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Abstract

Aquaculture is recognized as one of the most rapidly expanding food-production sectors worldwide and has
become an important source of seafood for human consumption. However, this sector is facing various problems,
including infectious diseases, the biggest obstacle preventing the growth and economic output. Diseases have
a significant effect on the marketability, fertility, growth, and death rates in aquaculture. Diseases have a
significant effect on the marketability, fertility, growth, and death rates in aquaculture. In intensive aquaculture
systems, infectious agents such as bacteria, viruses, fungi, and parasites can result in substantial losses of fish
stocks. Viral diseases cause irreversible damage to the aquaculture sector. Tilapia is the second most commonly
farmed aquatic species, but owing to tilapia lake virus (TiLV), there has been a major loss, with mortality rates
peaking at more than 90%. It is a contagious disease that spreads via horizontal and vertical transmission.
Vaccination is an effective method of disease prevention and control of infectious diseases in aquaculture.
Recently developed TiLV vaccines showed promising results in reducing infections. With the ongoing global
expansion of aquaculture, the demand for new vaccines will persist far into the future. This article provides
a thorough insight into TiLV, especially its different types of vaccines and immune responses that have been
developed so far.
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INTRODUCTION in a culture environment. It is considered a rich source of

protein and a nutrient provider among cultured fish.?*l Among

quaculture is among the most rapidly Tilapia species, Nile Tilapia (Oreochromis niloticus) is the
Aexpanding food-production  sectors most cultivated fish, which comes under the family Cichlidae.
worldwide, with seafood production Tilapia is a freshwater animal and plays an important role in
reaching 181 million tonnes during 2020—  the ecosystem by maintaining the balance of the freshwater
2022. Aquaculture fish farming in inland  ©cosystem, and is rarely found in brackish water.?*l Over

and coastal areas increases the production of the ages, tilapia production has rapidly increased, and in
seafood. which benefits both the local food  the year 2020, more than 4.5 million tonnes of tilapia fish

supply and economy (Arumugam et al., 2023).

Asia is the biggest producer of seafood; this Address for correspondence: )
is attributable to an increase in fish intake per Dr. S. Vimal, Department of Biochemistry, Saveetha

capita. To accomplish the demand for food and Medical College and Hospital, Saveetha Institute of
the economy, culturally relevant fish species Medical and Technical Sciences, Thandalam - 602105,

as well as production methods, were practiced. Chenr.lal, .Tamll. Nadu, India. .

To achieve these needs, tilapia is considered E-mail: vimalbiotechs@gmail.com
the second most broadly cultured fish variety
in aquaculture.'"! Tilapia fish are affordable,
can tolerate high as well as low-level water
temperatures, and withstand high water salinity
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were produced worldwide.!®? Most probably, tilapia is highly
cultivated over the other aquatic species because of its ability
to resist viruses, bacteria, and pathogen infections.[”? Despite
tilapia’s origin from Africa and the Levant region, it is now
mainly cultivated and produced in Asia. China is considered
the largest tilapia-producing country, followed by Egypt,
Indonesia, and Bangladesh.® Tilapia can also be vulnerable
to viral and bacterial infections, such as Vibrio, Aeromonas,
Pseudomonas, and Streptococcus.>° Due to the demand for
tilapia in aquaculture, the farming practice has also increased,
which leads to high stress levels in the culture environment.
The factors that can induce stress levels in fish can be due
to an increase in density, poor water quality, standard fish
farming practices, transportation, and netting, which have
been well-documented."” Changes in the environmental
conditions may increase the stress level in fish, which also
results in immunosuppression. This condition weakens
the innate immune system of fish against pathogens, and
becomes more vulnerable to infections caused by viral and
bacterial diseases.!'”]

The outbreak of tilapia lake virus (TiLV) in tilapia fish caused
a huge loss in aquaculture production. The virus is a novel
orthomyxo-like RNA virus and represents an important threat
to the sustainability of tilapia farming.!"'"' The virus was first
reported in Israel,!'* and was followed by 15 countries and 4
continents that were severely affected.l'>'" This causes 80%
mortality and a high morbidity rate during the early stage of
the disease, and is susceptible to being affected in any life
stage form.['>!"1 This review is a brief study and development
of the TiLV vaccine across the globe in the past 5 years.

THE ORIGIN AND EPIDEMIOLOGY

TiLV disease (TiLVD) results from infection with an
enveloped, single-stranded RNA virus that contains a
10-segmented genome, in which individual segments
range from 456 to 1641 nucleotides and the total genome
size is 10,323 nucleotides.['” These 10 segments encode 14
proteins, which are responsible for the primary pathogenicity
in tilapia.l"" 121418 TiLV diameter ranges between 55 nm and
2200 nm. 1417201 [n the summer of 2009, large-scale tilapia
fish died due to an unknown virus in Israel that caught
the attention of scientists. However, the disease was not
officially diagnosed as TiLV until 2013.1" In the same year,
TiLV was reported in Ecuador." Nevertheless, genomic
epidemiology suggests that the TiLV likely originated
between 2003 and 2009, approximately 5-10 years
before its first official recognition in Israel, where it has
become widely distributed across Asian countries. TiLV
has been verified to be present in 16 countries, including
Colombia,?! Egypt,?>* Thailand,!">!®! India,** Malaysia,?
Bangladesh,*®! Uganda,?” Tanzania,’”! the USA,”® and
China.l' TiLV is considered a significant threat in over 45
countries, spanning various regions [Figure 1].01518
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The risk of a catastrophic pandemic in tilapia aquaculture is
considerable because the virus is widely distributed across
tropical regions, including the Americas, Asia, and Africa.
Moreover, the importation of tilapia seed from countries
where TiLV has been reported may increase the likelihood
of intercontinental spread, placing many African nations at
risk.? Tilapia species showed mortality reaching up to 90%,
and all the growth stages are susceptible to TiLV infection.
The mortality rate of tilapia fish differs across geographical
regions. The outbreak reported in Israel, Egypt, and Thailand
occurred mainly during the hot summer time, particularly
during the months of May—October.!'*?? In Ecuador, the
outbreak ends up till November.'"”! The water temperature,
ranging from 22 to 32°C, was reported for the clinical outbreak
of TiLVD because of the underlying factors. It assumes that
the actual prevalence and distribution of TiLV is inaccurate
due to a lack of comprehensive research and in-depth studies
of mortality-related events in the tilapia industry, the absence
of standard TiLV testing techniques, restrictions on certain
national veterinary services, and various political issues.!?’>%

