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Introduction: Aspergillus fumigatus is a major opportunistic fungal pathogen 
associated with asthma, chronic obstructive pulmonary disease (COPD), 
and tuberculosis (TB), yet its burden is often underestimated, particularly 
where relapse cases are diagnosed without adequate fungal evaluation. 

Materials & Methods: A total of 100 patients with COPD, asthma, and TB 
were recruited. Microbiological, serological, and radiological methods 
were used to identify Aspergillus co-infection. Isolates were assessed for 
siderophore production, followed by conidial protein extraction and SDS-
PAGE. Proteins were characterized using Orbitrap LC-MS/MS. Allergenicity 
was predicted using AllerTOP, Allermatch, and Allergome, while epitope 
mapping was performed using IEDB, ABCpred, BCEpred, and NetMHC. 
A multi-epitope vaccine was designed and evaluated through structural 
modelling and docking with TLR2 and TLR4. 

Results: A. fumigatus was isolated from COPD (7.9%) and TB (5.7%) patients. 
Elevated total IgE and specific IgG levels were observed in most cases. 
All isolates produced siderophores (mean halo 13 ± 1 mm), indicating 
virulence. Proteomic analysis identified 1,582 proteins, of which 198 
were predicted allergens, including 14 cytosolic proteins such as enolase 
and malate dehydrogenase. Epitope prediction yielded seven B-cell, 
eight MHC-I, and four MHC-II epitopes, leading to the construction of a 
314-amino-acid chimeric vaccine. The model showed stability, antigenicity, 
non-allergenicity, and strong binding affinity with TLR2 (−280.5 kJ/mol) 
and TLR4 (−280.7 kJ/mol). 
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Conclusion: This study provides comprehensive proteomic and 
immunoinformatic insights into A. fumigatus, identifying novel 
cytosolic allergens and proposing a structurally stable multi-
epitope vaccine, offering a promising strategy for targeted 
immunotherapy against fungal co-infections.

Keywords: Asthma, COPD, Tuberculosis, co-infection, 
A. fumigatus, Respiratory Distress.

Introduction 

Aspergillus, a fungus commonly distributed across various 
environmental habitats such as soil, decaying plant matter, 
and indoor air, thrives particularly in high-humidity 
conditions.1 With a catalogue of more than 300 identified 
species, noteworthy among them being A. fumigatus, 
Aspergillus flavus, Aspergillus niger, and Aspergillus terreus, 
several have been recognised as pathogenic to humans. 
Among these, A. fumigatus stands out as the most well-
known and frequently encountered pathogenic species, 
followed by A. flavus; however, A. niger and A. terreus also 
demonstrate virulence.2  While Aspergillus infections typically 
do not pose a threat to healthy individuals, patients with 
chronic conditions such as asthma, COPD, or tuberculosis 
often have compromised immune systems, rendering them 
susceptible to acquiring Aspergillus infections. Respiratory 
tract illnesses such as Aspergillus bronchitis, Aspergillus 
pneumonia, and allergic bronchopulmonary aspergillosis 
(ABPA) may manifest following inhalation of Aspergillus 
spores.3 Invasive aspergillosis infections in chronically ill 
patients can significantly elevate morbidity and mortality 
rates, leading to exacerbated symptoms, prolonged 
hospital stays, and potential fatality.4 The surge in asthma 
incidence and prevalence is predominantly associated 
with industrialisation.5 Inhalation of allergens, particularly 
Aspergillus spores, plays a pivotal role in eliciting airway 
inflammation in allergic asthma patients.6 A. fumigatus 
is primarily linked to ABPA characterised by symptoms 
such as coughing, wheezing, and dyspnoea. It can incite 
allergic reactions in asthma patients, resulting in airway 
inflammation and constriction.7 Aspergillus stimulates 
pattern recognition receptors, triggering cytokine activation 
and eliciting cellular and humoral immune responses.8 The 
clinical spectrum of Aspergillus-associated hypersensitivity 
respiratory diseases encompasses Aspergillus-induced 
asthma, ABPA, and allergic Aspergillus sinusitis (AAS).9 

Understanding the frequency of Aspergillus sensitivity in 
asthmatic participants is crucial due to its association with 
the mould Aspergillus. Chronic obstructive pulmonary 
disease (COPD) patients with Aspergillus spp. growth in 
their airways are often stigmatised.10 Although data on 
the prevalence of invasive pulmonary aspergillosis (IPA) 
in this population is lacking, mounting evidence suggests 
that individuals with severe COPD are at higher risk of 
infection.11 Establishing a definitive diagnosis of IPA in 
COPD patients can be challenging, as tissue samples are 

rarely obtained before death. Diagnosis typically relies on 
radiographic evidence, clinical features, microbiological 
findings, and occasionally serological data.12 Several factors, 
including prolonged exposure to irritants such as cigarette 
smoke, can precipitate chronic obstructive pulmonary 
disease (COPD), a progressive lung ailment characterised 
by breathing difficulties.13 Allergic bronchopulmonary 
aspergillosis (ABPA) is a reaction to Aspergillus that can 
occasionally affect individuals with COPD. Symptoms 
of ABPA, if left untreated, can exacerbate and include 
wheezing, coughing, and dyspnoea.14 Furthermore, 
tuberculosis (TB) patients face additional risks, including 
the development of chronic cavitary pulmonary aspergillosis 
(CCPA) and chronic fibrosing pulmonary aspergillosis (CFPA), 
complicating TB management and demanding tailored 
treatment strategies.15 Asthma, COPD, and tuberculosis 
represent significant respiratory conditions with various 
implications for fungal infections, particularly those caused 
by Aspergillus species. Understanding the interplay between 
these respiratory diseases and fungal infections is crucial 
for effective management and improved outcomes in 
affected individuals. In the current study, the presence 
of Aspergillus co-infection has been studied by analysing 
clinical features of patients, radiographic evidence, and 
microbiological and serological findings among clinically 
diagnosed asthma, COPD, and tuberculosis patients.

