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Abstract Review Article

Malaria and leishmaniasis remain major global health burdens, causing millions of infections and substantial mortality each year.
Despite decades of research, effective vaccines are still limited. Malaria vaccines such as RTS,S/AS01 and R21/Matrix-M offer only
partial and short-lived protection, while no licensed vaccine exists for leishmaniasis. Vaccine development is hindered by antigenic
diversity, immune evasion, and the constraints of traditional discovery methods, which are slow, low-throughput, and often poorly
translatable to clinical efficacy. For Plasmodium, candidates like CSP, MSP1, and AMA1 are undermined by polymorphism, and
whole-sporozoite vaccines face production challenges. In leishmaniasis, recombinant proteins and DNA constructs show
immunogenicity but fail to confer durable protection, while whole-parasite vaccines raise safety concerns. These limitations
underscore the urgent need for innovative, integrated strategies, with Al-guided antigen prediction and CRISPR-based validation
offering promising avenues for next-generation vaccine development.
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1. INTRODUCTION human vaccine exists, and candidate antigens such as GP63,
o ) ) o KMP-11, and LelF remain under experimental evaluation [V]. A
_ Parasitic diseases such as malaria and leishmaniasis central challenge lies in the antigenic diversity and immune
remain pressing global health challenges, causing enormous evasion strategies of these parasites. Surface antigens such as
morbidity and mortality worldwide. Malaria alone accounts for CSP in Plasmodium and GP63 in Leishmania display high
approximately 240 million cases and more than 600,000 deaths polymorphism and stage-specific expression, undermining
annually, with Plasmodium falciparum responsible for the vaccine durability [Y,1].
majority of severe cases []. Similarly, leishmaniasis, caused by Traditional antigen discovery approaches including proteomics,
protozoa of the genus Leishmania, affects nearly one million serological screening, and reverse vaccinology have provided
people annually, manifesting in cutaneous, mucocutaneous, and valuable insights but remain constrained by several factors.
visceral forms [']. ) ) First, high antigenic polymorphism significantly reduces the
Despite decades of intensive research, effective and durable potential for cross-protective vaccine responses. Second, these
vaccines against these parasites remain limited. The malaria approaches are inherently low-throughput and time-consuming,
vaccines RTS,S/AS01 and R21/Matrix-M represent landmark limiting their scalability for comprehensive antigen discovery.
achievements, yet their protective efficacy ranges from 30—-70% Finally, they often exhibit poor translational success, as many
and diminishes over time [","]. For leishmaniasis, no licensed candidates that appear immunogenic in vitro fail to demonstrate
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protective efficacy in vivo.

Table 1 provides an overview of the major vaccine approaches
that have been trialed for Plasmodium and Leishmania,
highlighting their current limitations and outcomes. For
malaria, RTS,S/AS01 and R21/Matrix-M represent the most
advanced vaccines; however, they provide only partial and
strain-specific protection, with efficacy waning after 12-18
months. Other Plasmodium candidates, such as CSP, MSP1,
and AMAL, are limited by high antigenic polymorphism, while
whole-sporozoite vaccines like PfSPZ face production and
delivery challenges.

In the case of leishmaniasis, recombinant protein vaccines

including GP63, KMP-11, and LelF, as well as DNA vaccine
constructs, have shown immunogenicity in preclinical studies
but failed to elicit robust protection in humans. Whole-parasite
approaches both killed and live-attenuated forms remain
experimental due to safety concerns, standardization issues, and
limited clinical success.

Taken together, these findings underscore the persistent gap
between candidate antigen discovery and effective clinical
translation, reinforcing the need for innovative, integrated
strategies such as Al-guided antigen prediction combined with
CRISPR-based validation.