A CONCISE INTRODUCTION TO
IMMUNIZATION IN FISH

In aquaculture, fish infections have been a significant
concern, resulting in substantial economic losses
worldwide.P! Despite numerous trials and the development
of new therapies, there has been no significant improvement
seen in the health of aquatic fish. Antibiotics or chemical
treatments for fish disease may be available; however,
they come with clear drawbacks, including drug-resistant
bacteria and consumer and environmental safety concerns.?
A vaccine is a biological agent formulated to stimulate or
strengthen adaptive immune responses by activating cytotoxic
T-lymphocytes and antibody-secreting B cells. Its purpose
is to confer immunity to individuals against a specific
illness or a variety of illnesses. These vaccines are usually
developed from the disease source, its components, or a
synthetic substitute serving as an antigen without inducing
the disease. As a biological agent, vaccines entail exposing
the fish’s immune system to either the complete pathogen
or its components before encountering an infection from a
highly pathogenic wild-type. At the beginning of the tradition,
vaccine studies were conducted exclusively on vaccinated
fish. Since the early reports published in the 1940s, the
development of multiple vaccines has markedly lessened
the losses linked to bacterial and viral infections in fish.[**34
Preventing disease outbreaks remains a major challenge in
aquaculture, as production systems are constantly exposed to
opportunistic bacteria, viruses, and parasites. Because these
pathogens may persist in the environment or be carried by
apparently healthy fish, aquaculture systems are particularly
prone to health-related disturbances. The first fish vaccine
to be reported was an oral vaccine administered to cutthroat
trout, which was a killed variant of Aeromonas salmonicida, a
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Figure 1: Representation of tilapia lake virus-affected countries worldwide

species of Oncorhynchus clarkii.®®37 The first commercially
available licensed fish vaccine was an immersion-
administered vaccine designed to prevent the transmission of
enteric redmouth disease.*® This vaccine was inactivated and
targeted Yersinia ruckeri. At present, 26 licensed vaccines are
commercially available worldwide for application in different
fish species.’*3?! Viral vaccines are commonly developed
from attenuated viruses, inactivated viral particles, or specific
surface proteins and other viral components. In fish, the
major vaccine types include whole-pathogen vaccines, either
inactivated or attenuated, together with subunit vaccines,
virus-like particles (VLPs), and nucleic acid-based vaccines.?!
Since some vaccines trigger only a modest immune response
on their own, adjuvants are frequently added to enhance their
effectiveness.?? Adjuvants are capable of increasing the immune
responses and stimulating the cytotoxic T-lymphocytes to
promote local or systemic immune activation, because they
are structurally diverse compounds and can directly regulate
the immunogenicity of a specific antigen. %41

Disease challenge models are standardized in vivo models
used to evaluate the effectiveness of vaccines. Both
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cohabitation challenge models closely resemble natural
viral exposure and transmission routes, even though they
present greater complexities in terms of control compared
to injection challenge methods, in which every individual
fish is administered an identical pathogen dosage.”! A
study has recently achieved a successful development of
a vaccine for TiLV, which has been causing mortality
and economic losses in the Asian aquaculture industry.
However, the approach of knocking out virulent genes for
TiLV vaccine development faces challenges due to limited
knowledge about the functions of the various genes within
TiLV’s 10-segment genome. To address this challenge, there
is a critical need for the development of a reverse genetics
approach, similar to the methodology employed for influenza
A viruses. This approach will be pivotal in taking the first
steps toward genetically modifying TiLV to create attenuated
TiLV vaccine candidates with deleted genes. Zeng et al.
have recently achieved success in creating a promising live-
attenuated vaccine against infectious spleen and kidney
necrosis virus (TiLV) by deleting specific highly protective
and low-pathogenic genes. However, the development of
a TiLV vaccine based on a gene-deletion strategy remains
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difficult because the functions of many genes within the
10-segment TiLV genome are still not fully understood. There
is a pressing need for the establishment of a reverse-genetics
approach, comparable to that used for influenza A viruses,
as it would represent a crucial initial step in modifying the
TiLV genome to produce gene-deleted attenuated vaccine
candidates.

CO-HABITATION

When sharing the same environment with tilapia in a
cultivation pond, several fish species, including major
Indian carp species (Labeo rohita, Catla Catla, and
Cirrhinus mrigala), milkfish (Chanos chanos), pearl spot
(Etroplussuratensis), Mugil cephalus, Cyprinus carpio, and
Liza ramada, did not experience any mortality throughout
the outbreak period.”?>*! In addition, a study by Jaemwimol
et al. revealed that several tropical freshwater warm-water
species, such as Trichogaster pectoralis, Pangasianodonhy
pophthalmus, Clarius macrocephalus, Channa striata,
Anabas testudineus, C. carpio, Barbodes gonionotus, and
Lates calcarifer, exhibited resistance to TiLV infection.
However, it is noteworthy that non-tilapia hosts were
first identified, including the river Barb (Barbonymus
schwanenfeldii) along with giant gourami (Osphronemus
goramy), which were found to be infected by TiLV.[344

CO-INFECTION

Reports have also documented concurrent infections
involving various bacterial pathogens in fish affected by
TiLV.l"1 Various species of Aeromonas, including A. veronii,
A. ichthiosmia, A. enteropaelogenes, A. hydrophilia,
Flavobacterium spp., and Streptococcus spp., were identified
in TiLV-infected fish.*#44 The extent to which TiLV and
co-infections contribute to clinical severity, mortality,
incubation time, and other factors remains uncertain.[*’!

