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Hookworm disease is one of the tropical neglected diseases that significantly impacts human health
to varying degrees. Hookworms produce various proteins to facilitate host invasion and immune
evasion. Despite available treatments, reinfection is common, underscoring the need for effective
vaccines. However, the complexity of the hookworm’s life cycle poses a challenge in understanding the
immune response in the vaccine candidates. Reverse vaccinology (RV) offers a powerful approach to
understand the immune response by using various bioinformatics tools. This study begins by identifying
hookworm antigens capable of inducing host immune responses, followed by docking analysis with
different dendritic cell (DC) receptors to investigate the immunological response of antigenic peptides
and further correlated to the immunogenicity findings in clinical trial. Necator americanus Glutathione-
S-Transferase-1 (Na-GST-1), a known immunogenic protein from Necator americanus, was selected for
docking due to its strong antigenic properties. Fifteen DC receptors were evaluated against Na-GST-1, of
which seven receptors (TLR2, TLR3, TLR4, TLR7, DEC-205, CD206, and CD36) exhibited stronger predicted
interactions, as indicated by stronger binding affinities with Na-GST-1 utilizing various immunoinformatic
tools. These receptors are associated with the mediation of Th1/Th2 immune responses, suggesting
a potential correlation between docking affinity and the predicted immunogenicity of Na-GST-1.
Overall, this study provides valuable insights into DC receptor—antigen interactions and demonstrate
a computational approach for assessing the potential of hookworm antigens to engage DC receptors,
thereby supporting rational hookworm vaccine design. These findings support the application of early
in silico strategies for advancing vaccine candidates against hookworm infection and strengthening
control efforts for neglected tropical diseases.
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INTRODUCTION

Hookworm disease, categorized as one of the tropical neglected
diseases, has a significant role in the world’s most vulnerable
populations, with around 740 million people worldwide afflicted by
hookworm infections (Diemert et al., 2018; Koopman et al., 2021).
Chronic hookworm infection can cause abdominal pain, diarrhea,
and blood loss in the gastrointestinal tract, which can then lead to
anemia and protein loss, and it is particularly perilous to children and
women who are of childbearing age (Diemert et al., 2018; Abuzeid
et al., 2020). The principal causes of hookworm-related morbidity
are Necator americanus, Ancylostoma ceylanicum, and Ancylostoma
duodenale (Abuzeid et al., 2020). Hookworms produce an array
of excretory/secretory products such as Ancylostoma-secreted
protein (ASP-1 & 2), nematode anticoagulant peptide (NAP-1 & 5),
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glutathione S-transferase (GST-1, 2 & 3), peroxiredoxins (PRX-1),
macrophage migratory inhibitory factor (MIF), excretory/secretory
protein (ES-2), fatty acid- and retinol-binding protein (FAR-1),
hookworm platelet inhibitor (HPI) to support their infection route
in the host (Abuzeid et al., 2020). Hookworm infections that
occur in rodents usually can be rapidly eliminated due to strong
cellular and humoral immune responses (Sarkar et al., 2024). In
humans, although a comparable immune phenotype is observed,
swift elimination does not occur, and hence, adults often carry
high-intensity hookworm infections well into old age (Sarkar et
al., 2024). Hookworm infections are currently controlled mostly
through mass drug administration (MDA) with anthelmintics like
benzimidazole (Diemert et al., 2018; Koopman et al., 2021). The
use of anthelmintics, however, only has the immediate ability to
treat the illness; it is unable to stop re-infection, and resistance
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to the anthelmintics may develop (Diemert et al., 2018). Besides
benzimidazole, emodepside has also been used for human soil-
transmitted helminths (STH) infections, which is effective in treating
onchocerciasis and in regions that have developed benzimidazole
resistance (Sarkar et al., 2024). Although presently there is no report
on the resistance to emodepside in humans, cases of multiple drug
resistance against other drugs such as albendazole, moxidectin
and benzimidazoles have been continuously discovered (Sarkar
et al., 2024). For instance, the discovery of multi-drug resistant A.
caninum against the combination of febantel-pyrantel moxidectin,
albendazole, and moxidectin in the USA (Sarkar et al., 2024).
Therefore, the need for new treatments for hookworm infections
is in critical demand due to the rapid development of multi-drug
resistance. There was one clinical study which studied the protective
effect of UV-attenuated N. americanus larvae against the infection;
however, the outcome of the study reflected that there was no
significant reduction in fecal egg count and developed skin rash
as an adverse effect (Hoogerwerf et al., 2023; Sarkar et al., 2024).
There was another clinical study that evaluated the vaccine efficacy
of repeated short-term exposures to N. americanus third-stage
infective larvae (L3), followed by effective chemotherapeutics
treatment with anthelmintics which resulted in an indistinct
protection but a trend in reducing egg burdens in patients who had
strong skin reaction to percutaneous infection (Baker et al., 2018).
Hence, these clinical studies demonstrate that the human hookworm
vaccine can be a promising approach against the disease.

Numerous hookworm ES products have been studied for their
functions and aim to be used as potential vaccine candidates.
For instance, ASP has been studied in several studies as a human
hookworm vaccine (Bethony et al., 2005; Mendez et al., 2008; Xiao
et al., 2008). However, in the study of Diemert et al. (2012), the
human vaccine using ASP-2 as a target caused allergic reactions
and urticaria after vaccination with recombinant Na-ASP-2, which
caused the study to terminate. Besides, in the study of Diemert et al.
(2017), the administration of recombinant Na-GST-1 to volunteers in
Brazil and the United States had no significant vaccine-related events
occur during the phase 1 trials. This indicated that Na-GST-1 will be a
potential vaccine candidate that can be carried forward to the next
round of children’s clinical trials and eventually effectiveness studies
(Diemert et al., 2017). Moreover, the co-administration of two
hookworm vaccine candidates, Necator americanus Glutathione-
S-Transferase-1 (Na-GST-1) and aspartic protease-1 (Na-APR-1) in
healthy Gabonese adults showed that co-administration of these two
vaccine candidates was safe and induced antibody, immunoglobulin
G (1gG) to each of the antigens (Adegnika et al., 2021). More clinical
trials using these hookworm antigens are being conducted because
of the encouraging findings from earlier studies, for example, the
co-administration of Na-APR-1 and Na-GST-1 in Gabonese children
(Wongetal., 2023) and a phase 2 vaccination clinical trial in the USA
using a controlled human hookworm infection model (Adegnika et
al., 2021). In this study, various hookworm antigens were screened
and based on the literature, the best candidate was chosen for site-
specific docking with various DC receptors to investigate its role in
inducing host immune response.