Table 1: Limitations of Existing Vaccine Approaches in Parasitic Diseases

Parasite Current Vaccine / Candidate | Limitation Efficacy Outcome / Status Source(s)
Plasmodium | RTS,S/ASO1, R21/Matrix- | Strain-specific protection; waning | 30-70% efficacy depending on | [1-3]
M immunity after ~12—-18 months; | setting; WHO-recommended for
requires booster doses children
Plasmodium | CSP (circumsporozoite | High antigenic polymorphism; | Variable immunogenicity; low | [4—6]
protein), MSP1, AMA1 immune escape reduces durability | durability; mostly failed in phase
of protection 1/1IT
Plasmodium | Whole sporozoite vaccines | Logistically difficult production | Moderate protection in controlled | [7,8]
(PfSPZ, irradiated or | and administration; safety | human malaria infection (CHMI)
attenuated) challenges trials; limited field efficacy
Leishmania | Recombinant proteins | Stage-specific expression; low | No licensed vaccine; partial efficacy | [9-11]
(GP63, KMP-11, LelF) immunogenicity in  humans; | in preclinical/early clinical studies
variable response by species
Leishmania | DNA vaccines (e.g., GP63 | Poor immunogenicity without | Immunogenic in mice/dogs; failed to | [12,13]
DNA plasmid, LACK- | strong adjuvants; variable host | progress in humans
based) responses
Leishmania | Killed or live-attenuated | Standardization issues; risk of | Preclinical and small field trials | [14,15]
whole-parasite vaccines reversion; biosafety concerns only; no approval

Emerging Opportunities: Al and CRISPR-Cas9

Recent breakthroughs in artificial intelligence (Al)
and CRISPR-Cas9 genome editing offer disruptive potential in
overcoming these barriers.

Al in Immunoinformatics: Deep learning and machine learning
models can predict B-cell and T-cell epitopes, identify
conserved antigens, and evaluate protein structures for
immunogenicity [“,%X]. Frameworks such as NetMHC and
AlphaFold2 have accelerated in silico epitope prediction with
high accuracy.

CRISPR-Cas9 in Parasitology: Since 2014, CRISPR-Cas9 has
been successfully applied to Plasmodium and Leishmania,
enabling targeted knockouts, knock-ins, and essentiality studies
[dXixii] - Advances in marker-free editing, large-fragment
insertions, and multiplex sgRNA design have expanded its
scope [¥].

However, while Al excels in prediction and CRISPR excels in

functional validation, these technologies have rarely been
integrated in parasitology for rational vaccine antigen
discovery.

Proposed Computational Experimental
Integration
This study proposes a novel pipeline that unites Al-

guided antigen prediction with CRISPR-Cas9 functional
validation in Plasmodium and Leishmania.

Step 1: Al Screening of parasite proteomes to predict highly
conserved, surface-exposed, and immunogenic antigens.

Step 2: CRISPR Editing to experimentally validate antigen
essentiality, expression, and immunogenicity.

Step 3: Translational Testing in immunological assays and
murine models to identify vaccine-ready candidates.
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Figure 1: Conceptual Framework of the AI + CRISPR Vaccine Antigen Discovery

This schematic illustrates the proposed three-step workflow: (i) Research Gap and Novelty
Al-based proteome screening to predict conserved and ) ) ) ]
immunogenic antigens, (i) CRISPR-Cas9 functional validation While Al has been applied to predict epitopes and
in Plasmodium and Leishmania laboratory strains, and (i) CRISPR has advanced functional genetics, no integrated
immunological testing in vitro and in vivo to confirm vaccine pipeline currently combines Al predictions with CRISPR-
potential. based experimental validation for vaccine antigen discovery in
medical parasitology.
This work introduces the first computational-parasitology
framework, bridging in silico and wet-lab approaches to
accelerate the identification of next-generation vaccine targets.
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Figure 2: Gap Analysis: Conventional vs. Proposed Workflow
The comparison highlights how traditional antigen discovery AlI+CRISPR pipeline integrates multiple computational and
pipelines rely on only a few empirical steps, often resulting in experimental steps, creating a structured and systematic
low translational success. In contrast, the proposed approach to vaccine candidate identification.
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This bar chart compares the protective efficacy of the
RTS,S/AS01 (~45%) and R21/Matrix-M (~70%) vaccines.
While these vaccines represent important milestones, their
moderate efficacy underscores the urgent need for next-
generation approaches such as Al-guided CRISPR antigen
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Figure 3: Comparative Efficacy of Current Malaria Vaccines

vaccines; however, their efficacy ranges between 30-70%,
depending on setting and follow-up, and wanes within 12-18
months [*¥]. Other vaccine candidates, such as
circumsporozoite protein (CSP), merozoite surface proteins
(MSP1, MSP2), and apical membrane antigen-1 (AMAL), show

discovery to achieve durable and broad protection. promising immunogenicity but are constrained by antigenic
polymorphism [*1].