Notably, a naturally occurring TiLV—-A. veronii co-infection
has been documented in Malaysian red hybrid tilapia.
Reports indicate that TiLV co-infections are observed more
often with Aeromonas species than with other bacterial
groups. This can be attributed to the presence of potent
virulence factors in Aeromonas species and their adaptability
to adverse conditions.*?! This information underscores the
need for further research to verify the potential involvement
of other pathogens in TiLV infections. There have been
documented instances of concurrent infection involving
diverse bacterial pathogens in fish afflicted by TiLV.
Regarding TiLV, instances of co-infection were reported
among TiLV-positive fish in Thailand. These coinfections
involved various bacteria (Flavobacterium, Aeromonas, and
Streptococcus), the monogenean parasites (Gyrodactylus
salaris and Dactylogyrus vastator), and ciliated protozoa
(Trichodina)." In both Thailand and Egypt, researchers
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were able to isolate multiple bacterial species from
TiLV-infected fish (Zenacibaculum maritimum-like virus).
These species included Flavobacterium, Streptococcus, and
Aeromonas species have been reported in previous studies
Flavobacterium, Streptococcus, and Aeromonas species,
have been reported in previous studies.'*!. Similarly,
TiLV-infected fish in Malaysia yielded concurrent isolations
of A. veronii, S. xylosus, A. sobria, A. hydrophila, and
S. agalactiae, as documented in research.?547481

FISH VACCINE AND CONTEMPORARY
STRATEGIES FOR MANAGING TILV
INFECTIONS

A vaccine is a biological product developed to enhance
protection against a particular disease or group of related
diseases. It works by stimulating the immune system to
recognize and react to an antigen derived from a disease-
causing pathogen.?#! Over the years, a spectrum of
vaccines has emerged to combat viral infections relevant to
aquatic environments. These vaccines have been developed
employing various methodologies, all with the common
goal of eliciting an immune response against a specific
pathogen and establishing a lasting immune memory to
safeguard against the target virus. Although inactivated
viruses and recombinant subunit proteins remain the basis of
most viral vaccines used in aquaculture, newer approaches
such as attenuated vaccines and DNA-based vaccines have
become increasingly important and are now commonly used
in cyprinid and salmonid farming. These newer vaccine
strategies are used to control diseases caused by viruses such
as koi herpesvirus (KHV), infectious hematopoietic necrosis
virus (IHNV), and salmonid alphavirus.? In Israel, the initial
vaccine against T-lymphocytopenia (TiLV) was created using
TiLV strains that underwent 17-20 consecutive passages of
cell culture, resulting in a prototype vaccine with a relative
percent survival (RPS) of more than 50% [Figure 2].1'"J As
of now, there are no available therapeutics or commercially
produced vaccines for the control of TiLVD.

Live/attenuated viral vaccines

Live attenuated viral vaccines consist of viruses that have
been weakened through genetic or chemical methods,
allowing them to induce an immune response in the
host for a limited period. These vaccines consist of live
microorganisms, such as bacteria and viruses, which have
been rendered non-pathogenic, meaning they can no longer
cause the specific infection. Live vaccines may be weakened
through chemical mutagenesis, serial passage in cell-
culture systems under non-standard conditions, or targeted
genetic modification.’”) Live vaccines are generally more
immunogenic than their inactivated counterparts. This is
largely because their ability to replicate or enter host tissues
triggers broader cellular responses involving both innate
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Figure 2: Representation of types of vaccines available for tilapia lake virus. (i) Attenuated/live vaccine, (ii) killed/inactivated
vaccine, (iii) DNA/recombinant vaccine, (iv) nanoparticle-based vaccine, (v) recombinant subunit protein vaccine

and adaptive immunity, thereby promoting a strong and
durable immune response.’>4 Moreover, adjuvants are not
necessary for attenuated viral vaccines. During vaccination,
a single dose or a small number of doses will be sufficient.
Traditionally, attenuation was achieved through a series of
passages of the virulent strain in the presence of specific
antibiotics, inducing random mutations, or in a laboratory
setting, or in a controlled laboratory environment.’**! On
the other hand, the modern attenuation strategy utilizes
genetic alteration technologies, including random transposon
rearrangement and allelic exchange replacement.l>>3¢
The modern technique has attracted considerable interest
compared to the methods typically employed for killed whole
cell vaccines due to its more stable and definitive attenuation
[Figure 3 and Table 1].5¢

Currently, there are four licensed live viral vaccines present,
which are three against bacterial disease and one against
viral disease, which is KHV. This vaccine is administered
via injection or the immersion route.’”) As of the present
date, no alternative vaccines have been commercially
released against the fish disease. Successful modification
of viral genomes to generate live vaccine candidates with
weakened characteristics has been demonstrated in large
DNA viruses such as KHV. This achievement has led to the
generation of numerous live-virus vaccine candidates for
carp KHV, which are presently under consideration for use
in multiple countries.’ In Israel, a patented experimental
attenuated vaccine for TiLVD has been formulated through
serial passages of the TiLV virus in cell culture. Despite its
development, this vaccine has not been made available in
the commercial market. Bacharach ef al. 2022 conducted an
investigation to ascertain the optimal number of passages
necessary for the acquisition of attenuated and avirulent
TiLV vaccine candidates. The study examined passages 12,
17, and 20 of a live-attenuated TiLV strain (isolate 4/2011),
which had been maintained through repeated in vitro passage
in a permissive cell line. These virus isolates were generated
through a series of in vitro passages in cell culture conducive
to their growth. Subsequently, P12, P17, and P20 vaccine
candidates were administered to Nile tilapia via intraperitoneal
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Figure 3: A visual representation of different types of tilapia
lake virus vaccines and their efficiency

(IP) injection, using a phosphate-buffered saline solution
containing a concentration of 1.3 x 10> TCID, /mL of TiLV
virus. After 3 weeks of vaccination, the fish were exposed
through cohabitation with infected fish that had acquired
infection during a 6-h exposure to fish previously placed in
a tank containing wild-type TiLV that had undergone four
passages to enhance virulence. In this experimental setup,
mortality following challenge with the wild-type strain began
between 2 and 4 days’ post-challenge and continued for
5-7 days. Notably, only the attenuated TiLV strains obtained
after 17 and 20 successive passages showed the desired
effect in providing significant protection to the vaccinated
fish, resulting in RPS values of 56-58% for P20 and P17,
respectively.['!l