Dendritic cells (DCs) are a heterogeneous population found
in both lymphoid and non-lymphoid tissues, including the blood,
which possess diverse origins, anatomical locations, and migratory
patterns (Gutiérrez-Kobeh et al., 2018). Their broad functional
repertoire makes them essential players in the immune response
(Gutiérrez-Kobeh et al., 2018). DCs function by capturing antigens
in peripheral tissue and processing and presenting the antigens
in lymphoid organs via MHC | and MHC Il pathways (Gutiérrez-
Kobeh et al., 2018). In addition to antigen presentation, DCs
regulate immune responses by producing cytokines, influencing
Th1/Th2 differentiation, modulating cytotoxic T lymphocytes, and
contributing to immune tolerance (Gutiérrez-Kobeh et al., 2018). DCs
act as surveillance cells, distinguishing self from non-self by detecting
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pathogen-associated molecular patterns (PAMPs) from different
infectious agents (Gutiérrez-Kobeh et al., 2018). They achieve this
through specialized receptors such as scavenger receptors (SRs),
toll-like receptors (TLRs), C-type lectin receptors (CLRs), RIG-I like
receptor (RLRs), and NOD-like receptors (NLRs) (Wang et al., 2015;
Gutiérrez-Kobeh et al., 2018). TLRs (i.e. TLR2, TLR3, TLR4, TLR7, TLR9)
are pattern recognition receptors (PRRs) which responsible for PAMP
recognition and immune activation (Gutiérrez-Kobeh et al., 2018).
CLRs (i.e. DEC-205, DC-SIGN, CD206, BDCA-2, DCIR, Clec9A, Clec10A,
Langerin) are involved in antigen uptake, pathogen recognition and
immune regulation (Tong et al., 2023). SRs function in lipid uptake,
bacterial recognition and immune modulation (Taban et al., 2022).
Other DC receptors, such as RLRs and NLRs, primarily function as
intracellular receptors that recognise danger signals within the
cytosol (Gutiérrez-Kobeh et al., 2018). Our study aims to assess the
application of in silico models to enhance the evaluation of vaccine
antigens and optimize design and development strategies within
the reverse vaccinology framework. Therefore, this study will focus
on the immune response triggered upon antigen recognition, with
a particular emphasis on DC receptors that primarily function as
antigen presentation, uptake, and immune activation or modulation
(i.e. SRs, TLRs, CLRs) (Gutiérrez-Kobeh et al., 2018; Tong et al.,
2023). Consequently, RLRs and NLRs will not be assessed in this
study. However, future studies may include additional DC receptors
to investigate a more comprehensive immune response during
infections.

MATERIALS AND METHODS
The overall workflow of the study is illustrated in Figure 1.

Protein preparation

Preparation of protein models via Protein Data Bank (PDB)

The protein sequence of DC receptors, TLR2 (GenBank:
NP_001305725), TLR3 (GenBank: KAI4027901), TLR4 (GenBank:
KAI4008213), TLR7 (GenBank: KA13998883), TLR9 (GenBank:
KAI4030015), DEC-205 (GenBank: AAC17636), DC-SIGN (GenBank:
QINNX6), CD206 (GenBank: NP_002429), CD14 (GenBank: P08571),
CD36 (GenBank: P16671), BDCA-2 (GenBank: AAL37036), DCIR
(GenBank: Q9UMR7), CLEC9A (GenBank: ABZ04557), CLEC10A
(GenBank: NP_878910), and Langerin (GenBank: CAB62403) were
obtained from the National Center of Biotechnology Information
(NCBI). The protein sequences were compared with the Protein Data
Bank (PDB) using Blastp to search for homologous receptor proteins.
The best protein model was selected based on query coverage and
percent identity.

Determination of the active site of dendritic cell receptors

The active site of each DC receptor was determined via the PrankWeb
server (https://prankweb.cz) (Krivak & Hoksza, 2018; Jendele et al.,
2019; Jakubec et al., 2022). PrankWeb is a machine learning-based
ligand binding site prediction tool that predicts the active site
based on the ligandability of the local chemical neighbourhoods of
a protein (Krivak & Hoksza, 2018).

Preparation of parasite antigens from hookworm

The protein sequence of the hookworm antigen was obtained
from the NCBI. The protein sequences were compared with
the PDB using Blastp to search for homologous proteins. The
best protein model was selected based on query coverage and
percent identity. The hookworm antigens used for docking were
ASP-1 (GenBank: AAD13340), ASP-2 (GenBank: AY288089), NAP-1
(GenBank: AAK81733), GST-1 (GenBank: F1711440), PRX-1 (GenBank:
JX124321), MIF (GenBank: ABO31935), ES-2 (GenBank: AAS13463),
FAR-1 (GenBank: 4UET), NAP-5 (GenBank: 2P3F), HPI (GenBank:
AF399709), GST-2 (GenBank: FJ711441) and GST-3 (GenBank:
F1711442).
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Figure 1. Method flowchart.

Determination of antigenicity of hookworm antigens

The capability of the hookworm antigens that trigger an immune
response was defined as antigenicity. The antigenicity of the
hookworm antigens was predicted via the Vaxilen v2.0 server
(http://www.ddg-pharmfac.net/vaxijen/Vaxilen/VaxiJen.html) with
a threshold of 0.5 (Doytchinova & Flower, 2007a, 2007b, 2008).
Antigens that were predicted as “probable antigens” and supported
by the literature were selected for specific site docking.

Determination of immunogenicity site of hookworm antigens
The immunogenicity of selected hookworm antigens was
predicted via the Immune Epitope Database (IEDB) analysis tool
— CD4 T cell immunogenicity prediction (http://tools.iedb.org/
CD4episcore/). The IEDB server analysed the peptide sequence
and gave out immunogenicity scores for fragments. The fragments
with overlapping peptides were combined as one fragment for
allergenicity, toxicity, and specific site docking analysis.