Materials and Methods
Subject Recruitment and Ethics

Patients with a confirmed clinical diagnosis of asthma, 
COPD or tuberculosis were enrolled from the respiratory 
department at MMIMSR, Mullana, Ambala. Recruitment of 
study subjects was done after obtaining the approval from 
the institutional ethics committee. Furthermore, informed 
consent was also obtained from all the participants in 
compliance with Helsinki guidelines.16,17

Clinical Assessment

A comprehensive clinical assessment, including a detailed 
history and evaluation of respiratory manifestations such as 
dyspnoea, cough, wheezing, and sputum production, was 
obtained from each recruited participant. Data regarding 
underlying chronic respiratory conditions, smoking habits, 
corticosteroid therapy and use of alternative medicine 
were also obtained to evaluate the potential risk factors 
associated with fungal sensitisation or co-infection.18

Diagnosis of A. fumigatus Co-infection
Diagnostic Criteria

International Society for Human and Animal Mycology 
(ISHAM) guidelines were followed to diagnose the 
Aspergillus infection among enrolled participants.18 

Participants with at least elevated A. fumigatus-specific 
IgE & total IgE (major criteria) along with raised A. fumigatus 
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IgG or eosinophilia or radiographic evidence (minor criteria) 
were considered positive for A. fumigatus infection.19

Skin Prick Test

0.5 ml of A. fumigatus antigen diluted at a ratio of 1:10 was 
injected superficially on the volar aspect of the forearm. 
Buffered saline & glycerinated histamine acid phosphate 
were also applied as negative & positive controls at a distance 
of 2.5 cm from the test site. The test response was evaluated 
after 60 min by observing erythema/wheal formation. A 
wheal measuring ≥3 mm was counted as positive.20

Serological Analysis

A blood sample was collected from recruited participants 
and transferred into a plain vial & EDTA vial. After that, total 
IgE was quantified using commercial sandwich ELISA kits.18 

while specific IgE (Abbexa Ltd) and IgG (ab247190) against 
A. fumigatus were measured via indirect ELISA.21

Fungal Isolation and Identification

Sputum samples were obtained using sterile, wide-mouth 
containers, collected on three occasions (at 72-hour intervals) 
to enhance fungal element recovery. Specimens were 
inoculated onto Sabouraud dextrose agar (SDA) slants and 
incubated at 37°C for 1–4 weeks.22 Preliminary identification 
was performed via 10% potassium hydroxide (KOH) mount 
and lactophenol cotton blue (LPCB) staining.23 Reference 
strain A. fumigatus ATCC 1022 was used for quality control.24

CAS-Agar Siderophore Assay

A modified Chrome Azurol S (CAS) assay was used for 
siderophore detection in fungal cultures. Petri plates were 
split in half, with one half containing malt extract agar 
(MEA) and the other half containing CAS-blue agar. Fungal 
inoculation occurred on MEA. After 6 days, at 28°C, colour 
change (blue to orange/purple) in CAS agar was measured 
in mm daily, and the rate was calculated as colour shift 
distance/incubation time.25

Fungal Protein Extraction

Clinical A. fumigatus isolates were maintained on SDA plates 
(HiMedia), and conidial protein extraction was performed 
as described by Carberry et al. (2006), with modifications 
as outlined by Singh et al. (2010).

Protein Quantification

Protein concentration (from fungal samples or cells) was 
determined using the bicinchoninic acid (BCA) assay. BSA 
standards were prepared (2 mg/mL) for calibration. Samples 
(2 µL + 23 µL water) and standards were mixed with 200 
µL BCA reagent, incubated at 37°C for 30 min, and read at 
562 nm.26

SDS-PAGE Protein Separation

Proteins (20 µg) were separated via 12.5% SDS-PAGE using 
the Laemmli protocol (27). Samples were denatured with 

Laemmli buffer (Tris-HCl, DTT, SDS, bromophenol blue, 
glycerol) at 95°C for 10 min and electrophoresed at 80 
V, followed by Coomassie blue staining per previously 
established protocol to make the protein bands visible.28

Orbitrap LC-MS/MS and Proteomic Analysis

Purified protein samples were analysed via Orbitrap mass 
spectrometry. Peptide spectra were resolved using the 
Mascot algorithm (Matrix Science). Protein identification 
followed established workflows.29

Bioinformatics Screening
Allergenicity

The allergenicity prediction web tool AllerTOP v2 (https://
www.ddg-pharmfac.net/allertop_test) and Allermatch 
(https://allermatch.org/allermatchsearch/form) were used 
to predict the allergenicity of selected proteins, harnessing 
physicochemical, motif, and structural attributes.30 Proteins 
predicted to be allergenic were further evaluated for their 
allergenic profile using the Allergome tool (https://allergome.
org/). The allergenic proteins that did not show any yeast 
allergens were selected for further epitope design. 

Epitope Mapping

For the selected protein, B-cell and T-cell (MHC-I, MHC-II) 
epitopes were predicted using various online tools. Online 
tools such as IEDB (Immune Epitope Database) (http://tools.
iedb.org/bcell/), ABCpred (https://webs.iiitd.edu.in/raghava/
abcpred/ABC_submission.html), BCEpred (https://webs.
iiitd.edu.in/raghava/bcepred/bcepred_submission.html), 
and those developed by Kolaskar and Tongaonkar.31,32 were 
utilised to predict B-cell epitopes, while tools IEDB MHC class 
I tool (https://nextgen-tools.iedb.org/pipeline?tool=tc1), 
NetMHC 4.0 (https://services.healthtech.dtu.dk/services/
NetMHC-4.0/), IEDB MHC class II tool (https://nextgen-tools.
iedb.org/pipeline?tool=tc2), and NetMHC II 2.3 (https://
services.healthtech.dtu.dk/services/NetMHCII-2.3/) were 
employed to predict MHC epitopes.33,34 Consensus B-cell 
and T-cell epitopes from various tools were selected for 
designing a multi-epitope vaccine.