Despite their effectiveness in providing long-lasting
protection and eliciting both cellular and humoral immunity,
live vaccines face significant challenges, particularly in terms
of safety, limiting their widespread adoption as commercial
vaccines. Before these vaccines can be considered safe for




Table 1. List of TiLV vaccines and their mechanism of action against TiLV

Vaccine Type Immunization Vaccine Vaccine Survival Immune Responses Reference
Plan Dose Efficiency Rate (%)
(%)
Passage/Attenuated Live Vaccine
P17 1 dose 1.3x10? 58% 62% Not reported (Bacharach
TCID50/mL et al. 2016)
P20 1 dose 1.3x10? 56% 64% Not reported (Bacharach
TCID, /mL et al. 2016)
Inactivated Vaccine
BPL- inactivated 2 doses— 1.8x106 85.7% 86.7%  Anti-TiLV IgM serum levels were (Zeng et al.
vaccine 3 weeks apart TCID, /mL identified, and the presence of 2021)
neutralizing antibodies was observed.
Heat- Killed 2 doses— 1.8x108 71.3% 81.3%  Elevation in the expression of IgM, (Mai et al.
vaccine 3 weeks apart TCID, /mL IgT, and IgD has been documented.  2021)
Formalin-Killed 2 doses— 1.8x108 79.6% 86.3% Increased expression of IgM, IgT, (Mai et al.
vaccine 3 weeks apart  TCID, /mL and IgD has been documented. 2021)
Recombinant Protein Subunit Vaccine
rVP20 protein 2 doses— 400 nug 51.3% 52.5% Detection of anti-TiLV IgM in the (Zeng et al.
3 weeks apart serum was reported, along with 2021)
the identification of neutralizing
antibodies.
rTIS9 1 dose 200 ug 27.8 9.6% - A rise in the antibody response in (Chamtim
sera, evaluated through dot blot et al. 2022)
assay, was observed.
rTIS10 1 dose 200 ug 44.4 25.4% - A discernible elevation in the (Chamtim
antibody response within the sera, et al. 2022)
evaluated through dot blot assay,
was noted.
DNA Vaccine
pV-optiVP20 2 doses— 50 ug 48.7% 50%-  Elevated levels of anti-TiLV IgM (Zeng et al.
3 weeks apart antibodies in the serum and an 2021)

augmentation in serum neutralizing
antibodies were observed.

pcDNA 2 doses— 45ug 85.7% - Substantial elevation in the (Joaquin
3.1-ORF10 2 weeks apart expression of TLR2, MyD88, IL8, etal. 2019)
TNF-a, INF-3, and NF-xB was
observed.
pcDNA-Tis9 1 dose 5ug 38.9 - A proportional rise in the antibody (Chamtim
9.6% response within sera, evaluated et al. 2022)
through dot blot analysis, was noted.
pcDNA-Tis10 1 dose 5ug 50.00% - A relative elevation in the antibody (Chamtim
16.7 response within sera, evaluated et al. 2022)

through dot blot analysis, was noted.
Nanoparticle-Based Vaccines

CN-KV 1 dose 10%x 68.2% - Enhanced TiLV-specific (Gong et al.
TCID,/mL serum antibody response was 2022)
observed exclusively at 14 days
post-challenge (dpc), as assessed
by an indirect enzyme-linked
immunosorbent assay (ELISA).

Cs-pS2@M-M 1 dose 10 ug 76.9% - Elevated TiLV-specific serum antibody (Nombela
response, evaluated through indirect et al. 2019)
enzyme- linked immunosorbent
assay (ELISA), was accompanied by a
noteworthy increase in IgM expression.
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commercial use, several potential risks must be carefully
evaluated, including reversion to a virulent form, residual
virulence, and the possibility of disease occurrence in
immunocompromised vaccine recipients. To assess the safety
of the above-mentioned TiLV vaccine candidates, Bacharach
et al. (2016) performed experiments in which large groups
of fish were injected with doses 10 times higher than the
standard vaccine dose or subjected to five serial back passages
of each variant. These experiments were designed to examine
remaining virulence and the likelihood of return to virulence.
Importantly, neither of these approaches resulted in side
effects. However, the absence of long-term follow-up should
be emphasized, as important safety concerns over extended
periods remain unresolved.™ This issue is especially significant
because TiLV is a segmented virus capable of reassortment,
a feature that may facilitate the emergence of new viral
subtypes.?%?7>% Moreover, it is important to highlight that
TiLVD has been identified in fish within their natural habitats,
where monitoring reassortment events is difficult, posing a risk
for the emergence of new pathogenic strains.

Inactivated vaccine

Inactivated vaccines are usually made from harmful disease-
causing pathogens. A special treatment is applied to these
pathogens, which makes them unable to cause infection
or multiply inside or outside a host. This treatment can
involve physical methods, chemicals, or radiation, but
it does not affect the germ’s ability to trigger the immune
response.[®! The earliest viral vaccine developed for fish was
an inactivated bivalent vaccine targeting carp rhabdovirus, the
causative agent of spring viremia in carp.l*!! This vaccine was
formulated from two inactivated isolates of spring viremia of
carp virus, mixed in oil and delivered by injection. Nowadays,
while they exhibit varying effectiveness, most viral vaccines
employed in aquaculture are inactivated vaccines. This
approach involves isolating viral particles from infected
fish, propagating them in culture, and then inactivating
them so that they can no longer cause infection or disease
while still retaining their immunogenic properties. Virus
inactivation can be achieved by chemical treatment using
compounds such as formalin, formaldehyde, ethylamine, or
B-propiolactone (BPL), as well as by physical approaches,
including heat treatment and ultraviolet irradiation, which can
alter the viral surface glycoproteins involved in binding to the
cellular receptors during the infection.[!! Since inactivated
vaccines often elicit weaker protective immunity, the use of
immunological adjuvants and repeated booster immunizations
may be required to strengthen the immune response.®” These
vaccines are most commonly administered by IP injection
and are generally valued for their stability, safety, and ease of
production.?*$! A recent study®® evaluated the effectiveness
of a BPL-inactivated vaccine developed against the TiLV
2017A isolate among tilapia. This evaluation was carried
out both with and without the inclusion of Montanide
IMS 1312 VG as an adjuvant. Researchers reported that
the most substantial RPS values, measuring 85.7% and

