0 indicate increased protein stability.
Prediction of the structural effect of ns-
SNPs on the human IL-2 protein:
Project HOPE (Have Your Protein
Explained; https://www3.cmbi.umcen.nl/
hope/, accessed on 22 June 2023) was used
to assess the effect of nsSNPs on protein
stability. 15,16 The server accepts protein
sequences in FASTA format and SNP data
as inputs. By integrating and evaluating
multiple databases and web servers, such
as WHAT IF, UniProt, and the Distrib-
uted Annotation System, Project HOPE
generates a homology model to provide
a better understanding of mutations. The
brief report produced by Project HOPE
describes how SNPs may influence protein
structure and function in both wild-type
and mutant forms, along with accompany-
ing notes, images, and animations for fur-
ther insight.
Potential P'TM site prediction:
Post-translational modifications
(PTMs) play a crucial role in protein
structure, folding, and function. In silico
tools were employed to identify potential
PTM sites in the IL-2 protein, as well as
the gain or loss of PTM sites at all nsSSNP

positions. GPS-MSP was used to predict
methylation sites in the IL-2 protein. For
phosphorylation prediction at serine, thre-
onine, and tyrosine sites, NetPhos 3.1 was
used, with a threshold set at 0.5. Amino
acid residues with values higher than this
threshold were predicted to be phospho-
rylated. NetPhos 3.1 identified phospho-
rylation sites at serine, threonine, and ty-
rosine residues in IL-2 protein. NetNGlyc
1.0 and NetOGlyc 4.0 were used to predict
potential glycosylation sites in IL-2. For
N-glycosylation, residues with a prediction
score above 0.6 were predicted to have gly-
cosylation potential. GSP-Uber was used
to predict ubiquitylation sites, identifying
lysine residues with ubiquitylation po-
tential based on a threshold score of 0.62,
with the balanced cut-oft selected for the
analysis. The STRING database, which
currently contains 24,584,628 proteins
from 5,090 organisms, was used to predict
protein-protein interactions. A FASTA
sequence for IL-2 was submitted as input,
and the output provided all predicted in-
teractions, each associated with confidence
scores (accessed on 22 June 2023).
Identification of mutational impacts on
structural and functional properties of
proteins:

The MutPred2 program (http://mut-
pred.mutdb.org, accessed on 24 June

2023) is a machine-learning tool used to
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predict pathogenic or non-pathogenic
substitutions and their molecular mecha-
nisms.16,17 This method screens for func-
tional and structural variations, including
altered stability, catalytic site loss, and the
gain of O-linked glycosylation. According
to MutPred2, a probability greater than
0.5 indicates a deleterious result, while a
probability greater than 0.75 signifies the
most deleterious outcomes. The input for
this analysis was the FASTA amino acid
sequence of the IL-2 protein.

'The last, third, tool of data collection was
the Obesity Beliefs Scale, which was de-
signed to assess pregnant women’s beliefs.
Based on the instrument adapted from this
research B, the pregnant women’s belief in
obesity’s impact on breastfeeding duration
was evaluated. The scale employed a Likert
format with the answers on the scale being
1 disagreeing, 2 being neutral and 3 agree-
ing. The total belief scores were categorized
into two levels: The negative beliefs ranged
from 1 and 6 while the positive beliefs
ranged from 7 to 12. Like the knowledge
tool, the belief scale was evidenced to ex-
perts and peers in Saudi Arabia for culture
relevancy and relevance to the sample pop-
ulation, with modifications made accord-
ing to the suggestions
Validity and Reliability:

'The content validity, relevance, and clar-

ity of the tools were evaluated by a panel

of three experts in community health nurs-
ing and maternity care. Adjustments were
made accordingly. The reliability of tools (2
and 3) was assessed using Cronbach’s alpha
test, indicating high dependability (0.78 &
0.77).

Ethical Considerations:

Ethical clearance was obtained from the
Local Committee of Bioethics (LCBE)
with IRB LOG NUMBER 23-606C and
the institutional review board (IRB) at
Majmaah University number ( MUREC-
Des. 18/CONI-2023 / 35-2). Pregnant
women received detailed information
about the study’s purpose, risks, benefits,
and required information, and provided
voluntary informed consent. Withdrawal
from the study is permitted without pen-
alty. Pregnant women’s privacy and confi-
dentiality were ensured, with data stored
securely.

