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African swine fever (ASF) continues to expand worldwide. Recent detection in wild boar Accepted 17 March 2026

in Spain highlights the urgent need for effective control tools, with oral vaccination as a
key priority. Following previous evaluation of the attenuated Lv17/WB/Riel strain, we KEYWORDS

assess an improved derivative, Lv17/WB/Rie1-ACD, lacking EP402R (CD2v) and EP153R, African swine fever virus;
replaced by GFP to abrogate haemadsorption and enable Differentiating-Infected-from- oral vaccination; live
Vaccinated-Animals (DIVA) diagnostics. Vaccinated animals received either a single high attenuated vaccine; wild
dose (10* TCIDs,) or a prime and re-exposure regimen (10? TCIDs, plus a 10% TCIDs). boar; DIVA properties
Animals were challenged intramuscularly with the virulent Armenia07 genotype |

strain. The ACD vaccine was well tolerated, inducing only transient low-grade fever.

Prime-re-exposure vaccination induced earlier seroconversion (mean 12 +4 dpv) and

sterilizing immunity in 5/6 animals in the high dose group. Overall protection reached

90%, while all unvaccinated controls died within 7 days. Quantitative PCR revealed

>10%fold reductions in viral genome copies in blood and tissues versus controls. DIVA

ELISA reliably distinguished vaccine-induced antibodies from infection-derived

responses. These findings identify Lv17/WB/Rie1-ACD as a safer oral ASFV vaccine

candidate, addressing concerns raised with the parental Lv17/WB/Rie1 by increasing

attenuation and supporting multi-gene deletion strategies. Further studies on safety,

transmission, genetic stability, and environmental behaviour are required before large-

scale field trials.

Introduction

African swine fever (ASF) is a highly contagious and deadly disease that affects pigs and wild boars, with the
latter playing a key role in its transmission (Podgoérski and Smietanka 2018). ASF remains a persistent
challenge in many affected countries, threatening global food security and biodiversity, particularly as pork
accounts for more than 35% of global meat consumption. Wild boar (Sus scrofa ferus) populations,
especially in the EU, are central to virus spread, disrupting the ecosystem balance and complicating control
efforts. The disease is caused by the African swine fever virus (Asfivirus haemorragiae; ASFV), the sole
member of the Asfarviridae family belonging to the Asfavirus genus. ASFV is capable of causing severe
haemorrhagic disease in pigs of all ages, with lethality rates of up to 100% (Arias and Sanchez-Vizcaino
2012; Alonso et al. 2018). The clinical signs of the disease vary depending on the strain of the virus and the
susceptibility of the host. In acute cases, the onset of clinical signs can be sudden, with high fever, loss of
appetite and death within a few days (Sdnchez-Vizcaino et al. 2015). In sub-acute and chronic cases, the
clinical signs can include fever, anaemia, weight loss, skin discoloration, and internal haemorrhages (Arias
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et al. 2002). The virus can be transmitted through direct contact, contaminated feed and water, and wild
boar populations that act as reservoirs (Guinat et al. 2016).

For all these reasons, the disease causes significant economic losses in the pork industry and poses a
threat to food security. ASF has expanded globally over the last decade, becoming a major transboundary
animal disease (TAD) with devastating effects in endemic regions. Since its introduction in Georgia in 2007,
ASFV has spread across Europe, Asia, and Africa, and in 2021, it was detected in the Dominican Republic and
Haiti, marking its re-entry into the Americas after decades of absence (FAO 2025; Schambow et al. 2025). By
late 2024, it was confirmed for the first time in Greece and Sweden (EFSA 2024). Most recently, in November
2025, ASF was officially reported in wild boars in a region of Catalonia in northeastern Spain, highlighting
the continued epidemiological risk and the need for reinforced surveillance and control strategies. In
addition, ASFV can survive for long periods in the environment, and it can be found in pork products,
animal by-products, soil, and water (Olesen et al. 2020). This makes it difficult to control the spread of the
disease, especially in wild boar populations, where it can persist and disseminate through the movement of
the animals. The virus is also able to cross international borders through the illegal trade of pork products
and the movement of infected wild boars. Although some countries have successfully eradicated ASF
through widespread culling and improved biosecurity measures (Danzetta et al. 2020), these methods alone
have proven insufficient for long-term control. Vaccination is now increasingly recognized as an efficient
tool for reducing the susceptible population, limiting virus transmission, and minimizing the need for large-
scale culling (Gortazar et al. 2015). This approach stabilizes pork supply chains and fosters support from
stakeholders such as hunters and citizen scientists engaged in passive surveillance.

The control of ASF has been hindered by a lack of effective vaccines and inherent difficulties in
managing the disease in complex environments. Current control measures, such as culling and quarantine,
have been implemented in domestic pigs but have not been successful in controlling the disease in wild
boars. Wild boars have been identified as major drivers of ASFV persistence in both endemic and epidemic
regions, acting as long-term reservoirs for the virus and complicating eradication efforts (Pepin et al. 2020).
The development of an ASF vaccine remains highly challenging due to the complexity of ASFV, which
encodes over 160 polypeptides, many specialized in evading immune responses (Dixon et al. 2004). The
virus's genetic diversity and its ability to infect monocytes and macrophages, while employing poorly
understood immune evasion mechanisms, have further complicated control efforts. Evidence nonetheless
suggests that both cellular and serological immunity play a role in protection against ASFV (Takamatsu et al.
2013; Schéfer et al. 2022).