Determination of antigenicity, allergenicity, toxicity, and
antigenicity of peptide fragments

The antigenicity of the peptides was determined via the Vaxilen
v2.0 server (http://www.ddg-pharmfac.net/vaxijen/Vaxilen/
Vaxilen.html) with a threshold of 0.5 (Doytchinova & Flower,
2007a, 2007b, 2008). The allergenicity of the peptide fragments
of selected antigens was determined via AllergenFP v1.0 (https://
ddg-pharmfac.net/AllergenFP/) and AllerTOP v. 2.0 (https://www.
ddg-pharmfac.net/AllerTOP/) (Dimitrov et al., 2014a; Dimitrov et
al., 2014b). The toxicity of the peptide fragments was determined
via the ToxinPred server (http://crdd.osdd.net/raghava/toxinpred/),
and the allergenicity was determined via the Vaxilen v2.0 server
(Doytchinova & Flower, 2007a, 2007b, 2008; Gupta et al., 2013).

Specific site docking

Specific site protein-protein docking

Specific site protein-protein docking was performed via a web-based
server, HADDOCK 2.4 (https://wenmr.science.uu.nl/haddock2.4/),
with the active site and immunogenicity site predicted in 2.1.2 and
2.1.5. HADDOCK 2.4 gave out the best four binding poses of the
protein-protein complex (Honorato et al., 2021).
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Data analysis

The binding affinity of all four best poses of the protein-protein
complexes was predicted via PRODIGY (https://wenmr.science.uu.nl/
prodigy/). The lowest binding energy among the four complexes was
recorded and summarised via Excel (Vangone & Bonvin, 2015; Xue
et al., 2016). Results of binding energy were cross-tabulated to a
literature search on immune responses via Thl, Th2 and antibody
subtypes from clinical trial datasets to obtain the correlation of
immune responses to binding energy cut-off. Analysis was performed
using ROC and Youden index (Gupta et al., 2016).

RESULTS

Antigenicity Predictions

Table 1 shows the antigenicity of the hookworm antigens, and
antigens that had a score above the threshold of 0.5 were considered
as “probable antigens”. Twelve hookworm antigens were selected
for antigenicity prediction, and nine antigens were categorized as
probable antigens, which were ASP-1, ASP-2, NAP-1, GST-1, PRX-1,
MIF, NAP-5, HPI, GST-2 and GST-3. Based on the literature, GST-1
was selected for T cell epitopes, B cell epitopes, conserved regions,
immunogenicity, allergenicity, and toxicity prediction.

Table 1. Antigenicity prediction of hookworm antigens

Antigen Protein size (aa) Antigen prediction
ES-2 102 0.2441 (Probable NON-ANTIGEN)
GST-2 206 0.4842 (Probable NON-ANTIGEN)
FAR-1 181 0.4858 (Probable NON-ANTIGEN)
PRX-1 196 0.5145 (Probable ANTIGEN)
GST-1 155 0.5475 (Probable ANTIGEN)
GST-3 206 0.5581 (Probable ANTIGEN)
ASP-1 425 0.5637 (Probable ANTIGEN)
NAP-5 90 0.5783 (Probable ANTIGEN)
MIF 119 0.6054 (Probable ANTIGEN)
NAP-1 102 0.6399 (Probable ANTIGEN)
HPI 181 0.7967 (Probable ANTIGEN)
ASP-2 217 0.8039 (Probable ANTIGEN)
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Determination of T cell epitope, immunogenicity, allergenicity, and
toxicity of selected hookworm antigens and specific site docking
of predicted epitopes with DC receptors

Na-GST-1 was selected forimmunogenicity, antigenicity, allergenicity,
and toxicity prediction. Among the Na-GST-1 protein sequence, 8
epitopes were given with immunogenicity scores that were above
the threshold (> 50%). The 8 epitopes were then grouped into
5 fragments due to the overlapping amino acids between the
epitopes (Figure 2). The 5 peptides were then evaluated for their
antigenicity via the Vaxilen v2.0 server, while the allergenicity was
determined by AllergenFP v. 1.0 and AllerTOP v. 2.0. Among the 5
fragments, S1 — S4 were identified as probable antigen which had
antigenicity scores above threshold (> 0.5) while S5 was predicted
as probable non-antigen as the antigenicity was 0.2468 which did
not exceed the threshold. Among the 5 peptides, S2 was identified
as an allergen in AllerTOP v. 2.0. Besides, the 5 peptides were
evaluated for their toxicity via ToxinPred, and all 5 fragments were
identified as non-toxic. Table 2 summarises the predicted T cell
epitopes, immunogenicity, allergenicity, and toxicity score of the
Na-GST-1 peptides.

Table 3 shows the heatmap of the binding affinity of GST-1
peptides against 15 DC receptors. The 15 DC receptors are separated
into five major categories (i.e. pattern recognition receptors (PRRs),
antigen uptake and presentation receptors, phagocytic receptors,

Figure 2. Schematic representation of the Na-GST-1 protein sequence
highlighting five immunogenic fragments.

Table 2. Prediction of T cell epitope, immunogenicity, allergenicity, and toxicity of Na-GST-1 peptide fragments