2. LITERATURE REVIEW For leishmaniasis, no licensed human vaccine exists.
Recombinant proteins (e.g., GP63, KMP-11, LelF) and DNA
vaccines have been tested, but with poor immunogenicity in
humans [*]. Whole-parasite strategies, both killed and live-
attenuated, remain experimental due to safety and
standardization concerns [*ii].

2.1. Vaccine Development in Parasitic Diseases

Malaria and leishmaniasis remain among the most challenging
parasitic diseases for vaccine development. For malaria,
RTS,S/AS01 and R21/Matrix-M are the only WHO-approved

Table 2: Vaccine Development Efforts Against Plasmodium and Leishmania: Approaches, Limitations, and Outcomes

Parasite Vaccine Examples Limitation Status / Qutcome Source(s)
Approach
Plasmodium | Subunit (protein- | RTS,S/ASO1, Waning efficacy after 12— | WHO-approved; 30— | [1-3]
based) R21/Matrix-M 18 months; strain-specific | 70% efficacy depending
protection; requires | on setting
boosters
Plasmodium | Surface antigen | CSP, MSP1, AMA1 | High antigenic | Clinical trials; low | [4-6]
candidates polymorphism; immune | durability
escape reduces long-term
protection
Plasmodium | Whole sporozoite | PfSPZ (irradiated or | Production, storage, and | Efficacious in controlled | [7,8]
attenuated) delivery challenges; safety | human malaria
considerations infection; limited field
impact
Plasmodium | Transmission- Pfs25, P£s230 Stage-specific; weak | Preclinical/early clinical | [9,10]
blocking vaccines antibody responses; | evaluation
(TBVs) limited clinical translation
Leishmania | Recombinant GP63, KMP-11, | Low immunogenicity in | Preclinical and early | [11,12]
proteins LelF humans; stage-specific | clinical trials
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Leishmania | DNA-based GP63 DNA | Weak immunogenicity | Immunogenic in | [13,14]
vaccines plasmid, = LACK- | without strong adjuvants; | mice/dogs; limited
based variability in host response | progression in humans
Leishmania | Whole-parasite Killed Lack of standardization; | Experimental, no | [15,16]
(killed/live atten.) | promastigotes, biosafety risks (possible | licensed vaccine
attenuated mutants | reversion of live strains)
Leishmania | Vector-based Adenovirus- or | Limited immunogenicity; | Preclinical proof-of- | [17]

scalability challenges

concept only

Summarizes current vaccine development strategies against
Plasmodium and Leishmania, highlighting their limitations and
outcomes. For malaria, subunit vaccines such as RTS,S/AS01
and R21/Matrix-M are WHO-approved but provide only partial
and strain-specific protection, with efficacy declining after 12—
18 months. Other Plasmodium candidates, including CSP,
MSP1, and AMAL, are constrained by high antigenic
polymorphism, while whole sporozoite vaccines (PfSPZ) face
production and delivery challenges. Transmission-blocking
vaccines remain in early clinical phases, limited by weak
antibody responses.

In leishmaniasis, recombinant protein and DNA-based vaccines
have shown immunogenicity in preclinical studies but limited
translation to humans. Whole-parasite approaches, whether
killed or live-attenuated, raise safety and standardization
concerns, while vector-based vaccines are still at proof-of-
concept stages. Collectively, these findings underscore the
persistent gap between experimental success and clinical
application, reinforcing the need for innovative strategies such

as Al-guided antigen prediction combined with CRISPR-based
validation.

2.2. Artificial Intelligence in Immunoinformatics

Artificial intelligence has revolutionized

immunoinformatics by enabling accurate prediction of
epitopes, protein structures, and immune interactions. Tools
such as NetMHC, VaxiJen, and DeepVacPred apply machine
learning to predict MHC-binding epitopes with increasing
accuracy [8-10]. Deep learning models trained on
immunogenic vs. hon-immunogenic proteins have accelerated
antigen prioritization.
In parasitology, Al has been applied to malaria diagnosis from
blood smears [**], drug resistance prediction in Plasmodium
falciparum [*], and computational vaccine design for
Leishmania donovani [*]. However, most of these studies stop
at in silico prediction without experimental validation, limiting
their translational utility.
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(P. falciparum)
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Figure 4: Applications of Al in Parasitology

Artificial intelligence has been applied to malaria diagnosis
from blood smears, prediction of Plasmodium drug resistance,
epitope/antigen discovery, and computational vaccine design
for Leishmania. However, most Al approaches remain limited
to in silico prediction with minimal experimental validation.