Several studies have been conducted to develop a vaccine against ASF, with different approaches and
types of vaccines used. One approach that has been studied is the use of inactivated virus vaccines
(Cadenas-Fernandez et al. 2021). Inactivated ASFV preparations have repeatedly failed to provide solid
protection despite inducing antibody responses (Bosch-Camoés et al. 2020; Vu and McVey 2024).
Additionally, it can be difficult to inactivate the virus without altering its antigenicity, which can affect
the effectiveness of the vaccine. Another approach is the use of virus-vectored vaccines, which are made by
expressing the ASFV antigen in a different virus, such as a poxvirus, that can infect the animal and induce an
immune response (Urbano and Ferreira 2022). These vaccines have not proven to be effective enough as
vaccine prototypes. Recent advances have focused on modified live vaccines (MLVs) through the deletion of
virulence-associated genes, with some candidates showing potential in providing complete protection
against homologous lethal field strains (Zhang et al. 2023; Urbano and Ferreira 2022; Vu and McVey 2024).
The introduction of the first commercial ASF vaccines in Vietnam, ASFV-G-Al177L and ASFV-G-AMGF, has
raised hopes for a globally licensed product (Tran et al. 2022; Borca et al. 2020a). However, the safety profile
of these candidates remains a subject of intense evaluation. For instance, cell-culture adapted variants of
ASFV-G-AI177L have shown promising characteristics in experimental settings; nevertheless, significant
safety concerns persist regarding the stability of MLVs, including reports of reversion to virulence of the
ASFV-G-AI177L strain in pregnant sows (van den Born et al. 2025). Recent evidence from Vietnam has
described the detection of an ASFV vaccine-like variant with multiple gene deletions in the field (Nguyen
et al. 2025). Notably, the authors refer to a virus genetically resembling ASFV-G-AMGF vaccine-like variants
rather than the direct administration of a commercial vaccine under controlled conditions. This finding
underscores the importance of maintaining robust biosecurity and molecular surveillance when evaluating
and deploying live attenuated ASFV vaccine candidates.
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Developing deletion mutants based on naturally attenuated virus isolates offers a promising strategy to
mitigate reversion risk and enhance vaccine safety for global ASF control. However, challenges remain,
particularly in wildlife vaccination, where inconsistent uptake among free-ranging wild boars complicates
predictions of their effectiveness (Cadenas-Fernandez et al. 2024). Additionally, implementing such pro-
grams requires significant investment, infrastructure, and monitoring to ensure coverage and track disease
progression, adding complexity and cost to ASF control efforts.

Following this latter concept, the Lv17/WB/Rie1 strain is an attenuated strain of ASF virus that has been
previously evaluated as a vaccine candidate in both domestic pigs and wild boar (Gallardo et al. 2019;
Barasona et al. 2019, 2021). Identified in Latvia in 2017, this naturally attenuated ASFV genotype Il isolate
achieved 92% protection in wild boar through oral immunization (Barasona et al. 2019; Cadenas-Ferndndez
et al. 2024). Despite its efficacy, it exhibited safety limitations in domestic pigs, causing peaks of fever,
transient lethargy, joint swelling, and occasional chronic ASF (Gallardo et al. 2019). These studies have also
shown promising results in terms of inducing a strong protection against challenge with the virulent virus
Armenia07 (Arm07) (Supplementary Table 1).

In addition, differentiating infected from vaccinated animals (DIVA) properties are essential for the
widespread use of live attenuated vaccines, as they allow differentiation between vaccinated and
infected animals. Therefore, further improvements in this attenuated strain are required to increase
its safety profile and develop a DIVA test for its diagnosis. To address these issues, the Lv17/WB/Riel-
ACD vaccine prototype was developed, incorporating deletions of EP153R and EP402R (CD2v) genes to
eliminate haemadsorption (HAD) and enable DIVA capability, substituting both genes encoding these
two proteins with a reporter gene -green fluorescent protein- GFP (Patent N° PCT/EP2023/082521)
(Gonzalez-Garcia et al. 2025). The vaccine achieved 100% seroconversion and full protection against
virulent ASFV genotype Il isolates in domestic pigs through intramuscular administration (Gallardo
et al. 2024).

The objective of this study is to evaluate the protective efficacy of the novel deletion mutant vaccine
candidate Lv17/WB/Rie1-ACD in wild boars via oral administration. Specifically, we aim to compare two
different oral doses of the vaccine to determine their relative performance in terms of safety, immunoge-
nicity, and protection against virulent ASFV challenge. By understanding its efficacy, safety profile, and DIVA
capabilities, we hope to contribute significantly to ongoing efforts to curb the spread and impact of this
devastating disease.

Materials and methods
Animals

Eighteen 3-month-old female wild boar piglets weighing 10-15 kg were obtained from a commercial wild
boar farm in Seville, Spain. The experiment was carried out in biosafety level 3 (BSL-3) facilities at the
VISAVET Health Surveillance Centre at the University Complutense of Madrid. Upon arrival, all the animals
were ear-tagged for individual identification; they were first acclimated for 2 weeks before the study began.
The animals had ad libitum access to food and water during the experimental period.

Animal care and procedures were performed in accordance with the guidelines of good experimental
practices, following European, national, and regional regulations and under the supervision and approval
of the Ethics Committee of Comunidad de Madrid (reference PROEX 113.3/21). The protocol included a
detailed description of efforts to prevent and avoid the animals' unnecessary suffering, including humane
endpoints and guidelines regarding euthanasia, following EC Directive 2010/63/UE. All procedures were
designed and performed by specially trained personnel and veterinarians (animal experimentation
categories B, C, and D) in accordance with Directive 2003/65/EC and Spanish regulations (RD 53/2013).
Guidelines for the ARRIVE 2.0 for the care and use of laboratory animals were also followed. Animals were
not sedated for routine sampling. Wild boars were manually restrained by trained personnel and
specialized veterinarians using standard physical restraint techniques appropriate for the species (brief
confinement and secure hold), allowing blood and swab collection to be performed rapidly and safely.
Sedation was intentionally avoided to prevent potential interference with clinical observations and
immune/physiological parameters.
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Experimental design

The study was carried out with wild boars randomly divided into two groups of six vaccinated animals each
and one control group and allocated to three different pens. The three groups were housed separately in
isolated containment boxes. The first group (high-dose-single administration; Group 1) received a single
oral dose of 1 mL at 10* TCIDs,/mL. The second group (low-dose-high-dose re-exposure administration;
Group 2) was orally vaccinated with an initial 1 mL dose at 10° TCIDso/mL, followed by a second-oral
administration dose of 10* TCIDs,/mL (Figure 1). Both groups received the deletion mutant Lv17/WB/Riel-
ACD isolate. The vaccine was administered orally by depositing the suspension directly into the oral cavity
using a syringe while the animals were manually restrained by experienced veterinarians. To approximate
field conditions during bait consumption, mild mechanical stimulation of the oral mucosa was performed to
mimic the minor abrasions that may occur during chewing, thereby facilitating mucosal exposure to the
vaccine suspension.

The animals from the low-dose—high-dose re-exposure group were revaccinated with 10* TCIDso/mL of
the same isolate 30 days after the first vaccination (dpv). All groups were intramuscularly challenged with
the highly virulent Arm07 virus isolate (10> HADs,). The control group remained untreated during the
vaccination period and was infected with the challenge isolate at day 44, together with the vaccinated
Group 2, to confirm the virulence of the isolate (Figure 1).