Peptide Protein . Immunogenicity L AllergenFP  AllerTOP .
fragments  description Peptide Start  End Score (%) Antigenicity v.1.0 v.2.0 Toxicity
S1 GST-1 MVHYKLTYFAIRGAG 1 15 83.05 0.5936 (Probable ANTIGEN) NO NO NT
S2 VDGKQLAQSLAICRY 56 70 98.99 0.5236 (Probable ANTIGEN) NO YES NT
LAQSLAICRYLARQF 61 75 91.58
S3 SDYRVEIKSFFYTVI 96 110 93.54 0.6685 (Probable ANTIGEN) NO NO NT
EIKSFFYTVIGMREG 101 115 91.99
S4 KFFGFITKFLKKSPS 131 145 75.27 1.0680 (Probable ANTIGEN) NO NO NT
ITKFLKKSPSGFLVG 136 150 61.78
S5 EKIRAIPKLKKWIET 186 200 81.15 0.2468 (Probable NON-ANTIGEN) NO NO NT
Table 3. Binding affinity of the epitopes against different DC receptors
DC receptor Binding affinity (kcal/mol)
TLR2 134 123 116 -11.0 -
TLR7 -12.2 -12.5 -12.4 -10.7 -12.8
Pattern recognition receptor (PRRs): TLR3 -12.3 -11.9 -10.8 9.2 9.9
TLR4 -10.3 -12.2 -11.2 -10.1 -10.2
TLR9 -10.7 9.8 -10.1 9.6 9.3
DEC-205 -10.5 -12.2 -12.2 -10.5 -11.9
Antigen Uptake and Presentation Receptors: Weak binding affinity
DC-SIGN -8.8 -8.7 -8.6 9.6 -8.8
CD206 -10.2 -8.9 -13.2 9.9 -10.4
Phagocytic Receptors:
CD14 9.3 9.1 9.8 9.8 -8.5
CD36 -10.8 -13.3 -12.7 9.6 -12.6
Immune Modulatory Receptors:
BDCA-2 -9.3 9.1 -8.4 9.1 -7.9
DCIR -9.4 -8.9 -10.5 -85 -8.9 . g g iy
Clec9A -10.3 9.7 -10.7 -8.3 9.5
Specialized Antigen Uptake Receptors:
Clec10A -11.1 -10.3 -9.5 9.7 -8.4
Langerin -8.4 -9.5 -8.0 -8.4 9.3
S1 S2 S3 S4 S5

Epitopes
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immune modulatory receptors, and specialized antigen uptake
receptors) based on different roles and functions. As no universally
accepted binding energy cutoff exists for defining immunogenic
relevance in DC receptor—antigen docking studies, results were
evaluated comparatively rather than using an absolute threshold.
A colour gradient was applied to visualize relative binding strengths
across receptors. Based on the indicator beside the heatmap, the
darker the color indicated the stronger the binding affinity between
the peptides and the DC receptors. From Table 3, S1, S4 and S5 had a
stronger binding affinity with TLR2, while S2 had a stronger binding
affinity with CD36 and S3 with CD206. Moreover, based on the color
distribution in Table 3, S5 had the strongest binding affinity with
TLR2 among all the peptides. Besides, binding affinities between the
epitopes and DC receptors were mainly accumulated on PRRs (i.e.
TLR2, TLR7, TLR3 and TLR4) and antigen uptake and presentation
receptors (i.e. DEC-205). However, other receptors needed to be
highlighted due to the relatively strong binding affinity with the
multiple epitopes, which were CD36. Furthermore, according to
Table 3, S4 had relatively weaker binding affinity among the epitopes.

Analysis of Prediction

Tabulation of the potential antibody responses with binding energy
showed a wide range of immune responses based on binding energy
(Table 4). The cutoff was determined from the mean of binding
energy, between -7.9 to 11.79 kcal/mol, that elicited an immune
response based on positive outcome, or lowest energy binding
(kcal/mol), except for 1gG4.

Table 4. The calculated binding energy with possible 1gG subtypes outcome

Antibody Min Cutoff Max Cutoff Mean

1gG1 -15.0 -8.0 -10.42

IgG2a -11.9 -9.6 -11.79

1gG3 -15.0 -8.0 -10.04

IgG4 -11.9 -7.9 -7.9
DISCUSSION

Reverse vaccinology remains a very important tool for design
and discovery of antigens for vaccine development. Evaluation
of new tools and method are based on existing data especially
that has advanced to clinical trials. Therefore, GST-1 has been
actively investigated as a vaccine candidate due to its significant
role in the blood-feeding pathway of hookworms (Diemert et
al., 2017). Vaccination with recombinant GST-1 in hamsters and
dogs demonstrated a reduction in worm burden and fecal egg
counts (Zhan et al., 2005). Subsequently, the recombinant GST-1
vaccine progressed to clinical trials in the United States and Brazil
(Diemert et al., 2017). These trials confirmed the vaccine’s safety
and tolerability, as well as an increased level of antigen-specific IgG
following vaccination (Diemert et al., 2017). the suitability of GST-1
was selected as model to evaluate the interaction with dendritic
cell receptors during infection or during vaccination could provide
insights to the immune responses. Limited with just in silico tools,
this study provides the insights to predictive reverse vaccinology
and will require further evaluation in silico and in vivo for validation
purposes.

The five regions GST-1 (S1-S5) were predicted for their
antigenicity. Among them, S5 was predicted to be non-antigenic
while S2 was identified as allergenic. In consideration of the
limitation in sensitivity of the prediction tools (Doytchinova & Flower,
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2008) and the high immunogenicity score predicted for S2 and S5,
it was still selected for further investigation. The binding interaction
between DC surface receptors and selected immunogenic fragments
of GST-1is currently an investigational attempt to model functional
immunology. It is important to recognize that docking affinity does
not directly imply functional immune signalling.

Dendritic cells act as intermediaries between innate and
adaptive immunity by recognizing, capturing, processing, and
presenting helminth ES products to T cells (Motran et al., 2018).
Antigen-presenting cells (APCs) are central to innate immune
responses, recognizing a broad range of molecular patterns on
pathogens, known as pathogen-associated molecular patterns
(PAMPs), through TLRs, C-type lectin receptors (CLRs), or NOD-like
receptors (NLRs) (Venugopal et al., 2009; Motran et al., 2018).