Multiepitope Vaccine Design

The amino acid sequence for human β-defensin 3 (hBD-3, 45 
aa, UniProt Q5U7J2) was used as an N-terminal adjuvant.35 

using peptide linkers EAAAK. Selected MHC-I, MHC-II and 
B-cell epitopes were linked using specific peptide linkers 
(AAY, GPGPG, KK) to ensure proper folding and processing.36,37 

The designed multi-epitope underwent further in silico 
validation, using the Expasy ProtParam server (https://web.
expasy.org/protparam/), Protein-Sol server (https://protein-
sol.manchester.ac.uk/), ANTIGENpro server (https://scratch.
proteomics.ics.uci.edu/), IEDB Immunogenicity server 
(http://tools.iedb.org/immunogenicity/), and PSIPRED, for 
stability, solubility, and non-allergenicity.38
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Structure modelling and validation

The tertiary structure of the predicted multi-epitope 
vaccine was modelled using various modelling tools, 
including AlphaFold (https://alphafoldserver.com/), PhyRe 
2.2 (https://www.sbg.bio.ic.ac.uk/~phyre2/html/page.
cgi?id=index), and D-I-TASSER (https://zhanggroup.org/D-
I-TASSER/). The structure was validated using multiple 
criteria, including QMEAN score, ERRAT score, Verify3D 
and Ramachandran plot analysis. The best structure(s) 
were further refined using the Galaxy Refine server (https://
galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE) and 
validated.

Molecular docking

Molecular docking was employed to analyse the binding 
affinity between constructed multi-epitope vaccine 
candidates and immune receptors. PDB files for TLR2 
(PDB ID: 6NIG) and TLR4 (PDB ID: 4G8A) were obtained 
from the RCSB PDB database. Both the files were prepared 
for docking by removing non-protein entities, including 
water and ions, followed by energy minimisation. The 
protein-protein docking of the multi-epitope construct 
with TLR2 and TLR4 was performed through the HDOCK 
server (http://hdock.phys.hust.edu.cn/). LigPlot + and 
PyMol were utilised to examine the interacting residues 
between the docked chains.

Results 

Study Population

In the present study, a total of 100 subjects with respiratory 
illnesses were recruited from the Department of Respiratory 
Medicine at Maharishi Markandeshwar Institute of Medical 
Science and Research (MMIMSR), Mullana, Ambala, 
Haryana, India. Among these, 27 subjects were diagnosed 
with asthma, 38 with chronic obstructive pulmonary disease 
(COPD), and 35 with tuberculosis (TB). All participants were 
included in the study after obtaining clearance from the 
institute’s ethical committee and providing written informed 
consent. The random distribution of subjects across these 
three respiratory illnesses ensured a diverse representation 
of patients, thereby allowing a comprehensive investigation 
into the prevalence and impact of Aspergillus species co-
infection in these populations.

Prevalence of Aspergillus Species in Sputum Samples

Sputum samples collected from the study population 
were subjected to fungal culture analysis to identify 
Aspergillus species. Out of the 38 COPD patients, 6 yielded 
positive cultures for Aspergillus species, whereas among 
the 27 asthmatic patients, only one was culture-positive 
for Aspergillus species. In the tuberculosis group, 3 out 
of 35 patients showed culture positivity. Species-level 
identification revealed that 3 COPD patients were infected 

with A. fumigatus, 2 with Aspergillus niger, and 1 with 
Aspergillus flavus. Among TB patients, 2 were positive for A. 
fumigatus, while asthmatic patients showed only A. flavus 
colonisation. Notably, A. fumigatus was isolated exclusively 
from COPD and TB patients, suggesting a disease-specific 
predisposition to colonisation. Patients confirmed to have 
A. fumigatus co-infections were subsequently included in 
the detailed analysis of the study (Fig. 1).

Figure 1.Distribution of Aspergillus species isolated 
from patients with different pulmonary diseases.

Clinical and Diagnostic Profiles of Co-infected 
Patients

A detailed analysis was carried out on five patients (S1, S2, 
S3, S4, and S5) with COPD and TB who were co-infected 
with A. fumigatus. The age of the patients ranged from 45 
to 82 years, with a predominance of males. All patients 
exhibited common respiratory symptoms such as cough, 
breathlessness, and wheezing, which are indicative of 
respiratory distress. Radiological investigations, however, 
revealed distinct patterns between patients with COPD and 
those with TB. For instance, patient S1 presented with mucus 
plugging, whereas patient S2 showed infiltrative opacities 
in the right upper and mid zones. Patient S3 demonstrated 
infiltrative opacities in the left lower zone, while TB patients 
S4 and S5 showed infiltrative opacities in the right upper and 
mid zones and bronchiectatic changes in the bilateral lower 
zones, respectively. These radiological variations highlighted 
disease-specific pulmonary changes, with COPD patients 
showing patterns of chronic inflammation and airway 
obstruction, while TB patients exhibited granulomatous 
and fibrotic lesions (Table 1).

Skin Prick Test Findings

The skin prick test was performed to assess allergenic 
sensitisation among all recruited patients. The test 
revealed variable wheal sizes, suggesting differing allergen 
sensitivities. Patients S2 and S4 exhibited the largest 
wheal diameters of 21 mm each, followed by patient S5 
with a wheal size of 20 mm. In contrast, patients S1 and 
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S3 showed relatively smaller wheal sizes of 17 mm and 
19 mm, respectively. The results indicated heightened 
allergen sensitivity in S2, S4, and S5, which may contribute 
to aggravated allergic responses in these patients compared 
to those with smaller wheal sizes.