ASFV isolates

The dual-gene deletion (EP402R/CD2v and EP153R) used in this study corresponds to the construct
previously described by Gallardo et al. (2024). Briefly, the deletion mutant was generated by
CRISPR-Cas9-mediated homologous recombination, replacing both open reading frames with an enhanced
green fluorescent protein (eGFP) cassette to ablate haemadsorption and provide a DIVA marker. The
complete genome sequence of this construct is deposited in GenBank under accession number
PQ284530 (Patent PCT/EP2023/082521). Correct deletion was confirmed by junction PCR and Sanger
sequencing; the absence of a parental backbone was verified by fail-to-amplify assays targeting EP402R
and EP153R (Petrini et al. 2023).

The highly virulent haemadsorbing genotype Il ASFV Arm07 isolate was used as the challenge virus. This
isolate shares >99.9% identity with the reference Georgia 2007/1 strain (GenBank accession number
FR682468.2). Full genome characterization of the Arm07 stock used in this study has been previously
described by Pérez-Nuiez et al. (2020) under accession number LR812933.1. Viral stocks for inoculation
were grown in vitro on sub-confluent monolayers of 2-day-old monocyte/macrophage cultures, and viral
titres were determined as the amount of virus causing haemadsorption in 50% of inoculated cultures
(HADso/mL) (WOAH Manual).

All animals vaccinated with the deletion mutant Lv17/WB/Rie1-ACD isolate, as well as control animals,
were challenged with 10> HADs, of the ASFV Arm07 isolate administered by intramuscular inoculation at
30 dpv (high-dose and control groups) and at 44 dpv (low-dose-high-dose re-exposure group).

Group do d30 d44 de2
Ve T\\z Oral vaccination | Challenge End of the
i\ 1 ) 10* TCID;, 1 Arm07 | experiment

~—~ 102 HAD
Oral vaccination Oral vaccination Cgill:::&ge End of the
102 TCIDs, 10* TCIDs, 102 HAD experiment
. Challenge End of the
Arm07 experiment
102 HAD

Figure 1. Experimental design and immunization schedule.
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Laboratory procedure

During the study period, EDTA-blood and coagulated blood for the preparation of serum were collected
from each animal twice a week. Viral DNA was extracted from 200 uL of each sample using the High Pure
Template Preparation Mix Kit (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufac-
turer's instructions. The detection of ASFV DNA was performed using the Universal Probe Library (UPL) real-
time PCR (gPCR) recommended by the World Organisation for Animal Health (WOAH) and previously
described by Ferndndez-Pinero et al. (2013). Positive qPCR results were determined by identifying the
threshold cycle value (Cq) at which reporter dye emission appeared above the background within 40 cycles.
Positive and negative controls were used for both DNA extraction and qPCR.

Serum samples were tested for the presence of ASFV-specific antibodies using a commercial ELISA based
on the detection of the VP72 ASFV antigen (INgezim® PPA Compac, ref. R.77.PPAK3, Gold Standard
Diagnostics, Madrid, Spain) according to the manufacturer's instructions (sensitivity: 99%, specificity:
100%; as compared to the WOAH Reference Indirect ELISA). In addition, the experimental INgezim® ASFV
DIVA pEP153R ELISA was applied to differentiate antibodies induced by infection with EP153R-competent
field viruses from those generated after vaccination with the EP153R-deleted Lv17/WB/Rie1-ACD strain. This
strategy, based on the combined use of three ELISAs (INgezim® PPA Compac, pEP153R ELISA, and eGFP
ELISA), was performed as previously described by Gonzélez-Garcia et al. (2025).

Biochemical analyses

A total of 11 parameters were monitored over time during in vivo experimentation for comprehensive
evaluation of the impact of immunization on animal health status, using previously published methods
(Franzoni et al. 2026). In detail, sera were heat treated for 30 min at 56 °C, then an automated spectro-
photometer (EXL 200, Siemens, Monaco, Germany) was subsequently used to quantify the levels of
albumin, calcium, creatinine, total protein, aspartate aminotransferase (AST), alanine aminotransferase
(ALT), urea, cholesterol, glucose, triglycerides, and C-reactive protein in the serum samples (Franzoni
et al. 2026). For assay setup and validation, each biochemical and inflammatory parameter was evaluated
using a within-subject approach, comparing post-immunization values to the corresponding baseline
measurement obtained from the same animal prior to immunization. Biochemical analysis was performed
on 10 animals, which were randomly divided into two groups: five animals from Group 1 (high-dose-single
administration), whereas five wild boar were from Group 2 (low-dose-high-dose boost).

Clinical signs and euthanasia

The animals were observed daily throughout the study to monitor their health status by a video surveil-
lance system (Hikvision iVMS-4200, Hikvision®, Hangzhou, China), and visits by veterinarians. The evolution
of the disease was expressed in terms of a quantitative clinical score (CS) specific for ASFV infection in wild
boar previously described by Cadenas-Fernandez et al. (2020). These signs included fever, behavior, body
condition, skin alterations, ocular or nasal discharge, joint swelling, and respiratory, digestive, and neuro-
logical clinical signs. The degree of severity of each sign was measured from 0 to 4 (most severe). Fever was
defined as a body temperature above 40 °C.

Animals that reached the pre-defined human endpoint (CS > 18) or showed any severe clinical signs
(level 4) for more than two consecutive days were euthanized via intravenous injection of the T61° agent
(Intervet, Spain) following anaesthesia by intramuscular injection of a combination of tiletamine-zolazepam
(Zoletil 100 mg/mL, Virbac, France) and medetomidine (Medetor, Virbac, France) (Barasona et al. 2013).

Tissue sampling and virological testing

A total of 20 tissue samples were collected from each animal, including lymph nodes (mandibular, renal,
mediastinal, retropharyngeal, mesenteric, prescapular, gastrohepatic, inguinal lymph nodes), spleen, liver,
lung, heart, kidney, brain, urinary bladder, intestine, diaphragm, bone marrow, and synovial membranes
(Rodriguez-Bertos et al. 2020). The presence of ASFV DNA was tested employing the UPL gPCR technique
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(Fernandez-Pinero et al. 2013). Virus isolation was performed on positive tissue samples (Cq < 35) following
standard operating procedures (SOPs) in porcine blood monocyte (PBM) cells, according to the recommen-
dation of the European Union Reference Laboratory for ASF (http://asf-referencelab.info/asf/images/
ficherosasf/PROTOCOLOS-EN/SOP-ASF-VI-1.pdf). To complement the gPCR data and verify the presence
of the infectious virus in the host, blood and tissue samples were subjected to viral isolation. Samples were
passed three times, and the plates were examined for haemadsorption over a period of 5 days.