Asian Journal of Pharmaceutics * Apr-Jun 2026 « 20 (2) | 1374

64.3%, respectively, were achieved after high doses of
the chemically inactivated vaccine (calculated from pre-
inactivation viral titers) had been administered, specifically
1 x 10° TCID,/mL and 1 x 107 TCID,/mL, respectively,
and when the adjuvant was included in the immunization
process. These findings indicate that the two factors, the dose
used for the inactivated vaccine along with the inclusion of
an adjuvant, play important roles in determining vaccine
efficacy. In addition, the BPL-inactivated vaccine was
found to induce strong serum immunoglobulin M (IgM)
and neutralizing antibodies specific to TiLV responses
within the 3 week after initial immunization. This effect
became more pronounced when the inactivated vaccine
doses were at 1 x 10* and 1 x 107 TCID, /mL, particularly
when combined with the adjuvant. In these cases, the titer
of neutralizing antibodies reached markedly elevated levels
at around approximately 6 weeks post-prime immunization.
The study also examined the expression of genes associated
with immune responses, including interleukin-1 beta
(IL-1B), tumor necrosis factor-alpha (TNF-o), interferon-
gamma (IFN-y), CD4, and MHC Class I and Class II, in the
kidney and spleen of vaccinated fish. These genes showed
markedly elevated expression, particularly around 6 weeks
post-primary immunization (WPPI), when higher doses of
the inactivated vaccine were administered with an adjuvant.
The results suggest that both cellular and humoral immune
mechanisms contribute to the TiLV-specific immune response
detected in vaccinated tilapia. In addition, the response of
cytokines (TNF-o, IL-1B, and IFN-ycytokines) plays a role
within this immune reaction. After a challenge with the
virulent TiLV 2017A strain, vaccinated tilapia showed lower
viral loads in the liver, spleen, and kidney, with the greatest
reduction observed in fish that received higher vaccine
doses together with an adjuvant. These findings indicate that
vaccination effectively suppressed viral replication. Notably,
the researchers also reported that the BPL-inactivated vaccine
provided better protection than the formaldehyde-inactivated
vaccine. This finding suggests that the method of inactivation
can also influence the effectiveness of chemically inactivated
vaccine formulations. In a separate investigation, the study was
conducted to evaluate the effectiveness of two distinct vaccine
formulations against the TH-2018-K strain of TiLV.[®? These
formulations included a heat-inactivated water-based vaccine
(HKV) and a formalin-treated inactivated vaccine (FKV),
and notably, neither of them included the use of an adjuvant.
In a manner consistent with the observations made by Zeng
et al. 2021, the onset of mortality in the groups subjected to
vaccination, following exposure to the virulent TH-2018-K
TiLV strain, was first observed at approximately 7 days post-
challenge. Notably, the study conducted by Mai et al. 2021
had a more protracted vaccination trial period of 70 days,
surpassing the 57-day timeline utilized.5%%? In a subsequent
research investigation, both the HKV and FKV formulation
were used to assess whether IgM antibodies specific to TiLV
induced in O. niloticus broodstock could provide passive
immune protection to juvenile tilapia.® The study also aimed
to determine whether immunizing the parental brood stock




would lead to the protection of larvae through the transfer
of passive maternal antibodies. In this study, both male and
female broodstock were subjected to IP immunization with
the HKV and FKV vaccines. Over the course of the study,
blood samples, fertilized eggs, and larvae were collected on a
weekly basis, and the levels of IgM antibodies were quantified.
In addition, sera obtained from female broodstock that had
been immunized with either HKV or FKV were utilized for
passive intramuscular immunization in juvenile tilapia. Within
this field of aquaculture, several investigations have explored
the efficacy of inactivated RNA virus vaccines. An intriguing
finding is the heightened effectiveness, with an RPS of
81.9 %, observed in the context of viral encephalopathy and
retinopathy (VER) when employing a formalin-inactivated
vaccine delivered via IP injection in European sea bass.[%!
Of particular interest, the same study showed that the BPL-
inactivated VER vaccine generated a relatively strong VER-
specific [gM response. In contrast, the heat-inactivated vaccine
delivered intraperitoneally produced more variable serum IgM
levels, although some individuals exhibited relatively high
responses. Furthermore, formalin-treated, BPL-treated, and
heat-inactivated vaccine preparations, when delivered through
the immersion route, resulted in significantly diminished and
irregular IgM responses across the tested samples assessed
by the researchers. This differs markedly from the strong
IgM responses observed in the intraperitoneally vaccinated
groups, highlighting IP injection as the preferred route for
administering inactivated vaccine formulations. The same
study also made an observation with possible implications
for future TiLV research, namely that certain RNA viruses
may show resistance against both the chemical and physical
inactivation approaches.[* This underscores the necessity
for meticulous verification of complete inactivation before
vaccination.