Statistical Analysis:

Data was coded, tabulated, and analyz-
ed using a personal computer using the
Statistical Package for the Social Sciences
(SPSS) program version 25 statistical soft-
ware. Mean and standard deviation were
used for continuous variables. The categor-
ical variable was expressed by frequency
and proportions. For categorical variables, .
Results:

SNP annotation and identification of

nsSNPs:
We retrieved SNP information for the

deleterious
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human IL-2 gene using the NCBI Vari-
ation Viewer (https://www.ncbi.nlm.nih.

gov/variation/view/, accessed on 22 June

2023), which identified 1,440 SNPs in the

ent amino acids. A schematic diagram
(Figure. 1) provides an overview of the

entire methodological approach. We used
PANTHER and PredictSNP to identify

intronic region, 81 SNPs in the 5UTR re- deleterious SNPs that may significantly
gion, 90 SNPs in the 3’ UTR region, 57

synonymous variants, and 83 missense var-

alter the structure or function of the 11.-2
protein. A total of 11 SNPs were predicted
to be deleterious by all computational al-

gorithms used (Table 1).

iants in the coding region. For this study,
we focused only on nsSNPs, as these in-

volve codon changes that result in differ-

Retrieval of nsSNP from NCBI
and Ensemble

4

PANTHER Deleterious nsSNP predication PredictSNP
- I Structural and fu nctional
analysis
I.Mutant and Mupro Stability analysis
MNetPhos
. Structural effect of‘n sSMNPsand
i 3D modelling GPS-MSP
- I Molecular Mechanisms of PTMs

Pathogenicity predications

NetNGlyc
GSP-UBER

Figure 1: Scheme of the whole methodological approach of the In silico analysis of
nsSNPs. Using bioinformatics tools (MAPF, PhD-5NT, PolyPhen-1/2, SIFT, SNAP,
PredictSNF, I-Mutant 2.0, ConSurf, Project HOPE) to predict their effects on protein
function and structure, stability, 3D modleing. MusiteDEEP was used for post-
translational modification analysis.

Figerl: Scheme of the whole methodological approach of the In silicon analysis of nsSNPs.
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Domain Identification for nsSNPs and
Stability of protein:

The InterPro tool identified four do-
mains in the IL-2 protein: the noncyto-
plasmic domain (residues 26-153), PHO-
BIUS Signal peptide C region (18-25),
PHOBIUS Signal peptide N region (1-5),
signal gram-positive region (1-23), and
the signal peptide H region (6-17), which
is the hydrophobic region of the signal
peptide. These domains and regions have
specific lengths. The ten nsSNPs predicted
to be high-risk pathogens by all in silico

% ) LaR (W)

tools and their domains were examined.
Nine out of 11 nsSNPs were located in
the non-cytoplasmic domain of the I1L-2
protein, and one was at te N-terminal re-
gion (Figures. 2). The protein’s function is
closely tied to its stability, making it crucial
to identify nsSNPs that affect stability. We
assessed the impact of damaging nsSNPs
on IL-2 protein stability using I-Mutant
and MuPro. Each nsSNP was evaluated
individually for AAG values. All damaging
nsSNPs, except for S25I, were predicted to

decrease the stability of the IL-2 protein.

4
Y -CF f

TR D)

DT i}

# ‘ |
L1 —
wim LA F) ALET 6] GLLNE (M) WAL 1)
st eI Ll 100 DLzeM
gt il gl d oo
. - S—
{18} {-17) [1m =) [3E-153)
LR PETA (L} 3 GRLEL Wilan

(K)

Figure 2. (A-K) The ten nsSNPs which predicted to be high-risk pathogens by all in silico tools and their domains
in IL-2 protein. The modified IL-2 protein structure was modeled using Project HOPE. For ¢ach SNP. the native residue
15 indicated in green, and the altered residue is indicated in red. The residue side chain is shown in color, while the

whole protein is shown in gray color.

Figer2: (A-K) The ten nsSNPs which predicted to be high-risk pathogens by all in silico tools their domains in IL-2 protein.
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PTM predictions:

PTM sites were predicted using various
tools. No methylation sites were identified
at the nsSNP positions in the IL-2 protein,
as predicted by GPS-MSP 3.0 (Table S1).
Phosphorylation sites were predicted by
NetPhos 3.1, which identified two residues
with phosphorylation potential: serine at
position 107 and threonine at position 71
(Table S2). The NetPhos 3.1 analysis re-
vealed that the mutations T711 and S1071
resulted in the loss of phosphorylation sites,
while the mutations M1T and L1925 led to
a gain of phosphorylation. No glycosyla-
tion sites were predicted by N-Glyc and 6
wereidentified by NetOGlyc 4.0 (Table S3
A and B). Additionally, no ubiquitylation
sites were found at the deleterious SNP re-
gions using GSP-UBER (Table S4).