Data analysis

We first conducted an exploratory description of the main variables under study, including body tempera-
ture, clinical score values, antibody responses, ASFV viremia in blood (Cq values), and ASFV DNA presence in
tissues. Mean values and ranges were estimated for each experimental group and sampling point, together
with their 95% confidence intervals. The distribution of all independent variables was assessed using the
Shapiro-Wilk test. Depending on normality, comparisons between groups or time points were made using
either parametric or non-parametric methods. Specifically, differences between pre-immunization (day 0)
and subsequent time points (12, 30, 35, 41, 48, and 61 dpi) were analyzed by ANOVA followed by Dunnett’s
multiple comparison test when the data showed normal distribution, or by the Kruskal-Wallis test followed
by Dunn's test in the case of non-parametric distributions.

Data obtained from the eGFP ELISA and pEP153R ELISA were statistically analyzed using frequency
tables to calculate sensitivity and specificity, considering the INgezim® PPA Compac assay as a reference
technique. Confidence intervals (95% Cl) were estimated using the Clopper—Pearson test for one propor-
tion. To compare the two sensitivity percentages, a chi-square test was performed.

Group comparisons at single time points were further evaluated using the Mann-Whitney U test. All the
statistical procedures were performed with SPSS v25 (IBM, Somar, NY, USA), R software v3.5.0, GraphPad
Prism v10.01 (GraphPad Software Inc., La Jolla, CA, USA), and MedCalc® software, version 10.1.7.0.
Differences were considered statistically significant at p < 0.05.

Results
Vaccination period

During the vaccination period, five out of six animals orally vaccinated within Group 1 showed a positive
antibody response, starting at 10 = 3 dpv (Figure 2b; Supplementary Figure 1). After the prime vaccination,
four out of six animals had a slight fever (40.12°C+0.08 °C; CS=0.67 £ 0.47) at 12dpv, and this was
observed on only one sampling day. These animals had sporadic viremia with high Cq values
(Cqg=39.18 £ 1.74) (Figure 2a), except for one in which viremia was not detected, and corresponded to
an animal that remained seronegative.

In Group 2, only one animal had detectable viremia during three consecutive sampling days
(Cg=38.52+0.57), showing a slight fever (40.1 °C) and an ASFV-specific antibody response beginning at
12 dpv. None of the remaining five animals showed detectable antibodies during the primary vaccination
phase. Following the second oral administration at 30 dpv, five out of the six animals exhibited viremia
(Cqg=36.00 £ 3.82), accompanied by slight fever (40.1°C+0.1°C; CS=0.57£0.39), and all the animals
seroconverted at 41 dpv. Throughout the vaccination period, no clinical signs other than mild hyperthermia
were observed. All the animals from Group 2 were seropositive before IM challenge with the virulent ASFV
ArmO07 isolate. Statistical analysis revealed no significant differences between Groups 1 and 2 during
the vaccination period, regarding viremia levels (Mann-Whitney U=23.5, p>0.05) or clinical scores
(Mann-Whitney U =53.5, p > 0.05).

Challenge period

All successfully immunized animals (those showing an antibody response) survived the IM challenge with
the highly virulent ASFV Arm07 isolate, with protective efficacies of 83.33% in Group 1 (high-dose single
administration) and 100% in Group 2 (low-dose-high-dose boost). In contrast, all the animals in the control
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Figure 2. Dynamics of the Lv17/WB/Rie1-ACD vaccine candidate in wild boar. Panel (A) shows the averages of viremia,
expressed in cycles of quantification (Cq) values of real-time PCR by group; (B) shows the percentage of wild boar with a
positive antibody response (p72 ELISA) by group. Panels (C), (D), and (E) provide a view of individual viremia, clinical
scores, and temperatures for Groups 1 and 2, respectively. All data are plotted against days post-vaccination (dpv). Group
1: oral vaccination with 10*TCIDs, (high-dose-single administration) or 10°TCIDs, (low-dose—high-dose re-exposure
administration).

group developed severe ASF-compatible clinical signs and were euthanized at 6 and 7 days post-challenge
(dpc), reaching a CS among 6 and 14.

During the challenge period, only mild signs were observed among the immunized animals in Group 1,
characterized by a transient fever peak (40.5 °C + 0.9 °C at 5 dpc/35 dpv), lethargy, and anorexia (CS = 1.38 + 0.69).
Moderate viremia was detected during this period (Cq = 25.62 + 5.46) (Figure 2a). However, no fever or lethargy
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was observed in any animal from Group 2, and low viremia was detected in only two animals (Cq = 38.35 + 3.55).
The single non-immunized wild boar in Group 1 failed to survive the challenge, exhibiting severe clinical signs
(CS=14) and high viremia (Cq=16.41+1.0), and was euthanized at 6 dpc (36 dpv). Following the virulent
challenge (D30-D62), the two-administration strategy in Group 2 provided significantly superior protection
compared to the single-dose regime. Statistical analysis confirmed that Group 2 maintained significantly lower
viral loads in the blood (Mann-Whitney U =4.0; p =0.015) and a marked reduction in clinical signs (U=22.5;
p =0.041) compared to Group 1.

Inflammatory markers

In the present study, serum CRP levels were monitored throughout the experiment to evaluate systemic
inflammation. Immunization with either one or two doses of the attenuated candidate vaccine Lv17/WB/
Rie1-ACD did not induce any significant increase in CRP levels compared to baseline (Figure 3).

Upon challenge with Arm07, differences in CRP kinetics were observed between the experimental
vaccinated groups. In Group 1 (high-dose single administration), a transient increase in CRP levels was
observed at 5 dpc (35 dpi). In contrast, Group 2 (low-dose/high-dose boost) did not show a comparable
increase at this time point. Among Group 1 animals, two individuals (G1.3 and G1.4) displayed the highest
CRP values at 35 dpi. However, CRP levels in these animals returned to baseline at later time points,
indicating that even a single dose of Lv17/WB/Rie1-ACD was sufficient to prevent sustained inflammation
following ASFV challenge.