Recombinant vaccine

Subunit vaccines are developed by exploiting the capacity
of selected protein antigens to trigger immune responses,
including the production of high-affinity, isotype-switched
antibodies. Unlike whole-virus vaccines, they contain only
a limited number of viral proteins or antigenic determinants,
often together with purified viral components rather than
the entire viral particle.*”! Because subunit vaccines cannot
replicate within the host, they carry no risk of reverting to
a pathogenic form. These vaccines are designed to focus
the immune response on specific viral targets, particularly
envelope-associated components involved in viral attachment
and entry.”” In practice, protein subunit vaccines are
commonly produced by expressing antigenic proteins through
recombinant systems or by isolating and purifying the relevant
proteins. While this approach minimizes the likelihood of
severe adverse effects, it necessitates the administration of
multiple booster doses and the inclusion of an adjuvant to
enhance immunization strength and longevity.®) On the
contrary, VLP vaccines consist of subunit components of a
particular virus that are autonomously gathered from those
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viral structural proteins, forming structures that closely
resemble authentic virions.’! In contrast to real virus
particles, VLPs do not contain genomic material and only
display multiple copies of the same or a restricted number
of antigens on their surface.’” These vaccine varieties have
the benefit of being constructed from viral structural proteins
capable of eliciting robust immune responses while remaining
non-infectious. Consequently, they eliminate any potential for
reverting to a pathogenic infectious form, making them well-
suited for immunizing individuals with weakened immune
systems. Although various VLP production systems provide
the flexibility to precisely customize VLPs, their development
remains intricate, and assembling them poses technical
challenges, particularly in the case of enveloped VLPs.l!
Recently, a novel in vivo cloning approach using the yeast
Saccharomyces cerevisiae was successfully applied to express
recombinant open reading frames (ORFs) of TiLV.7! This
approach has the potential to support the efficient production
of large amounts of recombinant viral proteins for vaccine
development. Although yeast-based vaccines have not yet
received licensing for use in aquaculture, they are garnering
increasing attention within this field. The approach described
by Cueva et al. is particularly notable because it allows one
or more viral fragments to be cloned into a single plasmid
[Figure 4].7) This advancement opens up possibilities for
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Figure 4: The figure illustrates the in vivo cloning method
in the yeast, Saccharomyces cerevisiae. (Reprinted with
permission from Cueva et al.,® Ulmer et al.l®®)




the development of VLP vaccines, which have not yet been
created for TiLVD prevention and infection control. Based
on the advances discussed above, the development of subunit
vaccines for TiLVD, particularly those based on recombinant
protein expression, is already well in progress.

Nucleic acid vaccines

Nucleic acid vaccines, consisting of RNA vaccines and DNA
vaccines, involve the use of plasmids that contain a gene that
encodes an antigen protein. These plasmids are introduced into
the host so that host cells can express the antigenic protein and
subsequently trigger an immune response against it.[*) Nucleic
acid vaccines are relatively simple vaccine platforms based on
DNA or mRNA molecules that encode the target antigen(s).
Their development is generally straightforward, as it requires
only the genetic sequence of the viral antigen of interest together
with an appropriate delivery system.® These vaccines are
administered safely without the risk of reverting to a pathogenic
state. Their streamlined design makes them well-suited for
quick and easy deployment during disease outbreaks.[””

DNA vaccines

DNA vaccines are based on expression plasmids that carry a
specific gene encoding an antigenic protein. Bacterial cells
amplify plasmid production, and the gene, placed between
promoter and termination elements, induces robust immune
responses in the host.”!72 The first reported application of
a DNA vaccine for aquaculture purposes was to combat
IHN, which was tested on rainbow trout.”’” Out of over
420 distinct DNA vaccine candidates extensively studied in
laboratory trials during the past quarter-century.”! Yet, only a
few of these vaccines have been brought to market and made
available for commercial use. The incorporation of surface
glycoproteins from VHSV and IHNV as antigens in DNA
vaccine expression plasmids resulted in improved protection,
strong antibody responses, and successful immunization.l7¢!
DNA vaccines, safer than live attenuated ones, generate
specific antigenic protein segments, not the entire organism.
Limited understanding exists of how these antigens interact
within the host, but the genetic expression ensures prolonged
immune responses.l’”

Yu et al. developed and evaluated a pcDNA3.1-ORF10
DNA vaccine targeting TiLV infection in Nile tilapia.[’®
Intramuscular administration of this vaccine significantly
upregulated several genes associated with immune responses,
including IgM, TLR2, MyD88, IL-8, TNF, IFN-y, and NF-xB
across the spleen, liver, and kidney tissues of vaccinated fish.
Among these, marked increases were observed in IFN-y
expression in the liver, IgM, IFN-u, and NF-kB expression in
the spleen, and IL-8 and TNF-a expression in thespleen, and
IL-8 and TNF-«. in the kidney. Vaccinated fish also showed
a delayed onset of mortality, and the RPS increased from
60.71% to 85.72% as the vaccine dose increased. Following
viral challenge, tilapia immunized with pcDNA3.1-ORF10
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had significantly lower viral loads in the spleen, liver, and
kidney, indicating that the vaccine was capable of inducing
protective immunity.

Zeng et al. developed and assessed a plasmid DNA vaccine
(pV-optiVP20) derived from VP20 (segment §) against
TiLV."! Intramuscular vaccination of tilapia using the
codon-optimized pV-optiVP20 DNA vaccine led to a notable
rise in antigen-specific serum IgM, further strengthened
post-booster immunization at three WPPIL. This vaccine
additionally increased the expression of immune-associated
genes, including IL-1, TNF-o, CD4, and MHC-II, suggesting
the activation of both antibody-mediated and cell-mediated
immune responses. In addition, splenic IgM concentrations
rose significantly, and viral burden in the liver and kidney
was markedly reduced after challenge with the virulent TiLV
2017A strain. Despite a 50% survival rate, fish vaccinated
with PV-optiVP20 showed a 48.7% RPS value.

A recent study evaluated two DNA vaccine candidates,
pcDNA-Tis9 and pcDNA-Tis10 constructs, based on TiLV
segments 9 and 10, following intramuscular administration in
young hybrid red tilapia.®®! Vaccination using these constructs
produced RPS values of 38.89 + 9.62% for pcDNA-Tis9 and
50.00 + 16.67% for pcDNA-Tis10, even though only 5 pug of
each vector was used. These findings suggest that the ORF
encoded by TiLV segment 10 is more immunogenic than that
derived from segment 9.

Acrelated study outlined the initial steps in formulating another
DNA vaccine against TiLV. Their approach involved the use
of a recombinant plasmid vector carrying a genetic sequence
originating from TiLV segment 4. Detection of the amplicon
gene occurred as early as 8 h after two injections into juvenile
tilapia. This DNA vaccine was originally developed guided
by the assumption that TiLV segment 4 encoded the viral
neuraminidase protein, akin to the membrane-bound surface
glycoprotein in influenza viruses, making it a plausible
target for vaccine development. However, studies discovered
that this genomic segment actually codes for the TiLV
nucleoprotein, thereby refuting the initial hypothesis.[

RNA-based vaccines

RNA vaccine formulations are non-invasive, hence, they are
safer to use, and they are highly effective in stimulating the
immune system.®! Currently, RNA vaccines are classified
into two main types based on their translational capacity:
conventional non-replicating mRNA vaccines and self-
replicating mRNA vaccines, commonly referred to as
replicons.®! The design of mRNA vaccine platforms has
faced numerous challenges, primarily due to the inherent
properties of the mRNA molecule. Naked, unprotected
mRNA can be degraded by nucleases.