Protein structure analysis by HOPE
Analysis:

Project HOPE generated 3D models for
the ten nsSNPs were predicted to be high-
risk pathogens by all in silico tools mu-
tant IL-2 proteins (Figure. 2). In Project

HOPE, amino acid substitutions on native

proteins are simulated to evaluate their
structural effects. For 10 of the 11 nsSNP,
the corresponding amino acid in IL-2 was
altered in terms of size, charge, and hydro-
phobicity. The analysis revealed changes in
residue size, such as from large to small,
and shifts in charge, such as losing or gain-
ing a charge. Hydrophobicity was also ob-
served to increase or decrease, leading to
the loss of hydrogen bonds due to nsSNPs.
'These changes ultimately disrupted protein
folding. Table S1 (Supplementary) sum-
marizes the HOPE analysis results.

As a consequence, (1) signal transfer
from the binding domain to the activity
domain is hindered, affecting the regulation
of the protein’s activity, and (2) the binding
of other molecules is compromised. These
effects impair the overall function of the
IL-2 protein. Specifically, S1071 resulted
in the loss of hydrogen bond formation,
affecting the protein’s structural stability.
'The wild-type residue forms a salt bridge
with lysine at position 68 in D129H, but
the charge difference between the wild-

type and mutant disrupts the ionic inter-
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action. Mutations such as M1T, F62C,
P67A, and W141R caused smaller residue
sizes and altered hydrophobicity. The re-
maining nsSNPs resulted in larger residue
sizes.

The HOPE analysis illustrated chang-
es caused by each of the ten nsSNPs were
predicted to be high-risk pathogens by all
in silico tools mutant IL-2 proteins SNPs,
Project HOPE used a 3D structure of the
IL-2 protein (PDB ID: 7M2G). In one
position, wild-type and mutated residues
were displayed in different colors with-
in the DNA binding domain (Figure. 2).
'The nsSNPs were linked to genomic vari-
ants using dbNSFP, which provides scores
ranging from 0.0 to 1.0. A higher score
indicates a greater likelihood of the vari-
ant being pathogenic. According to dbNS-
FP scores, all ten nsSNPs were classified
as pathogenic (Table S2, Supplementary).
These nsSNPs, located in conserved re-
gions, may affect the structure and func-
tion of the IL-2 protein.

Identification of Molecular Mechanisms

of Pathogenicity of nsSNPs predicted by

MutPred2:

'The molecular mechanisms by which 11
nsSNPs contribute to disease were pre-
dicted using MutPred2. The reuslats of
the structural and functional alterations
predicted for 6 out of 11 nsSNPs (M1T,
F62C, L73P, 51071, G118E, W141R) in-
clude the loss of sulfation, acetylation, and
allosteric sites; increased solvent accessibil-
ity, intrinsic disorder, loops, B-factor, and
catalytic sites; and the gain of solvent ac-
cessibility, intrinsic disorder, loops, B-fac-
tors, and catalytic sites. MutPred2 provides
a general score (g), which represents the
average score from all neural networks in
the tool (Table2). A g-score greater than
0.50 (g > 0.50) indicates that a mutation is
likely pathogenic. Mutations with a g-val-
ue > 0.5 and p-value < 0.05 are considered
actionable hypotheses, while mutations
with a g-value > 0.75 and p-value < 0.05
are considered confident hypotheses. Ac-
cording to MutPred2, the substitutions
MI1T, F62C, L73P, G118E, and W141R
had g-values greater than 0.5 and p-values

lower than 0.05 (Table 2)
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Discussion:

IL-2 plays a critical role in both innate
and cellular immunity, and the occurrence
of disruptive mutations may significantly
impair essential functions, affecting nature
and magnitude of immune responses. In-
creasingly, IL-2 has been used in immu-
notherapy. For instance, one study demon-
strated that IL-2 immunotherapy in
patients with systemic lupus erythemato-
sus (SLE) provided a more than threefold
protective eftect against fungal infections
compared to non-IL-2 immunotherapy
groups. ” The potential impact of deleteri-
ous missense nsSNPs on the IL-2 protein
is a compelling area of research, particular-
ly in understanding susceptibility to fun-
gal infections. This in silico analysis sheds
light on how these genetic variations may
alter the structure and function of IL-2, of-
tering valuable insights into their role in
disrupting the body's antifungal immune
response.