Biochemical markers

To comprehensively assess the impact of immunization on animal health, a panel of 11 biochemical
parameters was evaluated at multiple time points during the in vivo experiment.
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Figure 3. Kinetics of C-reactive protein levels in sera samples taken throughout the experiment. Wild boars were
immunized with a high-dose single administration (104TCID50) of Lv17/WB/Rie1-ACD (Group 1, n=5) or low-dose-high-
dose re-exposure of Lv17/WB/Rie1-ACD (10% and 10* of TCIDsp) (Group 2, n=15). Wild boars were challenged with the
ASFV Arm07 isolate at 30 dpv in Group 1 or at 44 dpv in Group 2. Sera samples were collected at different times during
the in vivo experiment (days 0, 12, 30, 35, 41, 48, and 61). Changes in the C-reactive protein levels were monitored
through ELISA. At each time point immunization, the values were compared compared to those pre-immunization
(day 0); *p < 0.05.
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Figure 4. Kinetics of markers of hepatic function in sera samples taken throughout the experiment. Wild boars were
immunized with a high-dose—single administration (1O4TCID50) of Lv17/WB/Rie1-ACD (Group 1, n=5) or low-dose-high-
dose re-exposure of Lv17/WB/Rie1-ACD (10% and 10* of TCIDsp) (Group 2, n=15). Wild boars were challenged with the
ASFV Arm07 isolate at 30 dpv in Group 1 or at 44 dpv in Group 2. Sera samples were collected at different times during the
in vivo experiment (days 0, 12, 30, 35, 41, 48, and 61), and then changes in the serum levels of GOT/AST, GPT/ALT,
triglyceride, and cholesterol were subsequently monitored. At each immunization time point, values were compared with

those recorded pre-immunization (day 0); *p < 0.05; **p < 0.01.
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Serum levels of aspartate aminotransferase (AST/GOT), alanine aminotransferase (ALT/GPT), triglycerides,
and cholesterol were measured as indicators of hepatic function (Figure 4). Immunization with either one or
two doses of Lv17/WB/Rie1-ACD did not cause significant alterations in any of these markers compared to
pre-immunization values, suggesting no hepatic toxicity associated with the candidate vaccine.

Following the ASF challenge, a transient increase in AST/GOT and triglyceride levels was observed in
Group 1 but not in Group 2. In particular, individuals in G1.1, G1.4, and G1.5 in Group 1 showed increased
ALT/GPT levels at 35 dpi, while G1.3 and G1.4 exhibited elevated triglycerides (Figure 4). These alterations
returned to baseline at subsequent time points, further indicating that a single dose of the vaccine
mitigated virus-induced liver dysfunction, although two doses provided superior protection.

Renal function was assessed via the serum levels of creatinine and urea (Figure 5). No significant
variations were observed in either biomarker following immunization with one or two doses of Lv17/
WB/Rie1-ACD, suggesting the absence of nephrotoxicity. Moreover, no increases were detected post-
challenge in either group, indicating that vaccinated animals were protected against ASFV-associated
renal impairment.

Levels of serum albumin, total protein, and glucose were also measured throughout the study (Figure 6).
No significant changes were observed following immunization or after ASFV challenge in either group.
These findings are consistent with the absence of systemic metabolic disturbances and support the overall
safety and protective efficacy of the candidate vaccine.

Viral distribution in tissues

A total of 280 tissue samples were analyzed by qPCR. Group 1 presented 71.7% of positive tissues (an
average of 14 tissues/animal), with Cq values of 33.66 + 0.79, compared with 38.3% of positive tissues (an
average of 8 tissues/animal) in the Group 2, with Cq values of 38.35 + 0.96. Only one animal did not exhibit
the presence of ASFV DNA in tissues, this animal was successfully immunized after prime vaccination with
102TCID50 of Lv17/WB/Rie1-ACD isolate (Group 2). All the tissue samples (100%) from the control animals
were positive for the detection of ASFV DNA, with an average of Cq values of 21.52 + 1.84 (Figure 7 and
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Figure 5. Kinetics of markers of kidney function in sera samples taken throughout the experiment. Wild boars were
immunized with a high dose-single administration (1O4TCID50) of Lv17/WB/Rie1-ACD (Group 1, n =5), or a low-dose-high-
dose re-exposure of Lv17/WB/Rie1-ACD (10% and 10* of TCIDsp) (Group 2, n=15). Wild boars were challenged with the
ASFV Arm07 isolate at 30 dpv in Group 1 or at 44 dpv in Group 2. Sera samples were collected at different times during the
in vivo experiment (days 0, 12, 30, 35, 41, 48, and 61), and then, changes in the serum levels of creatinine, urea, and
calcium were monitored. At each immunization time point, the values were compared with those recorded pre-
immunization (day 0).
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Figure 6. Kinetics of albumin, total protein, and glucose levels in sera samples taken throughout the experiment. Wild
boars were immunized with a high dose-single administration (10*TCIDs,) of Lv17/WB/Rie1-ACD (Group 1, n=5), or a
low-dose—high-dose re-exposure of Lv17/WB/Rie1-ACD (10? and 10* TCIDs,) (Group 2, n=5). Wild boars were challenged
with the ASFV Arm07 isolate at 30 dpv in Group 1 or at 44 dpv in Group 2. Sera samples were collected at different times
during the in vivo experiment (0, 12, 30, 35, 41, 48, and 61 dpv), and then changes in the serum levels of albumin, total
protein, and glucose were monitored. At each immunization time point, the values were compared with those recorded
pre-immunization (day 0).

Supplementary Figure 2). In a similar way, the one orally vaccinated animal from Group 1 that remained
unprotected against challenge showed strongly positive PCR results (Cq=21.31+1.86) in all 20 tissues
tested (Figure 7).

Virus isolation was performed on qPCR-positive tissues to assess the presence of infectious virus and
determined its haemadsorption capacity. A total of 43 tissue samples (Cq < 35) were selected, including 23
remaining from Group 1 and 20 from Group 2.

In Group 1, ASFV was successfully isolated from 18 tissues. The vaccination isolate was detected in only
two tissues—submandibular lymph nodes and the liver—of a single animal. The remaining 16 tissues
yielded haemadsorbing virus, corresponding to the virulent Arm07 isolate. In Group 2, only five tissues
tested positive for virus isolation. Two of these samples (gastrohepatic lymph node and lung) contained the
non-haemadsorbing Lv17/WB/Rie1-ACD isolate, and three yielded the haemadsorbing Arm07 isolate.