However, the development of an mRNA vaccine strategy
targeting TiLV has yet to be realized. Significant progress
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in this field could occur by utilizing the broad host cell
functionality of the alphavirus replicase, particularly if the
genetic sequences encoding the alphavirus structural proteins
are replaced with those of TiLV.

Coxsackievirus and adenovirus receptors were discovered
in response to TiLV infection in tilapia in a transcriptome
investigation. After examining the effect of OnCAR on TiLV
proliferation, the researchers found that the ORF of tilapia
OnCAR was 516 bp in length and encoded a 171-amino-
acid protein containing both a transmembrane region and
an Ig-like domain. The tilapia challenge’s heart, liver, and
muscle tissues had the greatest levels of this OnCAR gene’s
broad expression across all examined tissues. Analysis of
subcellular localization showed that the OnCAR protein
expression was mainly detected on the membrane of tilapia
brain cells. These findings provide a useful foundation for
basis for designing effective RNA-based vaccines to prevent
and control TiLVD. They will also help to better understand
the antiviral mechanism of tilapia (TiLVD).

NANOPARTICLE VACCINES

Nanovaccines are known for their capacity to stimulate innate
as well as adaptive immune responses in fish. Nanoparticle
carriers carrying targeted antigens are capable of stimulating
specific cellular and humoral immune responses, it plays a
crucial role as efficient delivery systems, enabling the precise
control of vaccine molecule administration and their gradual
release, which, in turn, facilitates sustained preventive
measures and serves as effective agents for therapeutic
delivery.® Numerous investigations have delved into the
incorporation of diverse nanoparticles as adjuvants in the
development of vaccines, with the selection often contingent
upon their suitability for the host. Widely employed
nanoparticles encompass common nanocarrier materials,
including alginate, chitosan, PLGA, PLA, dendrimers, and
liposomal systems. However, their practical application
still depends on overcoming several important limitations.
However, it is crucial to highlight that the crucial step lies in
connecting vaccine components with the right nanocarriers
to improve vaccine qualities and enhance their delivery,
ultimately leading to an effective immune response. Recent
progress in the field of nanotechnology has made it possible
to create a new category of vaccines. These vaccines utilize
very tiny particles known as nanoparticles or nanocarriers
to either encapsulate or connect with virus antigens. The
resulting nanoparticle-based formulation acts as an effective
system for delivering vaccines. It safeguards the enclosed
antigen from degradation, enhancing its stability and overall
vaccine effectiveness.?! Chitosan nanoparticles have received
considerable attention and have been broadly applied in
aquaculture for creating fish vaccines. Chitosan nanoparticles
have been explored as vaccine delivery systems in several
fish species. For example, they have been used in a vaccine
targeting infectious salmon anemia virus that combined an
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inactivated virus with a DNA sequence encoding alphavirus
replicase, which functioned as an adjuvant. Chitosan
nanoparticles have also been applied in the development of
an oral DNA vaccine targeting turbot reddish body iridovirus,
which is a member of the fish-associated iridoviruses.® More
recently, a TiLV vaccine based on a chitosan nanoparticle-
based vaccine has been developed for tilapia. This vaccine,
administered by immersion, contains formalin-treated
TiLV strain VET-KUTVO0S8 and shows adhesive properties
toward the gill mucosa. In a cohabitation challenge model,
fish vaccinated with this CN-KV nanovaccine achieved
significantly higher RPS values (68.17%) than fish receiving
the inactivated virus alone (25.01%). In addition, CN-KV-
vaccinated fish exhibited stronger TiLV-specific antibody
responses at 14 days’ post-challenge than untreated control
groups given the inactivated virus preparation or chitosan
nanoparticles alone. In field-farming settings, where natural
TiLV exposure was permitted 28 days after vaccination,
the CN-KV-immunized group recorded an RPS of
52.22%, whereas the control group receiving only chitosan
nanoparticles showed lower protection. Comparable to oral
PLGA- and liposome-derived nanovaccine systems, the
CN-KYV formulation remains particularly attractive because it
enables mass vaccination through immersion, reducing labor
demands and making it more practical for farm use.¢

A biomimetic nanoscale delivery platform, designated
Cs-pS2@M-M, was developed with fish red blood cell
membranes that had been modified with DSPE-PEG-Man
mannose. This system was used to deliver an anti- TiLV
DNA-based vaccine. The biomimetic nanoformulated
vaccine was given as an injection into the muscle. This system
enabled prolonged and effective DNA expression in muscle
and spleen tissues. It also induced a strong systemic antibody
response and upregulated the expression of several immune-
related genes, showing greater immune stimulatory activity
than the same dose of non-mannosylated nanoparticles or
the uncoated DNA vaccine. Fish that received the mannose-
modified vaccine showed a 76.9 % protection rate, whereas
the group that received the naked DNA vaccine had a 50.0 %
protection rate. This new vaccine, which uses a modified fish
cell membrane, was injected into the fish’s muscle and turned
out to be very effective. It stimulated the fish’s immune
system, resulting in a higher level of protection against
TiLV.B7 Nevertheless, injecting this biomimetic nanovaccine
into the fish’s muscle is a slow and demanding process, which
can be expensive and impractical for large-scale vaccination
in aquaculture settings.

VACCINE ADMINISTRATION

Fish vaccines are typically given through oral administration,
injectable routes such as IP or intramuscular delivery, and
immersion-based methods. The choice of delivery route is
influenced by the method and depends on various factors,
including the type of vaccine, the life stage of the fish




(larval, fry, juvenile, adult, or spawning stages), production
system, immune-memory status, pathogen type, life-cycle
characteristics, and labor costs.®#] The chosen delivery
methods can affect the elicited immune response and the
level of protection against the targeted pathogen.!®”!