Serological Findings and Culture Results

Serological evaluation included measurement of serum total 
IgE, A. fumigatus-specific IgE, and A. fumigatus-specific IgG. 
The reference ranges for these parameters are typically 
below 62 KU/L, 0.1 KU/L, and 27 KU/L, respectively. Four 
patients, namely S1, S2, S4, and S5, exhibited markedly 
elevated total IgE levels of 1760 KU/L, 309 KU/L, 1237 KU/L, 
and 751 KU/L, respectively, while patient S3 remained 
within the normal range at 61.40 KU/L. With respect to A. 
fumigatus-specific IgE, patient S2 had the highest level (0.8 
KU/L), followed by S4 (0.6 KU/L), S1 (0.38 KU/L), and S5 (0.3 
KU/L). Patient S3 showed negligible levels (0.01 KU/L). A. 
fumigatus-specific IgG was also elevated in patients S2 (66.8 
KU/L), S4 (81.1 KU/L), and S5 (72.2 KU/L), whereas patients 
S1 (4.75 KU/L) and S3 (0.72 KU/L) demonstrated low levels. 
These findings confirmed four true positive patients (S1, 
S2, S4 & S5), while S3 was considered negative because 
it did not satisfy the major criteria. Elevated IgE and IgG 
levels indicated that fungal colonisation may contribute 
to exacerbated respiratory symptoms and complications 
in susceptible individuals.

Serum total protein levels were also assessed in the co-
infected patients. All five patients demonstrated higher 
values compared to standard physiological ranges, with 
S1, S2, S3, S4, and S5 recording levels of 7 g/dL, 6.4 g/dL, 
6.64 g/dL, 8.6 g/dL, and 6.5 g/dL, respectively. Parallel to 
serological findings, fungal cultures confirmed the growth 
of A. fumigatus in the respiratory tract samples, confirming 
active colonisation in these patients.

Clinical Significance of A. fumigatus Co-infection
The co-infection of COPD and TB patients with A. fumigatus 
was found to significantly complicate disease management. 
Radiological findings pointed to distinct disease-specific 
pulmonary involvement, while skin prick tests indicated 
allergen sensitivity in varying degrees. Serological markers 
highlighted both sensitisation and chronic infection, 
suggesting that A. fumigatus plays an important role in 
worsening respiratory function. The elevated total IgE 
and specific IgG levels indicated chronic exposure and 
immune activation, thereby increasing the likelihood of 
recurrent exacerbations, treatment complications, and 
hospitalisations. These findings emphasise the importance 
of routine epidemiological and incidence-based screening 
for A. fumigatus among patients with respiratory illnesses 
to ensure timely diagnosis and effective management 
strategies.

Sample No. S1 S2 S3 S4 S5
Age/Sex 82/M 61/F 70/M 45/M 60/M

Respiratory illness COPD COPD COPD Tuberculosis Tuberculosis

Cl
in

ic
al

 
sy

m
pt

om
s Cough Yes Yes Yes Yes Yes

Breathlessness Yes Yes Yes Yes Yes

Wheezing Yes Yes Yes Yes Yes

X-Ray impression Mucus 
plugging

Infiltrative 
opacities in 

the right upper 
and mid zone

Infiltrative 
opacities in 

the left lower 
zone

Infiltrative opacities 
in the right upper 

and mid zone

Bronchiectatic 
changes in the 

bilateral lower zones

Skin prick test
(Wheal Size) 17 mm 21 mm 19 mm 21 mm 20 mm

Total IgE
(Ref. Range: < 62 KU/L) 1760 309 61.40 1237 751

A. fumigatus specific IgE
(Ref. Range: < 0.1 KU/L) 0.38 0.8 0.01 0.6 0.3

A. fumigatus specific IgG
(Ref. Range: < 27 KU/L) 4.75 66.8 0.72 81.1 72.2

Total Protein
(Ref. Range: 4-6 g/dl) 7 6.4 6.64 8.6 6.5

Table 1.Clinical & diagnostic findings of asthma, COPD and tuberculosis patients co-infected with A. fumigatus
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Absolute eosinophil 
count 02 01 04 06 05

Culture positive Yes Yes Yes Yes Yes

Siderophore Production in Clinical Isolates of A. 
fumigatus 

All four A. fumigatus clinical isolates produced siderophores 
on split MEA/CAS plates, evidenced by a progressive blue-
to-orange/purple colour change in the CAS agar adjacent 
to fungal growth. On day 6 of incubation, distinct orange 
halos were clearly visible at the mycelial growth–medium 
interface, indicating active iron chelation. Quantitatively, 
the halo distances measured from the MEA–CAS interface 
were P1: 12.5 mm, P2: 13.0 mm, P3: 14.0 mm, and P4: 12.0 
mm, corresponding to expansion rates of 2.08, 2.16, 2.33, 
and 2.00 mm/day, respectively. The cohort mean ± SD 
halo distance at day 6 was 12.9 ± 0.8 mm, yielding a mean 
production rate of 2.14 ± 0.13 mm/day; the median rate 
was 2.12 mm/day (range 2.00–2.33 mm/day). Normalising 
to colony radius to account for growth variation gave a 
mean halo-to-colony ratio of 1.12 ± 0.09, confirming robust, 
isolate-independent siderophore secretion. Overall, the 
pooled mean halo size measured approximately 13 ± 1 mm 
at day 6, corresponding to an average production rate of 
2.16 mm/day, thereby confirming strong and consistent 
siderophore-producing potential among A. fumigatus 
isolates (Fig. 2).

protein profiles with multiple bands spanning 10-250 kDa 
molecular weight ranges, indicating successful extraction of 
diverse protein populations suitable for mass spectrometric 
analysis (Fig. 3).