DIVA analysis

In the serological DIVA analysis, only animals that tested antibody positive for the p72 protein were
considered. Five out of six animals from Group 1 (n =57 samples) and all animals from Group 2 (n=66
samples) fulfilled this criterion. All corresponding samples were re-tested using the same assay (INgezim®
PPA Compac) to ensure consistency and to enable direct comparison across the three ELISAs that constitute
the serological DIVA assay. To characterize the DIVA response, the resulting data were categorized
according to the two immunization groups (Figure 8).

In Group 1, seroconversion against the p72 protein was detected at 13 = 3 dpv, and 100% of the animals
also tested positive by the eGFP ELISA. The mean seroconversion time based on the eGFP ELISA was
17 £ 2 dpv, following a trend similar to the antibody kinetics observed for the p72 protein. The eGFP ELISA
demonstrated a sensitivity of 86.4% [95% Cl: 73.3-93.6].

In Group 2, the animal that seroconverted prior to second oral administration tested positive by the
INgezim® PPA Compac assay at 16 dpv and became positive by the eGFP ELISA 3 days later. The remaining
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Figure 7. ASFV DNA levels in tissues. (A) ASFV DNA levels expressed as an average of Cq values from real-time PCR in
sample tissues for wild boars orally vaccinated with a high-dose—single administration 10* TCIDs, (Group 1), and low-
dose-high-dose, re-exposure 102TCIDso/10* TCIDs, (Group 2) of the Lv17/WB/Rie1-ACD isolate, and the control group

infected with the Arm07 isolate. (B) ASFV DNA levels expressed as an average of Cq values from real-time PCR per sample
tissue.

animals, which seroconverted after the second vaccination, tested positive for both p72 and eGFP, with
mean seroconversion times of 40 + 3 dpv and 45 + 6 dpv, respectively. In this group, the sensitivity of the
eGFP ELISA was 83.3% [95% Cl: 66.4-92.7], which was not statistically different from that observed in Group
1 (p>0.05).

Regarding the third ELISA included in the DIVA test, the pEP153R ELISA, all animals from both groups
tested negative up to the final sampling time point.

Discussion

In recent years, ASF has emerged as a significant threat to the global pig industry, causing significant
economic losses and disrupting trade flows (Pitts and Whitnall 2019). One of the primary epidemiological
actors in the spread of ASF is the wild boar, which can act as a reservoir for the disease and facilitate the
transmission of the virus to domestic pig populations (Jori et al. 2025). In this study, we provide data that
may contribute to the development of vaccination strategies against ASF in wild boars and support
ongoing efforts to control disease spread. The vaccine described here is based on a previously tested
prototype that has been improved to increase its safety without affecting its effectiveness. The original
prototype was based on the field Lv17/WB/Rie1 naturally live attenuated virus (Gallardo et al. 2019), which
has proven to be highly effective in protecting against virulent ASF in both wild boar (Barasona et al. 2019)
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Figure 8. Serological DIVA response in Group 1 (above) and Group 2 (below). In each graph, the Y-axis represents the
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(eGFP), while the X-axis indicates the days post-vaccination. The arrows mark the time point of challenge or second oral
administration. Ab = antibody.

and domestic pigs (Gallardo et al. 2019). However, safety considerations were subsequently raised,
particularly regarding the potential for residual virulence under certain conditions (Barasona et al. 2021).
Notably, in that study, the single vaccinated animal that died did so in the context of a multifactorial event
involving stress due to aggressive interactions within the pen, concomitant opportunistic infections, and
the presence of the attenuated vaccine strain.

To address these concerns, an improved version of the vaccine has been developed that retains the
same high level of protection against ASF while minimizing the risk of adverse effects. This development is
crucial, especially considering that the global spread of ASF has led to a sharp decline in global swine
production capacity, and the pig industry has been devastated (Zhang et al. 2023). Our results have shown
that the vaccine is highly effective in protecting wild boars against ASF, with a high level of protection
observed in vaccinated animals, mainly in Group 2. The safety of a vaccine is of utmost importance in
ensuring its widespread use and effectiveness in preventing disease. The new vaccine candidate showed
improved safety compared to previous studies conducted with the parental field strain (Barasona et al.
2021; Porras et al. 2025). This double-deletion mutant was previously characterized in domestic pigs by
Gallardo et al. (2024), where it provided 100% protection against a virulent genotype Il challenge. While
some individuals showed transient and mild clinical reactions (subclinical viremia and occasional low-grade
fever), the candidate proved to be significantly safer than its parental or single-deletion counterparts.
Furthermore, as reported, the vaccine candidate maintains its attenuated phenotype even after five
successive in vivo passages; although a slight residual virulence was observed in the last passage. In
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both models of vaccination tested in this study (high-dose-single administration and two-dose oral
administration), no adverse effects were observed during the vaccination period. This favourable profile
may be attributed to the dual gene deletion (EP402R/CD2v and EP153R) present in the vaccine candidate
strain (Gallardo et al. 2024; Zhao et al. 2023).

The contribution of CD2v to virulence in genotype Il ASFV isolates remains complex and context
dependent. While deletion of CD2v alone from the Georgia strain does not significantly attenuate virulence
in swine (Borca et al. 2020b), other studies have shown that modifications of CD2v in combination with
additional gene deletions can markedly influence viral replication and protective efficacy (Gladue et al.
2020; Reis et al. 2025). These findings support the view that CD2v is not an independent determinant of
attenuation in genotype Il viruses but rather acts within a multifactorial virulence network. Although
deletion of CD2v alone has not been shown to significantly attenuate highly virulent genotype Il isolates,
but in combination with EP153R, in an already attenuated genetic background, such as Lv17/WB/Rie1, may
contribute to limiting viral persistence and immunomodulatory effects. Deletion of both EP402R/CD2v and
EP153R may have reduced the likelihood of adverse effects observed following vaccination (Dixon et al.
2004; Gladue et al. 2020). These results indicate that this vaccine candidate has the potential to be an
effective option for preventing infection. Following challenge, both vaccination regimens prevented lethal
disease. Nevertheless, in this limited cohort, animals receiving a single 10* TCIDs, oral dose tended to show
higher post-challenge viral genome loads in the blood than animals that received two oral administrations.
Importantly, the 10° TCIDs, first administration in the two-dose group did not consistently establish an
immunization; thus, this schedule should not be interpreted as a classical prime-boost regimen. Rather, the
data are most consistent with a re-exposure effect, whereby a second oral administration increases the
probability of effective vaccine take across animals—an operationally relevant concept for multi-round
baiting campaigns. Given the small group size, these observations should be considered preliminary and do
not formally rank regimens. Despite the encouraging results observed in this study, a comprehensive safety
evaluation remains necessary. While the findings suggest promising protective efficacy, dedicated safety
studies are essential to fully assess the risk profile of the vaccine candidates under broader experimental
and field conditions. These evaluations should involve larger numbers of animals and include potentially
more susceptible categories, such as pregnant sows and animals of different age groups, to ensure a
thorough characterization of the vaccine's safety profile across diverse scenarios.