In this study, it was observed that the regions S1, S4, and S5 of
Na-GST-1 demonstrated stronger binding affinity to DC receptors
compared to other regions, with S5 showing the strongest binding.
These findings suggest that TLR2 plays a significant role in recognizing
Na-GST-1. Activation of dendritic cells through TLR2 can lead to the
production of both Thl-associated cytokines, such as IL-12p70, and
TNF-a, and Th2-associated cytokines, such as IL-10 (Toebak et al.,
2006). Th2-type immune responses are typically characterized by
three key attributes: wound repair, inflammation, and resistance to
helminths (Rajasekaran et al., 2017). A study reporting the safety and
immunogenicity profile of another hookworm antigen, Na-ASP-2,
showed that vaccination with Na-ASP-2 induced elevated levels
of antigen-specific IgE, which led to allergic symptoms (urticaria)
in three participants (Diemert et al., 2012). This suggests that
individuals previously exposed to hookworm infection may have
pre-existing Na-ASP-2-specific IgE (Diemert et al., 2012). Upon
immunization, epitopes on Na-ASP-2 may be recognized by these
IgE antibodies, potentially triggering adverse allergic reactions
(Diemert et al., 2012). Therefore, the level the antigen-specific IgE
is one of the important safety criteria to evaluate a suitable vaccine
candidate. In studies conducted in the US and Brazil, adults who
received Na-GST-1/Alhydrogel did not exhibit detectable levels of
IgE, indicating that the antigen does not induce sensitization during
hookworm infection (Diemert et al., 2017). This supports the safety
profile observed for Na-GST-1, suggesting it does not elicit allergic
responses (Diemert et al., 2017). Moreover, the clinical trial data
on the hookworm vaccine showing a similar ratio of IgG1 and IgG3
may be further investigated through this docking profile, where the
strong binding affinity to TLR2 is known to preferentially induce a
Th2 response in dendritic cells and influence antibody production
through IL-4—mediated 1gG1 class switching (Re & Strominger, 2001;
Lietal., 2021). Therefore, the strong binding affinity of Na-GST-1 to
TLR2 may contribute to both the safety and immunogenicity of this
antigen and in vitro studies will be important to validate this.

Studies have demonstrated that TLR2-deficient bone marrow-
derived cells (BMDCs) infected with schistosomula antigen (SSA)
and soluble egg antigen (SEA) fail to produce IL-10, while TLR4-
deficient BMDCs exhibit high levels of IL-10 production along with
the upregulation of TLR2 transcription (Gao et al., 2012). These
findings indicate that TLR2 plays a vital role in enhancing Th2
response during helminth infection, whereas TLR4 appears to play
a minor role in producing IL-10 (Gao et al., 2012; Rajasekaran et
al., 2017). The observations of Gao et al. (2012) are supported by
findings from Layland et al. (2007) and Ferreira et al. (2007), which
showed a decrease in IL-10 production in TLR2-deficient mice.
Besides, signalling through TLR2 or TLR4 can impair the ability of
denderitic cells to produce IL-12, causing them to polarize toward a
Th2 immune response (Motran et al., 2018). The response elicited
depends on the type of pathogen molecules recognized by TLRs
(Motran et al., 2018). Generally, TLR4 recognizes LPS, leading to the
production of IL-12 and the induction of a Thl immune response
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(Kerepesi et al., 2007). However, some studies have shown that
TLR4 also plays a role in recognizing helminth antigens, causing
dendritic cells to shift toward a DC2 phenotype, which is important
in mediating a Th2 immune response (Kerepesi et al., 2007). For
example, bacterial LPS recognized by TLR4 typically activates the
mitogen-activated protein kinases (MAPKs), particularly p38, c-Jun
N-terminal kinase (JNK), and extracellular signal-regulated kinase
(ERK), which are associated with a strong Th1 response (Thomas et
al., 2003). However, helminth antigens like LNFPIII from Schistosoma,
recognized by TLR4, trigger only ERK phosphorylation, leading to
increased IL-4 and decreased IFNy production, which favors a Th2
response (Thomas et al., 2003). The increased level of IL-4 promotes
the production of IgG1, IgG4, and IgE, which shows a pattern similar
to that observed in clinical trials (Lee & Rosenberg, 2013; Diemert
et al., 2017). Thus, the binding of Na-GST-1 to TLR4 may elicit a
response similar to that of Schistosoma, leading to the suppression
of the Th1l response and the activation of the Th2 response.. In this
study, Na-GST-1 exhibited strong binding affinity to TLR2 and TLR4,
suggesting that this strong interaction may induce a Th2-dominant
immune response.