Figure 2.Detection of siderophore production by A. 
fumigatus by CAS-agar assay

Figure 3.Isolation of A. fumigatus, extraction of 
conidial crude protein and SDS-PAGE analysis (M: 
Standard protein marker; S1, 2, 4 & 5: A. fumigatus 

Conidial Proteins)

Conidial Protein Quantification & SDS-PAGE 
Analysis

The BCA protein assay is an established method to quantify 
the amount of protein extracted from a given sample. 
Standard curve construction using BSA (0.39-25 μg/mL) 
achieved excellent linearity (R² > 0.99). Clinical isolate 
protein concentrations ranged from 5.27 to 9.90 mg/mL, 
confirming successful extraction of high-quality proteomic 
material. Electrophoretic separation of conidial proteins 
from four A. fumigatus isolates (S1-2, 4-5) revealed complex 

Conidia

Wet mount

LPCB Stain

Germinated 
conidia

Patient’s 
Sputum

Culture on  
SDA Slant

Incubation at 
37°C for a 

week
A. fumigatusA. fumigatus

Transfer 
conidia in SD 

broth & 
incubate at 

37°C for 16 h

Collect conidia 
in sterile 

normal saline & 
incubate at 
37°C for 4 h

SDS-PAGE Analysis 
Crude Conidial Protein

Sub-culture 
on SDA agar 

plate and 
incubate at 
37°C for 3-4 

days

M      S1        S2       S4 S5

Proteomic Profiling and 
Comprehensive proteomic analysis of A. fumigatus clinical 
isolates using Orbitrap LC-MS/MS yielded 1,582 unique 
proteins, representing extensive coverage of the fungal 
proteome with high reproducibility across isolates S1, 
S2, S4 & S5, marking one of the most comprehensive A. 
fumigatus clinical isolate proteome datasets reported to 
date. Functional classification of these proteins revealed 
diverse categories, including metabolic enzymes involved 
in glycolysis, the TCA cycle, and amino acid metabolism; 
stress response proteins such as heat shock and oxidative 
stress regulators; cell wall biosynthesis machinery; virulence 
factors and pathogenicity determinants; as well as ribosomal 
and translation-related proteins. 

Computational Allergenicity Prediction

Bioinformatics-driven allergenicity screening of 1,582 iden-
tified proteins was performed using online tools: AllerTOP 
v2.1 (an auto-cross-correlation function-based prediction 
tool), Allermatch (sequence similarity and cross-reactivity 
analysis), and ALLERGOME (a comprehensive allergen da-
tabase comparison), which predicted 198 proteins (12.5% 
of the total proteome) to be allergenic (Supplementary 
File: S1). Among these, 14 proteins were localised in the 
cytosol (0.9% of the total proteome) (Table 2). 
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Table 2.Allergen-Associated Cytosolic Proteins of A. fumigatus with Molecular Features and Clinical Relevance
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B-cell and T-cell epitope mapping

Predicted 14 allergenic proteins were further used for 
the identification of epitopes. Common B-cell epitopes 
predicted through IEDB and ABCpred, with a score of 0.95, 
were selected for each allergenic protein (Supplementary 
File: S2). A total of 7 highly efficient B-cell epitopes 
(IQAAKDSYAD, VYDSRGNP, GGSISGA, DEIIPDAYDASHKP, 
GRPDGKKNP, HHQIAPHEVPAR, and LGETGTPGYGAN) were 
selected. For MHC-1, the NetMHC tool was used, and a 
total of 8 epitopes (IANETGVEF, FPQTEQVAF, RLAEIDLEL, 
YLFKFEWEL, ATYEKFFTHK, ILWNGPPGV, TPSFPVFMY, 
and SQADVVTFK) were predicted with a high confidence 
score of > 0.9. Similarly, MHC-II was predicted through 
the NetMHC-II web server, and only four highly confident 
epitopes (YCPKAFVLIISNPVNST, KELLYYDYQPLRPEV, 
GKKETATRADLVFGS, and LANNYLASRSYVVGD) were selected 
with a score of >0.9 (Supplementary File: S3).

Multiepitope Vaccine Construct 

A multiepitope vaccine was designed by adding a human 
β-defensin 3 adjuvant(GIINTLQKYYCRVRGGRCAVLSCLPKE-
EQIGKCSTRGRKCCRRKK) to the N-terminus, followed by an 
EAAAK linker - (MHC-I joined using AAY linkers), a GPGPG 

linker  (MHC-II joined using GPGPG linkers) , and a KK linker  
(B-cell epitope joined using KK linkers). The CTL (MHC I) 
epitope region was formed of 94 aa, followed by helper 
T-cell (MHC II) epitopes, which consist of 77 aa, and the 
linear B-cell epitope region consists of 86 aa. Combined, all 
these formed a multiepitope construct of 314 aa (Table 3).

Computational analysis using the ProtParam server indicates 
a basic isoelectric point (>9) and an instability index of 
<40, suggesting a stable and soluble protein. Antigenicity 
prediction using the VaxiJen v2.0 server gave a score above 
the 0.5 threshold, and AllerTOP/AlgPred predicted the 
construct to be non-allergenic.33,39,40 Therefore, the multi-
epitope construct is expected to stimulate both arms of 
the adaptive immune system. Epitope-based designs that 
rationally combine dominant B-cell and T-cell epitopes can 
elicit a more efficient and specific immune response than 
whole antigens.41 The inclusion of hBD-3 should further 
enhance immunogenicity by activating innate immune 
receptors (TLR1/2) and recruiting immune cells to the site 
of immunisation.42  These features, combined, promote a 
balanced Th1/Th2 response with robust antibody production 
and cytotoxic T-cell activation while avoiding the risks 
associated with live vaccines.41,42

Table 3.Components and Predicted Sequences Used in the Multi-Epitope Vaccine Construct Design

Component Details / Prediction 
Method Amino Acid Sequence

Adjuvant 
(β-defensin 3)

Human β-defensin 3 
(hBD3) sequence GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK

B-cell Epitope
Predicted using IEDB 
and ABCpred (Score > 

0.95)