Given the typical oronasal transmission route of ASF infection, it is plausible to hypothesize that the
mucosal immune response might play a significant role in potentially limiting viral replication at the
primary sites of entry, such as the tonsils and mucosa-associated lymphoid tissue (Xie et al. 2023). In the
context of our orally administered vaccine, it might be speculated that the initiation of cellular immunity
and the subsequent production of secretory IgA post-vaccination could be instrumental (Barroso-Arévalo
et al. 2021). The evolution of this localized response might be a key factor in fostering a systemic protective
response and the synthesis of virus-specific IgG antibodies. While these I1gG antibodies are often considered
as potential indicators of protection, their actual neutralizing activity remains uncertain. Based on current
immunological knowledge, mucosal surfaces are considered primary barriers against a wide range of
pathogens. Thus, vaccines targeting these surfaces might not only induce local immunity but could also
stimulate systemic immune responses. Considering all these factors, it is plausible that the efficacy of the
mucosal response could be augmented through booster immunization. Notably, one animal in the re-
exposure group showed evidence of vaccine take after the 10° TCIDs, oral prime. While this is a low dose, it
is compatible with the biology of mucosal immunization, in which early events are highly localized and can
be stochastic. Antigen uptake and immune priming can occur within organized mucosa-associated
lymphoid tissue (MALT) in the oropharyngeal region, including tonsillar structures, where sampling by
antigen-presenting cells and limited local replication may be sufficient to initiate an adaptive response once
a critical threshold is reached. In contrast, the same nominal dose may fail in other animals if the effective
mucosal exposure is shorter or if local innate defences and barrier factors prevent productive infection.
Thus, this observation suggests that 10> TCIDs, may occasionally be sufficient for oral uptake, but our
group-level data indicate that it is below a dose that reliably immunizes all animals under the conditions
tested.

For the animals in Group 2, which received a high-dose second administration, the progression of
infection post-challenge with the virulent Arm07 isolate differed from that of the single-dose group.
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Notably, the revaccinated animals did not exhibit clinical signs such as fever or lethargy after challenge,
which were evident in the single-dose group. Additionally, the spread of the challenge strain within the
tissues was significantly reduced in the revaccinated wild boar, indicating a more robust and highly
protective immune response that effectively controlled the replication of the virulent strain.

The prime-re-exposure strategy evaluated in Group 2 was intended to mimic a plausible field scenario in
which wild boar may encounter vaccine baits on more than one occasion during repeated distribution
campaigns. Although the second administration was part of the planned design, the decision to administer
a higher dose at the second oral administration was primarily motivated by the limited antibody response
observed after the initial low-dose immunization, allowing us to further explore the immunogenic potential
of the construct under oral delivery conditions.

These findings suggest that several immunizations combined with higher doses may represent a more
effective vaccination strategy for oral administration. It is important to take into account the inherent lack of
control over bait uptake in the field, which makes it necessary to evaluate the effects of multiple exposures.
In this regard, the safety profile observed after a 10* TCIDs, exposure is particularly relevant, as it ensures
that individuals ingesting multiple baits are not at risk of developing vaccine-derived pathology.
Furthermore, these results support the use of pulsed baiting campaigns, a strategy previously validated
for the control of classical swine fever and tuberculosis (Diez-Delgado et al. 2018; Rossi et al. 2015). These
findings may also contribute to the optimization of bait-based strategies currently being investigated for
ASF in wild boar populations (Pachuri et al. 2024; Relimpio et al. 2024). Future studies should investigate the
optimal vaccine dosage and the need for repeated doses to ensure sustained immunity, as well as the
underlying mechanisms of the vaccine that confer protection.

Regarding the inflammatory markers analyzed, several interesting results were observed. CRP is a major
acute phase protein (APP) and is widely used as a marker for inflammation (Petersen et al. 2004). Previous
studies reported that infection with virulent ASFV isolates resulted in inflammation, identified by high CRP
concentration in sera (Sdnchez-Corddn et al. 2007; Walczak et al. 2021; Franzoni et al. 2023). Our data
revealed that immunization with either one or two doses of Lv17/WB/Rie1-ACD did not trigger an increase
in CRP, suggesting that this candidate vaccine was highly tolerated by wild boars. After challenge, a
transient increase in CRP serum levels was observed in animals receiving only a single dose of Lv17/WB/
Rie1-ACD but not in those receiving a double immunization. Consistent with the virological results, the
administration method for Group 2 showed a tendency toward lower acute-phase/inflammatory markers
after challenge; however, because the first low-dose exposure did not reliably immunize most animals,
these findings are better interpreted as potentially reflecting more consistent vaccine take after repeated
oral exposure rather than a specific booster-mediated immunomodulatory effect. Importantly, we acknowl-
edge that the absence of longitudinal biochemical monitoring in the intramuscularly challenged control
group precludes direct statistical comparison of CRP responses between vaccinated and non-vaccinated
animals. This represents a limitation of the present study and should be considered when interpreting the
magnitude of the observed effects.

To provide a biological context, our findings were interpreted in light of previously reported biochemical
responses in wild boars experimentally infected with the virulent genotype Il ASFV (Franzoni et al. 2026). In
this framework, the transient and self-resolving CRP changes observed in vaccinated animals contrast with
the marked and sustained inflammatory responses typically described in acute virulent infections (Franzoni
et al. 2026), providing contextual support for the interpretation of our findings. In Group 1, CRP serum levels
returned to baseline levels at a later time post-challenge, indicating that even a single dose of the
candidate vaccine was associated with control of systemic inflammation after challenge with the virulent
ASFV isolate.