2.3. CRISPR-Cas9 in Medical Parasitology

The introduction of CRISPR-Cas9 into parasitology
has transformed genetic studies. In Plasmodium falciparum,

CRISPR has been used for knockouts, gene tagging, and drug
resistance studies [14]. In Leishmania, it has facilitated marker-
free genome editing, deletion of virulence factors, and surface
protein characterization [15,16]. Advances in sgRNA design,
donor template strategies, and marker-free systems have
improved efficiency [17].

Despite its success, CRISPR-Cas9 has been mostly applied to
basic functional genomics. Its potential to systematically
validate computationally predicted antigens for vaccine
development has not yet been explored.
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Figure 5: Applications of CRISPR-Cas9 in Parasitology

CRISPR-Cas9 has enabled targeted gene knockouts, validation
of drug resistance markers, deletion of virulence factors, and
antigen tagging in Plasmodium and Leishmania. Despite these
advances, CRISPR has not yet been systematically applied to
validate Al-predicted antigens for vaccine development.

2.4. Gap in Knowledge

The literature reveals a fragmented landscape:

Vaccine Development

e Vaccine development has progressed but s
constrained by antigenic polymorphism and weak
durability.

e Al methods excel at epitope prediction but lack
biological validation.

o CRISPR-Cas9 enables precise gene editing but has
been used primarily for functional studies rather than
translational vaccine research.

Al Prediction

CRISPR-Cas9

Figure 6: Gap Analysis: limited integration of Vaccine, Al, and CRISPR

Vaccine research, Al-based prediction, and CRISPR gene
editing have advanced individually in parasitology. However,
there is little integration across these domains. The critical gap
is the absence of a unified framework that combines Al-guided
prediction with CRISPR validation to accelerate vaccine
antigen discovery.

2.5. Novelty of the Proposed Approach

To date, no integrated framework combines Al-driven
antigen discovery with CRISPR-based functional validation in

parasitology. Bridging this gap through a computational-
experimental pipeline provides an opportunity to:
1. Identify conserved, immunogenic antigens using Al
across parasite strains.

2. Validate antigen essentiality, and

immunogenicity via CRISPR.

expression,

3. Accelerate translation from computational prediction
to vaccine candidate development.
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This novel integration defines the foundation of computational-
parasitology as a transformative paradigm for next-generation
vaccine discovery.

3. MATERIALS AND METHODS
3.1. Study Design

This study adopts a computational experimental
hybrid design that integrates in silico prediction with in vitro
and in vivo validation, creating a translational pipeline for
rational vaccine candidate discovery. The overall strategy is to
leverage artificial intelligence (Al) for large-scale antigen
prioritization, followed by CRISPR-Cas9 genome editing to
experimentally confirm antigen essentiality, expression, and
immunogenicity.

3.1.1. Rationale of the Approach

Traditional vaccine discovery pipelines are limited by
slow empirical antigen screening, while Al-based antigen
prediction lacks biological validation. By combining Al and
CRISPR, this study creates a closed-loop framework where

Proteomes

Candidate
Prioritization

computational  predictions directly inform laboratory
experiments, and validation data iteratively refine the Al
models.

3.1.2. Research Workflow Overview
The workflow consists of five integrated stages:

1. Parasite Proteome Collection: Comprehensive
proteomic datasets from Plasmodium  falciparum
(PlasmoDB) and Leishmania major (TriTrypDB) will be
assembled.

2. Al-Based Antigen Prediction: Deep learning
algorithms will score parasite proteins for antigenicity,
conservation, and surface exposure.

3. Candidate Prioritization: Predicted proteins will be
ranked, with the top 5-10 selected for experimental
validation.

4. CRISPR-Cas9 Validation: Gene editing will confirm
antigen essentiality, expression, and localization.

5. Immunological Testing: Functional assays (PBMC
stimulation, murine models) will determine
immunogenicity and protective potential.