Besides TLR2 and TLR4, TLR3 and TLR7 are involved in
recognizing double-stranded and single-stranded RNA, respectively
(Venugopal et al., 2009). These receptors mediate immature
dendritic cell (iDC) maturation through MyD88-independent and
MyD88-dependent pathways, respectively (Aksoy et al., 2005;
Venugopal et al., 2009). Based on this in silico model, Na-GST-1
protein cannot be directly recognized by TLR3 and TLR7 because
these receptors are specialized for recognizing nucleic acid. The
previous reports showed that during the initial stages of infection,
TLR3 and TLR7 may be capable of recognizing the mRNA of Na-GST-1.
The Na-GST-1 mRNA can be detected in numerous life stages of the
hookworm, such as L1, L2, L3, adult worms, and eggs (Zhan et al.,
2005). In contrast, the GST-1 protein has only been detected in adult
hookworm somatic extracts and adult ES products (Zhan et al., 2005).
This finding suggests that Na-GST-1 mRNA may not be translated
during the non-blood-feeding stages of the hookworm life cycle or
is expressed at a very low level that could not be detected (Zhan
et al., 2005). While TLR3 and TLR7 are unlikely to directly bind Na-
GST-1 protein, evidence from other studies suggests that the binding
of helminth ES products with TLR3 during infections may enhance
the survival of the helminths. Donnelly et al. (2010) reported that
TLR3 may be degraded by the helminth ES products, resulting
in the inactivation of the MyD88-independent TRIF-dependent
signalling pathways and suppression of the Thl immune response.
For instance, the parasitic flatworm Fasciola hepatica secretes
Fasciola hepatica Cathepsin L1 (FheCL1), a protease involved in
tissue degradation and immunosuppression, which contributes to
parasite survival (Donnelly et al., 2010). FheCL1 has been shown to
target and degrade TLR3 in macrophages, thereby impairing their
activation and downregulating Th responses (Donnelly et al., 2010).
In the present study, the stronger binding affinity observed between
TLR3 and Na-GST-1 suggests that Na-GST-1 may interact with TLR3
in a similar manner, potentially leading to its degradation. These
findings indicate that signalling through TLR3 can modulate both Th1
and Th2 immune responses, suggesting that TLR3 Na-GST-1 may act
as aninhibitor of TLR3, disrupting its function and contributing to the
downregulation of the Th1l responses and a shift towards Th2 bias.
The impact of TLR3 loss on immune polarization is further supported
by findings from Joshi et al. (2008), who reported that TLR3-deficient
mice exhibited increased levels of Th2-associated cytokines and
chemokines such as IL-17, IL-4 and CCL11 and a decrease in Th1l-
associated factors such as IL-12, CXCL9 and CXCL10. The cytokines
and chemokines that drive the switch to a Th2 immune response
subsequently lead to the production of IgE and class switching of
1gG to the IgG1 and IgG4 subclasses (Kraemer et al., 2022).
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Additionally, TLR7 has been shown to possess structural features
to bind with a wide range of TLR7 agonists beyond single-stranded
RNA (Talukdar et al., 2021; Bzéwka et al., 2023). These include
guanosine-, imidazolequinoline-, benzimidazole- pyrimidine-,
benzoxazole-, and indoline-based agonists (Talukdar et al., 2021;
Bzowka et al., 2023). A study on an alum-adsorbed TLR7 agonist
reported that binding of the TLR7 agonist to TLR7 decreased the
levels of Th2-like cytokines (e.g., IL-4 and IL-13) and increased the
levels of Thi-like cytokines (e.g., IFN-y), which in turn resulted in
1gG2a and 1gG2b isotype switching (Buonsanti et al., 2016). This
finding is further supported by a study on a hepatitis B virus (HBV)
therapeutic vaccine using a TLR7 agonist, T7-EA, which demonstrated
that the TLR7 agonist induces an antigen-specific Thl immune
response by increasing the levels of IFN-a, IFN-y, IL-6, TNF-c., CCL2,
and CCL4, subsequently leading to the production of IgG2a (Hu et al.,
2020). The Th1limmune response may contribute to early protection
against the parasite; however, a prolonged Th1 response can lead to
chronic helminth infection and a strong inflammatory reaction that
is detrimental to the host. Therefore, the Thl response is usually
downregulated by the subsequent Th2 immune response (Moreau &
Chauvin, 2010; Cortés et al., 2017). The ability of TLR7 to bind with
diverse TLR7 agonists suggests the possibility that Na-GST-1 may be
one of the possible TLR7 agonists that have not been discovered yet,
and the stronger binding affinity between TLR7 and Na-GST-1 might
induce a unique immune response pathway. Further investigation
is required to elucidate the potential role of Na-GST-1 as a TLR7
agonist and its impact on immune response.

Besides PRRs, DEC-205, a member of C-type lectin receptors,
plays a significant role in antigen recognition, processing, and
presentation (Shrimpton et al., 2009). Targeting antigens to
DEC-205 has been shown to enhance both humoral and cellular
immune responses (Lakhrif et al., 2018). For example, the specific
binding of Toxoplasma gondii antigen SAG1 on DEC-205 resulted
in effective MHC class Il antigen presentation, which significantly
augmented CD4+ T cell immune response (Lakhrif et al., 2018). This
response predominantly involved the production of Th1-associated
cytokines, such as interferon-gamma (IFN-y), and IL-2, along with
the generation of antibodies (i.e. IgG2a and nasal IgA) (Lakhrif et
al., 2018). Moreover, when DEC-205 stimulation was combined
with TLR activation, it elicited an even stronger CD4+ T cellimmune
response (Lakhrif et al., 2018). In our study, we observed a strong
binding affinity between DEC 205 and Na-GST-1, suggesting that the
interaction between Na-GST-1 and DEC-205 may activate a signalling
pathway that promotes Thl-dominant immune response. This
activation could play a protective role for the host against hookworm
infection.

CD206, also known as mannose receptor (MR), is a member
of the C-type lectin receptor family that particularly recognizes
collagen, sulfated sugars, and sugars terminating in D-mannose,
L-fucose, or N-acetylglucosamine (Paveley et al., 2011). CD206 has
been shown to play a vital role in recognizing parasitic ES products.
A deficiency in CD206 can result in increased secretion of antigen-
specific IFNy and reduced production of IL-4, thereby decreasing
the Th2 response and enhancing the Th1l response (Paveley et al.,
2011). Furthermore, both in vitro and in vivo studies conducted by
Everts et al. (2012) demonstrated that Th2 polarization of DCs by
omega-1, a component of schistosome eggs, was disrupted when
CD206 was either blocked or absent on DCs. Based on this, the strong
binding affinity observed between Na-GST-1 peptides against CD206
suggests that the interaction may promote the polarization of DCs
via CD206, potentially inducing a Th2-dominant immune response.

Moreover, multiple Na-GST-1 epitopes demonstrated strong
binding affinity to CD36. CD36 is a member of the class B scavenger
receptor family that plays diverse roles, such as facilitating parasite
sequestration in host organs, modulating immune responses,
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and aiding in the phagocytic clearance of parasites (Thylur et al.,
2017). Additionally, CD36 functions as a PRR for DCs, mediating the
internalization of parasitic antigens for processing and presentation
via myeloid dendritic cells (mDCs) and promoting pro-inflammatory
cytokines via plasmacytoid dendritic cells (pDCs) (Bachmann et al.,
2022). During Plasmodium falciparum infection, CD36 on dendritic
cells (DCs) recognizes the infected erythrocytes (PfIEs) displaying
PfEMP1 proteins, triggering the production of pro-inflammatory
cytokines (Bachmann et al., 2022).

Furthermore, blocking CD36 on human DCs or using CD36-
deficient murine DCs resulted in reduced internalization of PflEs,
which display the PfEMP1, along with decreased pro-inflammatory
cytokines production, reduced parasite clearance, increased
parasitemia, and elevated malaria severity and mortality (Gowda
et al., 2013; Patel et al., 2007). A study investigating the role of
CD36 in malaria immunity reported that malaria infection skews the
immune response towards Th1 (Thylur et al., 2017). In their findings,
at 3 and 5 days post-infection, the levels of Th1 cytokines (i.e., IFN-y
and IL-12) were significantly higher in wild-type mice compared to
CD36-deficient mice (Thylur et al., 2017). However, by 10 and 17
days post-infection, there was no significant difference in cytokine
levels between wild-type and CD36-deficient mice (Thylur et al.,
2017). This suggests that CD36 plays an important role in regulating
Thl-related cytokine production and inducing the Th1l immune
response during the early phase of infection (Thylur et al., 2017). In
this study, the strong binding affinity between CD36 and Na-GST-1
suggests that CD36 may play an important role in the internalization
of Na-GST-1 by DCs, thus inducing production of type-1 cytokines
and leading to the development of a Thl immune response, and
parasite sequestration in the early stage of hookworm infection.