IQAAKDSYADKKVYDSRGNPKKGGSISGAKKDEIIPDAYDASKKHKPKKGRPDGK-
KNPKKHHQIAPHEVPARKKLGETGTPGYGAN

MHC Class I 
Epitopes

Predicted using NetM-
HC/IEDB (Score > 0.9)

IANETGVEFAAYFPQTEQVAFAAYRLAEIDLELAAYYLFKFEWELAAYATYEKFFTH-
KAAYILWNGPPGVAAYTPSFPVFMYAAYSQADVVTFK
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MHC Class II 
Epitopes

Predicted using NetMH-
CII/IEDB (Score > 0.9)

YCPKAFVLIISNPVNSTGPGPGKELLYYDYQPLRPEVGPGPGGKKWTA-
TRADLVFGSGPGPGLANNYLASRSYVVGD

Multiepitope 
Construct

Final chimeric vaccine 
sequence (314 aa)

GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKKEAAAKIANET-
GVEFAAYFPQTEQVAFAAYRLAEIDLELAAYYLFKFEWELAAYATYEKFFTHKAAY-
ILWNGPPGVAAYTPSFPVFMYAAYSQADVVTFKGPGPGYCPKAFVLIISNPVN-
STGPGPGKELLYYDYQPLRPEVGPGPGGKKWTATRADLVFGSGPGPGLANNY-

LASRSYVVGDKKIQAAKDSYADKKVYDSRGNPKKGGSISGAKKDEIIPDAYDASK-
KHKPKKGRPDGKKNPKKHHQIAPHEVPARKKLGETGTPGYGAN

Multiepitope structure modelling and validation

The tertiary structure of the designed multiepitope vaccine 
was predicted using multiple ab initio-based modelling 
tools, including AlphaFold, PhyRe, and I-TASSER. The best 
model generated by AlphaFold showed a QMEAN score of 
-9.44, an ERRAT score of 83.871, and a Verify 3D score of 
28.34. Additionally, Ramachandran plot analysis revealed 
that 80.7% of residues fell within the favoured region. 
However, the best model generated from I-TASSER showed 
a QMEAN score of -7.85, an ERRAT score of 68.3849, and a 
Verify 3D score of 90.45, with Ramachandran plot analysis 
indicating that 74.4% of residues fell within the favoured 
region. The model generated from the PhyRE server yielded 
a QMEAN score of -10.10, an ERRAT score of 43.4483, and 
a Verify 3D score of 23.25. Additionally, Ramachandran 
plot analysis revealed that 90.6% of residues fell within 
the favoured region.

The best model observed from AlphaFold and iTasser was 
further refined using the Galaxy Refine server. Among these, 
the iTasser model was observed to have a QMEAN score 
of -2.56, an ERRAT score of 81.9672, and a Verify 3D score 
of 92.36, with Ramachandran plot analysis indicating that 
84.3% of residues fell within the favoured region, while 
13.8% of residues were within the allowed region.

Molecular docking

To analyse the binding affinity between the constructed 
multi-epitope vaccine candidates and the immune receptors 
TLR2 and TLR4, molecular docking studies were performed 
using the HDOCK server. Both dock complexes exhibited 
more than 100 docking conformations, involving different 
binding sites of the constructed multi-epitope vaccine, with 
a binding energy of -280 kJ/mol for the optimal docking 
conformation. The top 5 docking conformations of TLR2 with 
the multi-epitope showed strong binding interactions (Table 
4). Different binding conformations showed involvement of 
various B-cell and T-cell epitopes in binding with TLR2 (Fig. 
4). The best dock conformation (first) had a dock score of 
-280.5 kJ/mol and a confidence score of 0.931, involving 
hydrogen bonds with MHC-I epitope YLFKFEWEL (Trp93-
Arg63), MHC-II epitope YCPKAFVLIISNPVNST (Thr166-
Tyr109), and B-cell epitope DEIIPDAYDASKKHKP (Lys274-

Pro320, Lys272-Tyr323). The second dock conformation 
showed a total of 16 hydrogen bonds between TLR2 and 
epitopes, including MHC-I epitopes FPQTEQVAF (Glu67-
Ser56), RLAEIDLEL (Arg75-Glu180, Glu78-Arg230, and Glu78-
Arg257), and ATYEKFFTHK (Lys103-Asp58, and His107-
Asp106), and the MHC-II epitope LANNYLASRSYVVGD 
(Val224-Arg447). The third dock conformation exhibited 
hydrogen bonds with MHC-II epitope YCPKAFVLIISNPVNST 
(Tyr150-Asn487), KELLYYDYQPLRPEV (Tyr177-Asn467, 
Tyr177-Arg486, Asp178-Asn468), and GKKETATRADLVFGS 
(Ser206-Arg447), as well as B-cell epitope HHQIAPHEVPAR 
(His289-Asp286, His290-Asn258, and His295-Arg321). 
The fourth dock complex involved hydrogen bonds with 
MHC-I epitopes TPSFPVFMY (Tyr132-Leu371), SQADVVTFK 
(Asp139-His318), and MHC-II epitopes YCPKAFVLIISNPVNST 
(Lys153-His398, Ala154-His398), KELLYYDYQPLRPEV (Tyr177-
His426, Asp178-Ser424, Asp178-Arg447), and B-cell epitope 
IQAAKDSYAD (Asp234-Arg316). The fifth conformation 
displayed hydrogen bonds with MHC-I epitope, YLFKFEWEL 
(Glu94-Arg321), ILWNGPPGV (Gly119-Lys347), and MHC-II 
epitopes, KELLYYDYQPLRPEV (Tyr177-His426 and Arg183-
Glu375). Overall, most of the predicted epitopes in the 
multiepitope construct showed hydrogen bond interactions 
with TLR2. 