By investigating protein folding and in-
termolecular interactions, this study high-
lights how specific nsSNPs can destabilize
the delicate architecture of IL-2. Such
destabilization may impair receptor bind-
ing and downstream signaling, ultimately
crippling the cascade of immune responses
crucial for combating fungal invaders. Fur-
ther studies are needed to explore the rela-

tionship between these mutations and re-

lated diseases, providing evidence of their
protective or harmful effects in the host's
defense against fungal infections. This is
particularly important for species that
cause a range of illnesses, from mucosal
infections such as oral and vaginal thrush
to life-threatening invasive infections,
such as those caused by Candida species.
In active candidiasis, numerous Pattern
Recognition Receptors (PRRs), includ-
ing Dectin-1, Toll-like receptors (TLRs),
and nucleotide-binding oligomerization
domain-like receptors (NLRs), are bound
by Candida species on myeloid cells.’ This
interaction stimulates the production of
various cytokines, triggering Th1 and Th17
response.'® Several studies have found that
myeloid dendritic cells (DCs) release 11.-2
in response to microbial triggers, due to the
cytokine's potency and pleiotropic activi-
ties.” Exposure of DCs to fungal antigens
leads to a Ca®* influx, which activates the
cytoplasmic nuclear factor of activated T
cells (NFAT). NFAT is dephosphorylated
by calcineurin, a Ca**-calmodulin-depen-
dent phosphatase, resulting in its nuclear
translocation and the transcription of IL-
2. Another study demonstrated the im-
portance of IL-2 production in a murine
model of invasive pulmonary Aspergillus
fumigatus infection. Mice with target-
ed deletion of IL-2 in DCs exhibited in-

creased lung expression of IL-17 and often
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yielded to a pathological Th17 response.?
21 In the absence of IL-2, DCs released IL-
23, which promoted a lethal Th17-mediat-
ed immunological response.

In this study, we predicted changes in
IL-2's surface properties, which may hin-
der its interaction with other immune
molecules and impair the coordinated ef-
fort required for a robust antifungal re-
sponse. These results highlight the pre-
dicted pathogenicity of the identified
mutations, thereby guiding future in vitro
and in vivo research to experimentally val-
idate their exact functional consequences
and clinical significance. Our results sec-
tion meticulously presents the anticipated
effects for each analyzed mutation. To our
knowledge, all the protein changes identi-
fied in this study, including F62C, S1071,
G118E, and W141R, are novel. This study
also reported M1T and L73P deleterious
nsSNPs in IL-2 structure similar to previ-
ously published research by Sadaf & Da-
rakhshan eat al in 2018." Their in silico
analysis involved annotating the functional
impact of these mutations and evaluat-
ing changes in protein instability, protein
movement and flexibility at the residual
level. Their study also confirmed the high-
ly pathogenic and deleterious mutations,
concluding that these specific substitu-
tions may alter the normal structure-func-

tion relationship of the IL-2 protein. M1T

rs778990655 and L73P 15759849798
making them vital candidates for further
investigation in diseases linked to IL-2.7
Further analyses are required to investigate
their associations with diseases like severe

(SCID),

which leaves individuals vulnerable to a

combined immunodeficiency
wide range of infections, including fungal
threats. SCID, particularly in Omenn syn-
drome (OS), exemplifies how a compro-
mised immune system, especially in T and
B cells, heightens susceptibility to fungal
infections. Without this intricate defense
network, even common fungal pathogens
can cause severe damage. In OS, fungal in-
fections often manifest as firm skin lesions,
persistent respiratory issues like pneumo-
nia, and chronic gastrointestinal distress.*
'The unchecked growth of fungal spores in
the absence of immune control can lead to
life-threatening complications. Early diag-
nosis, aggressive antifungal treatment, and
bone marrow transplantation to address
the underlying immune deficiency are
crucial for managing these infections and
improving long-term outcomes in patients
with Omenn syndrome.”

Our predicted mutations, if experimen-
tally validated, could contribute to similar
clinical scenarios by disrupting the crucial
IL-2 pathway. Our findings open the door
to further investigations into the clini-

cal implications of IL-2-related nsSNPs.
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By identifying specific genetic variations
linked to increased vulnerability to fungal
infections, this study contributes to the ad-
vancement of personalized medicine strat-
egies. Furthermore, a deeper understand-
ing of the molecular mechanisms through
which these nsSNPs exert their harmful
effects could lead to the development of
novel therapeutic approaches aimed at
restoring protein structure and function,
thereby strengthening the body’s defenses
against fungal pathogens.

Conclusions:

Several distinct nsSNPs in the IL-2
gene identified in this study may serve as
risk factors for fungal infections. Our re-
sults highlight their potential pathogenic-
ity, paving the way for future in vitro and
in vivo studies to experimentally validate
their precise functional consequences and
clinical significance. We have ensured that
the results section clearly presents the pre-
dicted effects for each analyzed mutation.
Future epidemiological studies can explore
whether these mutations are associated
with fungal infections and how frequent-
ly they occur in local populations. This
research could help identify populations
at higher risk for fungal illnesses, such as
invasive aspergillosis (IA) or candidiasis,
by pinpointing genetic variations that in-
crease susceptibility.
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