Four serum markers were monitored to evaluate liver functions: AST and ALP to monitor hepatocyte
health and function, triglycerides and cholesterol to assess liver's metabolic capacity (Lee et al. 2012;
Franzoni et al. 2026). Previous studies reported that virulent genotype Il isolates (Pol18_28298_0111)
triggered an increase in AST and a decrease in ALT serum levels as early as 2 days post-infection (Walczack
et al. 2021). We observed that immunization with either candidate vaccine did not result in changes in the
serum levels of AST, ALT, or other markers associated with liver damage or impairment (triglyceride and
cholesterol levels) in any of the tested animals, indicating that the deleted vaccine did not trigger hepatic
damage. We observed differences between groups in response to challenge. We observed a transient
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increase in both AST and triglyceride serum levels after challenge in Group 1 but not in Group 2. This
suggests that a double dose of immunization provided a stronger protection against challenge with
virulent ASFV. Nevertheless, the serum levels of both parameters returned to baseline levels at a later
time post-challenge, indicating that even a single dose of the candidate vaccine strongly reduced liver
damage caused by ASFV in the tested animals.

Markers of renal impairments, such as urea, creatine, and the electrolyte calcium, were next investigated
(Lyman 1986). Previous studies showed that infection with virulent genotype Il isolates (Pol18_28298 0O111)
triggered an increase of urea, and creatine levels in naive pigs at 2 days post-infection (Walczak et al. 2021).
Immunization with either candidate vaccines did not trigger increased serum levels of these markers, high-
lighting the safety of that marker vaccine. In addition, no increase was observed after challenge with Arm07,
showing that even a single dose of the candidate vaccine conferred solid protection and prevented ASFV-related
renal damage.

Finally, the serum levels of albumin, total protein, and glucose were monitored. Infection with Arm07
resulted in increased serum levels of albumin and total protein in domestic pigs, maybe due to dehydration
caused by the high fever, which triggers a decrease in the plasmatic volume with a relative increase of
albumin concentration. Infection with Arm07 triggered also increased serum levels of glucose in domestic
pigs (Franzoni et al. 2026), likely due to the release of stress hormones, which are released by the host to
overcome the infection. These changes were not observed in this study, either after immunization or after
challenge. These data highlighted the safety of this candidate vaccine in wild boars and also suggested that
immunization provided protection against challenge with virulent ASFV.

In the context of ASF control, oral vaccination using baits formulations represents the most promising
strategy (Diez-Delgado et al. 2018; Rossi et al. 2015; Relimpio et al. 2024; Pachauri et al. 2024). This method is
considered both safe and effective, as it minimizes the need for direct human intervention and reduces the risk
of virus dissemination during animal handling. However, it presents a major challenge regarding the monitoring
and traceability of vaccinated individuals (Beltran-Beck et al. 2014), potentially comprising the ASF-free status.
Moreover, viremia in vaccinated wild boar tends to be transient (Porras et al. 2024), which limits the sensitivity of
direct virus detection methods (Relimpio et al. 2025). Therefore, reliable serological differentiation between
vaccinated and infected animals becomes essential for effective surveillance. To address this key aspect, we used
a genetic modification that confers DIVA capabilities (Pasick 2004). This is achieved by deleting a gene encoding
a viral antigenic protein and inserting a specific antigenic marker present exclusively in the vaccine strain and
absent from circulating field isolates. Both the negative and positive markers, along with a control antigen such
as the p72 protein, can be detected using a simple and cost-effective ELISA-based test.

Considering this, we further evaluated the assay previously described by Gonzalez-Garcia et al. (2025) as a
DIVA diagnostic tool. As shown by the results presented here (Figure 8), vaccinated animals were identified
based on a negative antibody response against the negative marker of the vaccine, pEP153R, in conjunction
with a positive response against both the control protein (p72) and the inserted positive marker (eGFP). This
protein provides a measurable proof-of-concept for differentiating vaccinated animals from infected animals. In
this construct, GFP was incorporated as a model positive marker to demonstrate the feasibility of a ‘positive
DIVA" approach under experimental conditions. We note that GFP is used here as a proof-of-concept and may
not represent the most suitable marker for a final field-deployable product, which could instead rely on
alternative marker strategies more aligned with regulatory and operational requirements. Furthermore, the
selection of EP153R gene for deletion follows an established lineage of research aimed at optimizing the safety
and diagnostic capabilities of ASFV vaccines. Previous studies have shown that the Lv17/WB/Rie1-ACD construct
maintains robust protection while exhibiting a superior safety profile compared to its parental predecessor
(Gallardo et al. 2024) (Supplementary Table 1). On the other hand, the absence of detectable antibodies against
PEP153R, even after challenge, suggests that the viral replication of the Arm07 virulent strain is limited to trigger
a detectable antibody response against this marker until the last sample analyzed. In contrast, the antibody
response against eGFP did not differ between the two immunization groups, indicating that the immunization
strategy seems to not influence the response to this marker (Gonzalez-Garcia et al. 2025).

Therefore, the vaccine prototype with DIVA properties presented in this study is a significant break-
through in the fight against this disease, particularly in the context of wild boar vaccination programs. Its
ability to differentiate between infected and vaccinated animals is critical for ensuring that disease-free
status is maintained and that the spread of the disease is accurately tracked. By using this vaccine, we can
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take a major step towards controlling this disease and protecting both wild and domestic animals from its
devastating effects. In addition, these outcomes show that the vaccine is safe and effective, providing a
promising avenue for controlling the spread of ASF in wild boar populations and protecting the global pig
industry from this devastating disease. However, further research is required to address several aspects that
will enrich the perspective of wild boar vaccination with this vaccine prototype. First, the deletion virus
used as the vaccine has been grown and produced using porcine alveolar macrophages. Primary cell lines
often pose limitations in scalability, consistency, and long-term sustainability, which are crucial for large-
scale vaccine production (Meloni et al. 2022). Furthermore, to truly ascertain the vaccine's efficacy and
safety, it is essential to test it on a broader spectrum of animals, ensuring its robustness in diverse scenarios.
Another pivotal aspect that warrants exploration is the longevity of the immunity conferred by the vaccine.
As time progresses, understanding the duration and persistence of the immune response becomes
paramount in order to establish timelines and vaccination programs in both domestic and wild populations.
In conclusion, while the strides made are commendable and hold immense promise for the future, the
journey ahead is intricate, demanding a blend of meticulous research, innovation, and collaboration.
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