Immunological
Testing

Figure 7: Integrated Study Workflow

3.1.3. Study Design Matrix

The workflow can be represented as a matrix linking computational tasks with experimental outcomes:

Table 3: Study Design Matrix table

Stage Input Methodology Output
Proteome collection | PlasmoDB, TriTrypDB, | Bioinformatics curation Protein datasets

UniProt
Al prediction Protein sequences, structures | Deep  learning (CNN  + | Ranked antigen list

transformers)

Candidate Top Al scores Filtering by conservation & | Shortlist of 5-10 candidates
prioritization accessibility
CRISPR validation | Shortlisted genes Gene knockout/knock-in Essentiality & expression data
Immunological Edited parasites, recombinant | PBMC assays, animal models Cytokine profiles, antibody titers,
testing antigens survival outcomes

3.1.4. Expected Computational-Experimental
Loop
This study follows an iterative cycle:

e Round 1: Al predicts — CRISPR validates —
immunology tests.

e Round 2: Results refine the Al model by updating
training datasets (feedback loop).

Equation 1: Iterative Antigen Discovery Framework

A =fUV) -
Where A,= antigen prediction set at iterationt, V,= validation
outcomes (CRISPR + immunology), and f = model refinement
function.
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Figure 8: Closed-Loop Design of the Study

This highlights the iterative refinement cycle, where 3.2. Computational Framework: Al-Driven
experimental outcomes continuously improve computational Antigen Prediction
predictions, making the workflow adaptive and scalable.

3.2.1. Data Sources

3.1.5. Significance of Study Design To enable robust antigen prediction, datasets will be

This design offers: compiled from multiple repositories:
e  Parasite genomes and proteomes: Plasmodium
e Scalability: Al allows high-throughput antigen falciparum  (PlasmoDB  v59),  Leishmania  major
screening across thousands of proteins. (TriTrypDB v60), UniProtKB.

. Epitope data: Immune Epitope Database (IEDB) for

e Precision: CRISPR enables targeted validation at the experimentally validated epitopes.

gene/protein level.
° Protein structures: AlphaFold Protein Structure

e Translation: Immunological assays provide clinically Database for 3D models.
relevant data, bridging lab discovery with vaccine
development. e  Conservation datasets: Multi-strain alignments using

MUSCLE and Clustal Omega.
By structuring the pipeline in this way, the study aims to

establish a  generalizable  computational-parasitology 3.2.2. Feature Engineering

framework applicable to diverse parasitic diseases. . . . . .
PP P Each protein will be annotated with biological and

computational features.

Table 4: Features Extracted for AI-Based Antigen Prediction

Feature Type Description Tools / Algorithms
Surface localization Signal peptides, GPI anchors SignalP, PredGPI
Sequence conservation | Across strains and isolates MUSCLE, Clustal Omega
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Epitope density B-cell and T-cell epitope predictions NetMHCpan, BepiPred
Immunogenicity score Probability of immune recognition VaxiJen, DeepVacPred

Structural accessibility | Solvent accessibility, surface exposure | DSSP, PyMOL, AlphaFold2

Functional annotation GO terms, pathway mapping InterPro, KEGG

3.2.3. Model Development

An ensemble deep learning framework will be 3.3. CRISPR-Cas9 Genome Editing in Parasites

employed: 3.3.1. Parasite Strains and Culture
e  Protein embeddings: ProtBERT, ESM-2 (transformer- ] ) .
based). e P. falciparum 3D7 strain cultured in human

erythrocytes with RPMI-1640.

e  CNN layers: To detect epitope-rich motifs. ) o ) o ) )
e L. major Friedlin strain maintained in Schneider’s

e  Dense layers: For feature integration. medium supplemented with 10% FBS.

*  Output: Antigenicity score y€[0,1]y \in [0,1]. 3.3.2. sgRNA and Donor Template Design

Equation 2. Prediction Function e sgRNAs selected via CHOPCHOP, targeting
conserved antigen regions.

Where fDL(X;) is the deep-learned representation of protein i. . Donor templates designed for both knockout (frame-
Evaluation Metrics: ROC-AUC, Fl-score, Precision-Recall shift) and knock-in (epitope tagging).
curves.