Oral vaccines

While administering oral vaccines is straightforward, safe,
and stress-free for fish across all life stages and sizes, the
resulting immunological responses are frequently inconsistent
and suboptimal. This is likely related to antigen degradation
in the gastrointestinal tract and the limited transfer of
antigens from the intestinal lumen to immune-responsive
cells in fish.®”® Nevertheless, whole-pathogen antigens,
subunit antigens, and nucleic acid antigens, particularly DNA
vaccines, all remain potential candidates for oral delivery.®!
In fact, the majority of nanovaccine formulations documented
in aquaculture are delivered through oral means.[®92%1 Ag
noted, oral vaccines may serve as boosters following primary
vaccination, enhancing protection against specific chronic
endemic diseases.”®! As highlighted, this protection appears to
be mediated mainly by antibody-mediated immune responses
instead of humoral immune responses, rather than by cell-
mediated or innate immune responses.” As mentioned
above, recently, S. cerevisiae was effectively employed for
the in vivo cloning of viral complementary DNA derived
from all 10 TiLV genome segments, presenting opportunities
for enhancing the efficacy of oral vaccines in tilapia.”

Injectable vaccines

The optimal approach for vaccination is through injectable
immunization. this the preferred vaccination method,
ensuring consistent vaccine dosage for each fish and fostering
a strong, lasting immune response for enduring protection.”
In contrast to oral vaccination, injection (IP or IM) demands a
smaller antigen quantity while ensuring precise and uniform
vaccine dosing for each fish. Intramuscular injection is a
common route for administering DNA vaccines,””! whereas
adjuvants, particularly oil adjuvants, are frequently employed
with IP injections.[*" All the presently documented inactivated
TiLV vaccines are administered through the IP route
uniformly.’*6% In addition, the newly disclosed nanovaccine
against TiLV, featuring mannose functionalization and
biomimetic properties, utilizes modified membranes from
tilapia erythrocytes.”® Automated injection, in contrast to
manual injection, minimises fish stress, decreases labour
intensity, shortens injection duration, and addresses certain
drawbacks associated with the injection immunisation
method.!*”! Due to the potential mortality resulting from stress
induced by injectable vaccination, the limitation of not being
able to perform multiple administrations of injectable vaccines
during the fish production cycle is a significant drawback.™
The primary drawback associated with injectable vaccines
is their economic impracticality for repeated administration
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throughout the fish production cycle. Furthermore, due to
the underdeveloped nature of the immune system in early
life stages of fish, injectable vaccines cannot be efficiently
administered during this period.®"

Immersion vaccine

Vaccination by immersion is a unique approach for aquatic
vaccines, which involves antigens being absorbed by mucosal
tissues such as gills and skin. This swift activation of the
fish’s mucosal immune system extends to systemic tissues,
such as the peripheral blood, kidney, and spleen, prompting
an effective systemic immune response.””! In contrast to
the method of injection, the utilization of an immersion-
based approach for vaccination represents a straightforward
and uncomplicated strategy. Immersion vaccination can be
executed through both dip and bath vaccination methods. In
dip vaccination, fish are immersed for a short period, usually
about 30 s, in a highly concentrated vaccine solution. In
contrast, bath vaccination involves exposing fish for a longer
duration, typically from one to several hours, in a more
diluted vaccine solution.”® The dip immersion method is
preferred for vaccination as it allows for the rapid vaccination
of a larger number of fish in a more efficient manner." The
rationale behind the widespread application of immersion
in administering live attenuated and vector vaccines, as
opposed to injection, is likely attributed to its ability to
mimic the natural route of infection in fish. This method has
been widely applied in the context of vaccines such as the
CN-KYV chitosan nanovaccine designed for TiLV, indicating
the versatility of immersion even for nanovaccines.*! One
limitation of the immersion method is that it generally
provides protection for a shorter duration. This limitation
may pose challenges, especially in the context of cultivating
various fish species for an extended period.”® However,
despite the numerous advantages associated with this delivery
route, it appears that the establishment of immunity takes a
longer duration, ranging from 3 to 12 months.”* In addition,
the duration of immunity seems to be relatively shorter,
necessitating the administration of supplementary booster
doses.’® Furthermore, the application of the immersion
method becomes impractical for larger fish, primarily due
to factors such as the longer time duration, associated costs,
induced stress, and the inherent difficulty in utilizing multiple
immune-stimulating agents and adjuvants.’®

CONCLUSION

This review presents an assessment of the effectiveness
and survival rates of various vaccines introduced in the last
5 years, revealing a positive trend in vaccine development.
The TiLV poses a major challenge for aquaculture production,
causing substantial losses. Developing a treatment and
prevention strategy is crucial, with vaccines regarded as
one of the most sustainable and economically practical
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approaches for managing major diseases in aquaculture and
mitigating financial losses from outbreaks of fish diseases.
An effective fish vaccine should be safe for both fish and
the environment, cost-effective for mass production, easily
administered, capable of generating robust immunity during
vulnerable periods, and exhibit minimal adverse effects.
Emerging and alternative fish vaccines are leveraging
advanced technologies initially designed for human or
animal healthcare, demonstrating significant potential
for application in aquaculture. Various methods are being
explored to develop vaccines for preventing TiLV infection.
While these approaches offer hope in conferring immunity
against TiLV, most do not specifically target the viral envelope
glycoproteins, apart from inactivated and live-attenuated
vaccine candidates, partly due to the unidentified nature
of these viral proteins. Despite this limitation, considering
the potential for TiLV to cause large-scale mortality, it is
imperative to explore alternative vaccine development
approaches, including multiepitope-based methods such
as multiepitope VLPs and mRNA nanoparticle-based
vaccines. A better understanding of fish immune pathways
is expected to support the design of improved vaccines and
immunization strategies that incorporate effective, naturally
derived adjuvants, such as previously identified CpG DNA
fragments, which are associated with fewer side effects. As
tilapia aquaculture continues to expand worldwide, additional
diseases relevant to the industry may emerge, creating the
need for new vaccines or for the adaptation of existing ones.
Harnessing all available biotechnology to address these
emerging diseases is of paramount importance, considering
the ongoing global expansion of aquaculture, ensuring a
continual demand for new vaccines in the future.
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