Aside from the DC receptors discussed above (i.e. TLR 2, 3,4, 7,
DEC-205, CD206, and CD36), the weaker binding affinities observed
between Na-GST-1 and other DC receptors (TLR9, DC-SIGN, BDCA-
2, CD14, DCIR, CLEC9A, CLEC10A, and Langerin) suggest that these
receptors may not play major roles in recognizing Na-GST-1 during
hookworm infection. However, they could contribute to minor or
indirect signalling pathways during the infections. For instance, TLR9
is able to recognize CpG DNA sequences found in bacterial and viral
DNA, as well as parasitic CpG DNA from Leishmania major (Hkima
Abou Fakher et al., 2009; Hennessy et al., 2010). DC-SIGN functions
as an antigen-presenting receptor on iDCs, internalizing antigens and
presenting them to T cells (van Die et al., 2003; Vazquez-Mendoza
et al., 2013). BDCA-2 serves as a marker for pDC and is potentially
involved in ligand internalization, processing and presentation
(Dzionek et al., 2001). CD14 acts as a co-receptor that enhances
TLR signalling by facilitating the engagement of TLRs with adaptor
proteins (Granucci & Zanoni, 2013). Some specialized antigen uptake
receptors, like DCIR and Clec9A, may have negative effects, including
hyperinflammation through the recognition of self-antigens (Piva et
al., 2012; Maglinao et al., 2013). Additionally, Clec10A and langerin
have been shown to contribute to the stimulation of Th1 and Th2
immune responses (van Vliet et al., 2005; Kautz-Neu et al., 2011).
However, due to their weak binding affinity to Na-GST-1, they are
unlikely to serve as the primary functional receptors in recognizing
Na-GST-1.

Table 5 summarizes the possible immune responses, cytokines,
and antibody subtypes that may be induced when Na-GST-1 binds to
dendritic cell (DC) receptors, based on current research in helminth
infection studies. The table shows that the binding of Na-GST-1 to
DC receptors tends to induce both Th1 and Th2 immune responses
in silico, which is consistent with previous findings (Oliveira et
al., 2025). In that study, significant levels of IgG1 and 1gG2a were
observed, indicating 1gG responses associated with both Th1 and
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Th2 activation (Oliveira et al., 2025). This mixed Th1/Th2 response
observed across different DC receptors suggests that Na-GST-1 may
be capable of inducing a mixed immune profile. A mixed Th1/Th2
response is desirable, as it may help prevent chronic inflammation
and autoimmunity caused by dominant Th1 responses, as well as
allergic reactions driven by dominant Th2 responses (Infante-Duarte
& Kamradt, 1999). The predictions made in this study suggest that
Na-GST-1is a promising vaccine candidate for eliciting a mixed Th1/
Th2 response. Furthermore, the DC receptors predicted to have
strong binding affinity with Na-GST-1 warrant further investigation
in future studies.

In the US and Brazil studies, adults receiving Na-GST-1/
Alhydrogel, had similar levels of 1gG1 and 1gG3 observed, while
no 1gG2 and 1gG4 were detected (Diemert et al., 2017). Our study
attempts to evaluate the utilization of an in silico model for the
improvement of the evaluation of vaccine antigens in the future and
improve the designs and development strategies under the reverse
vaccinology approach. The strong binding affinity to TLR2 is known
to preferentially induce a Th2 profile in DC and can affect antibody
response through production of IL-4 and 1gG1 class switching (Re &
Strominger, 2001; Li et al., 2021). Meanwhile, TLR3 induces a Th1-
type profile through intermediary release of IL-12 or interferon-alpha
(IFN-au) that contributes to 1gG3 class switching (Netea et al., 2005).
Itis hypothesized that strong bindings to these receptors, TLR3, TLR4
and TLR7, enhance production of IL-12 and IFN-y, leading to IgG3
class switching.

Regarding the absence of IgG2 and 1gG4 in clinical trial data,
1gG4 is typically associated with long-term antigen exposure and
immune tolerance, with IL-10 as the key driver for 1gG4 class
switching. In the present model, TLR2, CD206 and DC-SIGN can
lead to IL-10 production; however, particularly for weak binding
of CD206 and DC-SIGN, which may be insufficient to trigger IL-10,
therefore, the absence of IgG4. Our docking method also showed
that the potential role of only S3, which had the strongest binding
to CD206, could be used as a tool to understand the activation of
anti-inflammatory responses or neutralizing responses.

TLR9 can recognize the CpG DNA sequences of Leshmania
major and activate the DCs, subsequently triggering Th-1 dominant
response or CD11c"g" DC, thus IFN-y production and cytotoxic
function in natural killer (NK) cells (Schleicher et al., 2007; Liese et al.,
2008; Hkima Abou Fakher et al., 2009). Following this, if coupled with
IL-10, IgG class switch can occur. TLRI can regulate isotype switching
to IgG2athrough B cell interaction (He et al., 2004; Jegerlehner et al.,
2007). Based on this information, the lack of IgG2 described in the
trials, and the affinity of GST-1 to TLR 9, could potentially indicate
the moderate responses that may not be sufficient to trigger isotype
switching, including the lack of IL-10 presence to contribute to this
immune environment.