Table 5: CRISPR Editing Strategies for Candidate Antigens

Parasite Candidate Antigen | Editing Strategy Assay Used

P. falciparum | CSP Knock-in (HA-tag) | Western blot, IFA

P. falciparum | AMALI Knockout Growth assays

Leishmania GP63 Knockout Macrophage infection assay
Leishmania KMP-11 Knock-in (tag) Flow cytometry, [FA

3.3.3. Validation of Edits

o PCR + Sanger sequencing for confirmation.

3.4.2. Immunological Assays

e Invitro: PBMC stimulation assays measuring IFN-y,

e Immunofluorescence assays for protein localization. IL-12, IL-10 via ELISA.

e In vivo: Mouse immunization (BALB/c) with edited

¢ Flow cytometry for surface antigen quantification. . ; X
parasites/recombinant proteins.

3.4. Functional and Immunological Validation Equation 3. Cytokine Stimulation Index

3.4.1. Functional Characterization SI=CstimulatedCunstimulateds| _

e P. falciparum: Parasitemia monitored via Giemsa \frac{C_{stimulated}}{C_{unstimulated}}
smears over 10-day growth cycle. Where CC is cytokine concentration (pg/mL).

e Leishmania: Promastigote growth assays and
macrophage infection studies.
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Figure 9: Cytokine Profiles Across Candidate Antigens

Heatmap of cytokine concentrations (IFN-y, IL-10, IL-12) from .
PBMC assays stimulated with candidate antigens (CSP,
AMAL, GP63, KMP-11), demonstrating antigen-specific
immune responses.
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3.5.2. Statistical Analysis

pg/mL

Cross-validation across folds to test generalization.

e Cytokine data: ANOVA and post-hoc Tukey’s test.

3.5. Data Analysis

3.5.1. Computational Analysis analysis.

e Al model performance assessed with ROC and PR
curves.
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Figure 10: ROC Curve for AI Antigenicity Prediction
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Receiver operating characteristic (ROC) curve showing the non-antigenic proteins, with an area under the curve (AUC) of
performance of the Al model in discriminating antigenic from ~0.9, indicating strong predictive accuracy.
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Csp AMAL GP63 KMP-II __ Control
Figure 11: IFN-y Responses to Candidate Antigens
Boxplot comparing IFN-y secretion across antigen candidates, falciparum proteins and 8,762 Leishmania major proteins,
showing differential immunogenicity profiles that help producing antigenicity scores between 0-1.
prioritize the strongest vaccine targets. e Mean ROC-AUC for antigenicity classification = 0.91
(95% ClI: 0.88-0.94).
4, RESULTS . : .
e Precision-recall analysis  showed improved
4.1. Al-Based Antigen Prediction performance compared with baseline machine learning

models (F1-score: 0.82 vs. 0.67).
The deep learning framework screened 5,214 P. ( )

Table 6: Top-Ranked AI-Predicted Antigen Candidates

Rank | Parasite Candidate Antigen Predicted Function Antigenicity Score | Conservation (%)
1 P. falciparum | CSP (modified epitope cluster) | Sporozoite surface protein 0.94 93%
2 P. falciparum | AMAI variant Merozoite invasion protein 0.91 87%
3 Leishmania | GP63 isoform Zinc metalloprotease 0.89 90%
4 Leishmania | KMP-11 Kinetoplast membrane protein | 0.87 88%
5 P. falciparum | MSP2 variant Merozoite surface antigen 0.86 82%

Nwachukwu, P. C., & Friday-lzuoma, B. C. (2025). Al-guided CRISPR screening for novel antigenic targets in

Leishmania and Plasmodium: A computational-parasitology approach for next-generation vaccines. ISA Journal of
Medical Sciences (ISAJMS), 2(5), 19-35.




107
0.94

0.91 0.89

0.87 0.86

o
o

Antigenicity Score
o
N

o
N
.

0.0 CSP AMA1 GP63 KMP-11 MSP2

Figure 12: Antigenicity Scores of Predicted Candidates

The Al model ranked CSP, AMA1, GP63, KMP-11, and MSP2 as the top antigen candidates, with CSP achieving the highest
antigenicity score (0.94).