The best dock complex of TLR4 and the multiepitope 
construct yielded a dock score of -280.7 kJ/mol, accompanied 
by a confidence score of 0.932. The binding site analysis 
revealed the binding of different epitope constructs at 
various locations of TLR4 (Fig. 5). The first and best dock 
conformation showed TLR4 binding within the MHC-II 
epitope KELLYYDYQPLRPEV, at positions Arg183-Glu485, 
Tyr176-Asn486, Arg183-Asn486, and Tyr176-Glu509. The 
second-best dock conformation showed hydrogen bonding 
with the MHC-I epitopes YLFKFEWEL (Trp93-Thr106, Glu94-
Ser105, Glu94-Thr106), ATYEKFFTHK (Lys108-Thr357, 
Lys108-Asp379), and SQADVVTFK (Gln137-Asp379, Gln137-
Ser381, Gln137-Asp405, Asp139-Arg382), as well as with 
MHC-II epitopes YCPKAFVLIISNPVNST (Thr166-Pro28) 
and KELLYYDYQPLRPEV (Asp178-Arg264). The third dock 
conformation showed hydrogen bond interactions with one 
MHC-I epitope, ATYEKFFTHK (Glu102-Arg606) and two MHC-
II epitopes, YCPKAFVLIISNPVNST (Tyr150-Gly480 and Lys153-
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His529) and KELLYYDYQPLRPEV (Tyr176-His458 and Tyr177-
Ser482). The fourth dock conformation showed hydrogen 
bonds with two MHC-II epitopes: YCPKAFVLIISNPVNST 
(Tyr150-Thr499) and KELLYYDYQPLRPEV (Glu173-His426, 
Tyr176-Lys477, Tyr177-Val524, Arg183-His426, Arg183-
Asp428, Arg183-Tyr451), along with a single hydrogen bond 
interaction with a B-cell epitope, VYDSRGNP (Tyr242-Gln39). 

The fifth dock conformation showed hydrogen bonds with 
MHC-I epitopes ATYEKFFTHK (Tyr98-Lys477, Glu102-Lys477, 
Lys103-Glu474) and TPSFPVFMY (Tyr132-Asp550, Tyr132-
Asn575), and all MHC-II epitopes formed hydrogen bonds. 
In conclusion, most of the T-cell epitopes were involved in 
hydrogen bond interactions with TLR4, while B-cell epitopes 
engaged in other non-bonding interactions. 

Sr. No.
TLR2 TLR4

Docking Score (kJ/mol)  Confidence Score Docking Score (kJ/mol) Confidence Score

1 -280.5 0.931 -280.7 0.932

2 -279.5 0.930 -278.9 0.929

3 -278.0 0.928 -278.5 0.929

4 -275.7 0.925 -277.9 0.928

5 -264.8 0.909 -277.9 0.928

Table 4.Binding interactions between the multi-epitope vaccine and TLR

Figure 4.The dock conformation of TLR2 (grey colour) and the multi-epitope vaccine construct (in colours)

Figure 5.The dock conformation of TLR4 (grey colour) and the multi-epitope vaccine construct (in colours)
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Discussion
Chronic respiratory symptoms often persist despite 
appropriate treatment, suggesting that secondary or co-
infections may contribute to disease progression. In regions 
with high tuberculosis prevalence, patients previously 
treated for pulmonary TB who develop recurrent respiratory 
symptoms are frequently misdiagnosed with relapse even 
when microbiological tests are negative, pointing toward 
possible co-infection. Increasing evidence links Aspergillus 
sensitisation with worsening COPD, asthma and tuberculosis. 
This connection likely arises from persistent mucus retention 
that promotes fungal colonisation and genetic susceptibilities 
such as surfactant protein A2 defects. According to the 
ISHAM, the global prevalence of Aspergillus sensitisation 
among asthmatics ranges from 5.5% to 38.5%, underscoring 
its significance in chronic respiratory disease.20,43,46 In this 
study, microbiological analysis revealed the presence of A. 
niger, A. fumigatus & A. flavus among patients with 
respiratory illness and A. fumigatus being the most prevalent 
species. This finding is consistent with previous studies 
reported A. fumigatus as a common fungal pathogen among 
TB & COPD patients highlighting its role in exacerbating 
respiratory symptoms and contributing to disease 
progression.47,48 Furthermore, the distribution of Aspergillus 
species varied across different respiratory illness besides 
A. fumigatus other species including A. niger and A. flavus 
were also identified. This diversity reflects how underlying 
lung diseases and host immunity can shape the fungal 
community within the airways in chronic respiratory 
disorders.49 Clinical profiling of co-infected patients revealed 
distinct radiological patterns across asthma, COPD, and TB, 
reflecting underlying pathology and disease severity. These 
findings align with previous reports describing 
emphysematous and airway wall changes in COPD and 
granulomatous lesions in TB, underscoring the clinical 
impact of Aspergillus co-infection on respiratory health.50,52 

Furthermore, serological analysis revealed variations in 
sensitivity to allergens and elevated levels of total IgE, A. 
fumigatus-specific IgE, and IgG antibodies among co-
infected patients. This aligns with another study that 
reported that patients with chronic respiratory diseases 
often exhibit elevated levels of specific IgE antibodies to 
Aspergillus antigens, indicating sensitisation to fungal 
allergens and potential exacerbation of respiratory 
symptoms.53 The co-infection of A. fumigatus poses 
significant challenges in the management of respiratory 
illnesses, exacerbating symptoms and increasing the risk 
of recurrent exacerbations and hospitalisations.54 The 
chronic nature of A. fumigatus infection further complicates 
long-term management, emphasising the importance of 
early detection and targeted interventions.55 The robust 
and consistent siderophore production observed among 
all four clinical isolates of A. fumigatus, with a pooled mean 