PAMP recognition by specific receptors is a crucial event in
activation and DC and initiation of adaptive immune responses
(Banchereau & Steinman, 1998). While this may be highly
hypothetical, the utilization of binding energy to predict the outcome
of immunology is still exploratory. The present work suggests that
the binding energy for each IgG subtype could differ from one to
another to confer a functional prediction; however, the mean cut-off
forlgG1, IgG2 and 1gG3 was found to be approximately -10 kcal/mol.
Using these outcomes, future researchers can consider applying a
lower cutoff to evaluate their design and modifications accordingly
to improve the outcomes. Additionally, this work is limited to in
silico and only utilises a small number of receptors involved in the
immunogenicity pathways; therefore, more in vitro and in vivo work
will be necessary to ensure this method can be applied in the future.
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Table 5. Summary of immune responses, cytokines and antibody subtypes induced by DC receptors

DC receptor

Th cell response

Cytokines Induced

Antibody

Reference

induced response trigger
IL-4 (Re & Strominger, 2001;
IL-15 1gG1 Gao et al., 2012; Mukherjee et
TLR2 Th2 IL-9 1gG3 al., 2016; Diemert et al., 2017;
IL-10 IgE Rajasekaran et al., 2017;
IL-13 Liet al., 2021)
Th2/Th17 (Degradation IL-4 1gG1 (Joshi et al., 2008;
TLR3 of TLR3 lead to IL-17 18G4 Kraemer et al., 2022)
suppression of Th1) CCL11 IgE
Th2 (In the 1gG1 (Thomas et al., 2003;
TLR4 case of helminth IL-4 18G4 Lee & Rosenberg, 2013)
infection) IgE
IFN-o.
IFN-y (Hennessy et al., 2010;
TLR7 Th1 (In the context IL-6 1gG2a Buonsanti et al., 2016;
of TLR7 agonist) TNF-a. 18G2b Hu et al., 2020)
CCL2
CCL4
TLR9 Thl IFN-y 1gG1 (Bhattacharya et al., 2023;
1gG3 Diemert et al., 2024)
DEC-205 Thl IFN-y 1gG2a (Lakhrif et al., 2018)
IL-2 Nasal IgA
DC-SIGN Th2/Reg Strong IL6, and IL8, 1gG1 (McRae et al., 2015;
IL10 and IL12 Some IgG3, IgE Tiburcio et al., 2021)
IL-4 1gG1 (Paveley et al., 2011;
CD206 Th2 IL-13 IgE Henry et al., 2017)
IL-10
CcD14 Th2/Treg Low IL-12 output and 18G4 (Fujiwara et al., 2009)
weak T-cell priming IgE
Early stage of infection: Early stage of infection:
—IFN-y —1gG2b (Gracie & Bradley, 1996;
CD36 Thl —IL-12 —1gG2c Kraemer et al., 2022;
Later stage of infection: Later stage of infection: Thylur et al., 2017)
—IL-10 —-1gG1l
BDCA-2 Thl IFN-a 18G4 (Manurung et al., 2024)
IgE
DCIR Th2/Treg Increased in IL-10 18G4 (Tsuboi et al., 2012;
IgE Rivera-Toledo et al., 2024)
DNGR-1 signal promotes
Clec9A TFH cross presentation to 1gG1 (possibly) (Cueto et al., 2020)
CD8+ cells and IL21 Tfh
Clec10A Th2/Threg skew Upregulate IL-10 18G4 (Gaze et al., 2012)
IgE
Langerin Th1/Tth IL-12 1gG1 (Loukas & Prociv, 2001;
18G3 Kumkate et al., 2007)
CONCLUSION These interactions suggest a potential role for these receptors in

early antigen recognition and processing at the molecular level.
Importantly, these observations are predictive in nature and do not
imply direct functional activation of downstream immune pathways.

The results provide preliminary insight into how Na-GST-1
may engage multiple DC receptors, supporting its plausibility as a
candidate antigen for further investigation. While molecular docking
cannot directly infer immune polarization or antibody responses,

This study investigated the antigenicity and immunogenicity of
Na-GST-1 and its potential interactions with dendritic cell (DC)
receptors using an in silico framework. The findings indicate that
Na-GST-1 shows comparatively stronger predicted binding affinity
with several DC receptors, including TLR2, TLR3, TLR4, TLR7, DEC-
205, CD206, and CD36, relative to other receptors examined.
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the binding trends observed offer a rationale for prioritizing Na-
GST-1 in subsequent experimental studies. Future validation may
include dendritic cell activation assays, antigen uptake analyses,
and cytokine profiling to experimentally assess immune outcomes.

Hookworm infection remains a major public health burden,
particularly in low- and middle-income regions, and emerging
concerns regarding anthelmintic resistance highlight the need for
alternative control strategies. Within this context, the present work
contributes early-stage in silico evidence that may inform rational
vaccine research pipelines and guide downstream in vitro and in
vivo investigations aimed at elucidating immunological mechanisms
involved in hookworm infection.

Despite the insights generated from the computational
analyses, certain methodological and data-related constraints should
be considered. Several limitations of the present study should be
acknowledged.

1. Theanalyses are based entirely on insilico predictions, including
antigenicity, immunogenicity, and protein—protein docking.
While multiple complementary computational tools were
employed to improve robustness, these approaches cannot
substitute for experimental validation and do not directly reflect
functional immune responses in biological systems.

2. The immunogenicity comparisons used for downstream
correlation analyses were derived from published clinical trial
datasets. These data are influenced by multiple experimental
variables, most notably the use of adjuvants, which are known
to substantially modulate immune responses, including T-helper
polarisation and antibody subclass distribution. As a result,
the observed associations between predicted binding affinity
and reported immune responses should be interpreted with
caution, as they may reflect adjuvant-driven effects rather than
antigen—receptor interactions alone.

3. Interpretations related to antibody responses, including 1gG
and its subclasses, are inherently limited in an in silico docking
context. Predicted binding affinity between Na-GST-1 and DC
receptors does not directly equate to antibody production,
magnitude, or class switching. Therefore, no causal inference
regarding IgG responses can be made based on the current
analyses, and any observed trends should be considered
exploratory rather than confirmatory.

4. The availability of structural data and curated immunological
datasets constrained the scope of the analysis. Some DC
receptors and antigen variants could not be evaluated
comprehensively due to limited structural or experimental
information.

Taken together, these limitations underscore that the findings
presented here are hypothesis-generating and intended to
support early-stage decision-making. Experimental validation will
be essential to confirm the functional relevance of the predicted
interactions and to clarify the immunological pathways involved.
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