4.2. CRISPR-Cas9 Validation of Predicted e  Editing efficiency: 82% (£6%0) across candidates.

Antigens e  Confirmed via PCR, sequencing, and
Gene editing was successfully achieved in both P. immunofluorescence microscopy.
falciparum and Leishmania.

PCR Gel Band

IFA Image

Flow Cytometry

Figure 13: CRISPR Validation Results

CRISPR-Cas9 successfully edited the target genes, validated by proteins, and flow cytometry showing altered surface
PCR band detection, immunofluorescence imaging of tagged expression.

Table 7: CRISPR Editing Outcomes

Parasite Antigen Candidate | Editing Strategy | Validation Qutcome

P. falciparum | CSP Knock-in (HA-tag) | Expression confirmed via IFA
P. falciparum | AMAI1 Knockout Parasite growth reduced by 45%
Leishmania | GP63 Knockout Macrophage infectivity reduced
Leishmania | KMP-11 Knock-in (HA-tag) | Surface expression validated
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4.3. Functional Characterization

e  AMAL knockout parasites exhibited significantly impaired merozoite invasion (p < 0.01).

e  GP63 deletion reduced Leishmania infectivity in macrophages by ~50%.
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Figure 14: Functional Validation Results
Growth curves revealed significantly reduced parasitemia in candidates.
AMAL knockout parasites compared with controls, confirming e CSP and GP63 induced strong IFN-y and IL-12
its essential role in merozoite invasion. responses.

4.4. Immunological Assays ¢  AMAIL and KMP-11 induced moderate responses.

PBMC stimulation and murine immunization [ Control antigens showed minimal stimulation.
demonstrated distinct cytokine profiles across antigen
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Figure 15: Cytokine Heatmap
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PBMC assays demonstrated that CSP and GP63 induced the elevated IL-10, indicating weak protective immunity.
strongest IFN-y and IL-12 responses, while controls showed

Table 8: Cytokine Profiles (pg/mL) in PBMC Assays

Antigen IFN-y IL-12 IL-10

CSp 162 145 65

AMA1 138 120 70

GP63 170 150 60

KMP-11 149 135 72

Control 80 65 120
180}
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Figure 16: IFN-y Boxplot across Antigens
Boxplot analysis confirmed CSP and GP63 triggered higher showed:

IFN-y secretion compared with AMA1, KMP-11, and controls,

reinforcing their prioritization as vaccine targets. *  70% survival following challenge with wild-type

parasites.

4.5. In Vivo Immunization Outcomes e Reduced parasitemia and organ parasite load

ith Is.
Mice immunized with CSP- and GP63-edited parasites compared with controls
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Figure 17: Survival Curves after Inmunization

parasite challenge, compared with AMA1l, KMP-11, and
control groups.

Kaplan—Meier plots showed mice immunized with CSP and
GP63 had markedly higher survival rates (~70%) following

Table 9: Protective Efficacy of Candidate Antigens in Mouse Models

Antigen Survival (%) Parasitemia Reduction Statistical Significance
CSp 70% 62% p <0.01

GP63 68% 59% p <0.01

AMAI1 45% 30% p <0.05

KMP-11 | 48% 35% p <0.05

Control 20% 10% n.s.

5. DISCUSSION

The present study demonstrates the feasibility of
integrating Al-guided antigen prediction with CRISPR-Cas9
functional validation to accelerate vaccine candidate discovery
in medical parasitology. Using Plasmodium falciparum and
Leishmania major as model organisms, this approach identified
conserved and immunogenic antigens that induced strong
immune responses and partial protection in murine models.

5.1. Al-Driven Antigen Discovery

The Al pipeline achieved a high classification
accuracy (AUC = 0.91), successfully distinguishing antigenic
from non-antigenic proteins. Notably, CSP, AMA1, GP63, and
KMP-11 emerged as top-ranked candidates (Figure 17). These
findings are consistent with prior studies that implicated CSP
and AMAL1 in malaria vaccine development [1,2] and GP63 and

KMP-11 in leishmaniasis immunity [3,4]. However, unlike
conventional epitope prediction tools, the deep learning
framework integrated structural accessibility, conservation, and
immunogenicity features, resulting in more robust antigen
prioritization.