halo size of approximately 13 mm and production rate of 
2.16 mm/day, aligns well with recent research demonstrating 
reliable synthesis and secretion of key extracellular 
siderophores, such as triacetylfusarinine C and ferricrocin, 
during active growth, regardless of drug resistance or strain 
variability. This consistency in siderophore production 
underpins the fungus’s capacity for iron acquisition, a 
requirement for virulence and infection in humans, and 
supports the use of siderophore quantitation as a sensitive, 
phase-dependent biomarker for discriminating invasive 
aspergillosis, particularly since mammalian cells do not 
produce these molecules, thus minimising false positives 
in diagnostic assays.56,59 The comprehensive proteomic 
analysis of A. fumigatus clinical isolates in this study 
identified 1,582 unique proteins with high reproducibility 
across isolates S1, S2, S4, and S5, marking one of the most 
extensive clinical proteome datasets reported to date. 
Functional classification revealed diverse protein categories 
spanning metabolic enzymes, stress response proteins, cell 
wall biosynthesis machinery, and virulence factors, reflecting 
the complex biology and pathogenic potential of A. 
fumigatus. These findings correspond well with recent 
studies reporting similar proteomic coverage and functional 
diversity, such as proteomic characterisations that 
highlighted metabolic flexibility, oxidative stress regulation, 
and cell wall remodelling as key survival and virulence 
strategies in clinical isolates. For example, the 2024 study 
on A. fumigatus clinical proteomes similarly underscored 
the abundance of heat shock proteins and metabolic 
enzymes, further validating the biological relevance of our 
dataset. Likewise, investigations into the fungal secretome 
and surface proteomes have emphasised the importance 
of cell wall and extracellular proteins as virulence and 
immune-interaction determinants, corroborating our 
identification of these functional groups.60,63 Bioinformatics-
driven allergenicity screening in our study identified 198 
proteins (12.5% of the total proteome) as potential allergens, 
including 14 cytosolic proteins and a refined set of high-
confidence allergens predicted by multiple algorithms, 
thereby increasing prediction reliability. This prevalence 
of putative allergens is consistent with values reported in 
other computational allergenicity analyses of A. fumigatus 
proteomes, which typically identify between 10% and 15% 
of proteins as allergenic candidates. Research emphasising 
the sustainability of allergen prediction highlights proteases 
and cell wall-associated proteins as dominant allergens, 
aligning with our dataset’s functional allergen profile. Similar 
studies, which validate allergenic determinants independent 
of isolate variation, reinforce the robustness of 
computational tools in identifying fungal allergens critical 
for host-pathogen interactions.60,64,65 Moving to the 
multiepitope vaccine construct, our design comprises 314 
amino acids, including the 45-aa human β-defensin 3 (hBD-
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3) adjuvant linked with CTL, helper T-cell, and B-cell 
epitopes. Computational analysis suggests good stability 
(instability index < 40), solubility, a basic isoelectric point 
(> 9), strong antigenicity (VaxiJen score > 0.5), and non-
allergenicity (AllerTOP/AlgPred), making it a promising 
vaccine candidate. This rational epitope-based design aligns 
with recent vaccine development trends, favouring multi-
epitope constructs over whole antigens to promote broad 
and balanced immune responses while minimising allergenic 
and adverse effects, a strategy increasingly supported in 
fungal vaccine research. The inclusion of hBD-3 as an 
immune-stimulatory adjuvant further enhances 
immunogenicity by activating innate immune receptors 
such as TLR1/2, a mechanism gaining traction in 
immunotherapy against fungal infections, as recent studies 
demonstrate improved vaccine efficacy and immune cell 
recruitment through a similar innate-adaptive immune 
interface targeting. These vaccine design principles align 
closely with recent computational and experimental 
research, which confirms that precise epitope mapping, 
combined with adjuvant usage, can yield safer and more 
effective vaccines against Aspergillus and other fungal 
pathogens.66,68 Further molecular docking studies against 
TLR2 and TLR4 showed a good binding affinity of the 
designed multi-epitope. Taken together, our findings 
underscore the clinical significance of A. fumigatus as a 
significant opportunistic pathogen in patients with pre-
existing respiratory conditions, such as asthma, COPD, and 
tuberculosis. The detection of A. fumigatus and other 
Aspergillus species in sputum samples, alongside 
corroborative radiological, serological, and allergological 
evidence, highlights the underestimated burden of 
aspergillosis in high TB-prevalence regions where relapse 
diagnoses are often made without sufficient fungal 
evaluation. The consistent siderophore production observed 
across isolates further underscores the organism’s robust 
virulence strategies, which may serve as potential diagnostic 
biomarkers. Comprehensive proteomic profiling provided 
deep insights into the metabolic adaptability, virulence, 
and allergenic potential of A. fumigatus, with in silico 
allergenicity predictions strengthening the identification 
of clinically relevant allergens. Finally, the rational design 
of a multi-epitope vaccine construct exemplifies the 
translational potential of proteomics-driven computational 
pipelines in generating novel therapeutic candidates against 
fungal infections. 

Conclusion
This study offers the first in-depth proteomic and 
immunoinformatic characterisation of A. fumigatus clinical 
isolates from Indian respiratory patients, establishing it as the 
predominant Aspergillus species co-infecting individuals with 
COPD and TB, with additional sensitisation observed among 
asthmatic cohorts. Clinical, immunological, microbiological 

and radiological evidence underscores the need for routine 
fungal screening among patients with chronic respiratory 
illnessess. The large-scale proteomic dataset generated 
provides a comprehensive catalogue of the A. fumigatus 
proteomee revealing novel cytosolic allergens of diagnostic 
and therapeutic importance. Comprehensive proteomic 
mapping, coupled with allergenicity profiling, identified 14 
cytosolic allergens, including previously uncharacterised 
proteins. These findings deepen the understanding of 
A. fumigatus host interactions and provide a structural 
framework for developing precision immunotherapies 
or fungal diagnostics. Furthermore, this study is limited 
by its dependence on in silico analyses and a modest 
number of culture-positive isolates, highlighting the need 
for experimental validation of the predicted allergens. 
Future research should include functional assays and in-
vivo analysis, including animal model, for its reliability as 
diagnostic or therapeutic biomarkers for A. fumigatus-
associated respiratory diseases.
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