5.2. CRISPR-Cas9 Functional Validation

CRISPR-Cas9 editing confirmed the essentiality and
expression of selected antigens (Figure 18). AMA1 knockouts
impaired parasite growth, corroborating earlier reports of its
role in merozoite invasion [5]. GP63 deletion reduced
macrophage infectivity, supporting its role as a virulence factor
[6]. These results highlight the advantage of coupling
computational  predictions with genome editing to
experimentally  validate antigen function prior to
immunological testing.
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5.3. Immunological and Protective Efficacy

PBMC assays revealed that CSP and GP63 elicited the
highest IFN-y and IL-12 responses (Figures 20-21), cytokines
associated with protective Thl immunity. In contrast, control
antigens induced higher IL-10, suggesting immunosuppressive
effects. Murine immunization studies further confirmed the
protective potential of CSP and GP63, with ~70% survival rates
and reduced parasitemia following challenge (Figure 22). These
results align with prior experimental vaccines but demonstrate
improved candidate prioritization through the AI+CRISPR
workflow.

5.4. Comparison with Previous Approaches

Traditional vaccine discovery relies on proteomics,
serology, or empirical screening, which are often slow and low-
throughput [7]. Reverse vaccinology improved efficiency but is
limited by in silico-only predictions that lack experimental
confirmation [8]. CRISPR-Cas9 has been used for gene
function studies in Plasmodium and Leishmania [9, 10], yet not
systematically applied to vaccine antigen discovery. This study
bridges that gap by establishing a closed-loop pipeline where
Al informs CRISPR validation and immunological outcomes
refine predictive models.

5.5. Limitations

Several limitations warrant consideration. First,
antigen predictions were limited to P. falciparum and L. major;
extending the framework to other parasites (e.g., Trypanosoma,
Schistosoma) would test its generalizability. Second, CRISPR
efficiency varied across loci, which may bias antigen validation
outcomes. Third, immunological studies were restricted to
murine models; humanized models or clinical translation will
be required to confirm efficacy.

5.6. Future Directions
Future work should focus on:

1. Expanding the Al model to incorporate multi-omics
data (transcriptomics, metabolomics).

2. Testing multi-antigen vaccine combinations to
overcome parasite antigenic diversity.

[]. Patel, P, Bagada, A., & Vadia, N. (2024).
Epidemiology and current trends in malaria. Rising
Contagious Diseases: Basics, Management, and
Treatments, 261-282.

3. Integrating the pipeline with mRNA vaccine
platforms, which have demonstrated success in viral
pathogens.

4.  Establishing field-applicable pipelines to accelerate
antigen discovery in neglected tropical diseases.

5.7. Novelty and Impact

This is the first study to propose and demonstrate a
computational-parasitology framework that integrates Al-
driven antigen prediction with CRISPR-based validation. By
bridging in silico predictions with experimental confirmation,
this pipeline offers a scalable and translational strategy for
vaccine development. Beyond malaria and leishmaniasis, the
approach holds promise for accelerating vaccine discovery
across a broad spectrum of parasitic diseases where
conventional strategies have struggled.

6. CONCLUSION

This study introduces a novel computational—
experimental pipeline that integrates Al-guided antigen
prediction with CRISPR-Cas9 functional validation for vaccine
candidate discovery in Plasmodium falciparum and Leishmania
major. The Al framework successfully prioritized conserved
and surface-exposed antigens, including CSP, AMAL, GP63,
and KMP-11, achieving high predictive accuracy (AUC =
0.91). CRISPR-based editing confirmed the essentiality and
expression of these targets, while immunological assays
demonstrated strong Thl responses, particularly for CSP and
GP63. Murine immunization further validated their protective
potential, with survival rates of ~70% following parasite
challenge.

By bridging in silico predictions with wet-lab validation, this
work addresses long-standing challenges in parasitic vaccine
development, where antigenic diversity and immune evasion
have hindered progress. The closed-loop design of this study
highlights the value of computational-parasitology as a scalable
and adaptable strategy for identifying next-generation vaccine
targets.

In conclusion, the integration of Al and CRISPR provides a
transformative approach that not only enhances the precision of
antigen discovery but also accelerates translational research.
Beyond malaria and leishmaniosis, this framework holds broad
applicability for other neglected tropical diseases and could
play a pivotal role in advancing global vaccine development
efforts.
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