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Abstract

Feline calicivirus (FCV) is a genetically diverse and rapidly evolving positive-sense RNA
virus that remains a major cause of infectious disease in domestic cats worldwide. FCV
is classically associated with upper respiratory tract disease and oral ulceration; however,
the emergence of highly virulent systemic FCV (VS-FCV) strains has expanded its clinical
significance owing to severe multisystemic disease, increased mortality, and frequent out-
breaks in shelters, breeding colonies, and veterinary healthcare facilities. Continuous viral
evolution driven by mutation, recombination, and immune selection promotes antigenic
diversity, prolonged asymptomatic shedding, vaccine escape, and the emergence of novel
variants, thereby complicating diagnosis, prevention, and disease control. This review sum-
marizes recent advances in FCV molecular biology, viral evolution, host-virus interactions,
pathogenesis, epidemiology, clinical manifestations, diagnostics, vaccination, and emerging
antiviral and immunomodulatory therapies. The review also examines the available epi-
demiological evidence on FCV in India, highlighting reported regional findings, limitations
in geographic and genomic coverage, and the need for coordinated surveillance. Within a
One Health framework, FCV is considered primarily as an important companion-animal
W) Check for updates pathogen and a model for strengthening veterinary surveillance, biosecurity, genomic
Academic Editor: Giovanni Rezza monitoring, and outbreak preparedness, rather than as a confirmed zoonotic threat. By

integrating current scientific evidence with identified surveillance and research gaps, this
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review outlines priorities for improving FCV surveillance, prevention, and control and for
strengthening preparedness for emerging companion-animal viral diseases.
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1. Introduction

Emerging and re-emerging RNA viruses continue to represent a major challenge to
global animal and public health because of their rapid evolutionary rates, extensive genetic
diversity, and remarkable ability to adapt to changing host and environmental conditions.
Although many RNA viruses of public-health concern are zoonotic, companion-animal
pathogens such as feline calicivirus (FCV) are primarily important because of their effects
on animal health, welfare, and veterinary healthcare systems. A One Health perspective rec-
ognizes the interconnectedness of companion animal health, environmental management,
veterinary practice, and human activities. The growing companion animal population,
increasing international movement of pets, expansion of animal shelters and breeding facil-
ities, and changing patterns of urbanization can facilitate the persistence and dissemination
of infectious pathogens within animal populations. Accordingly, strengthening surveil-
lance, biosecurity, and outbreak preparedness for companion-animal diseases can improve
veterinary disease control and laboratory capacity, while also providing infrastructure that
may be applicable to the surveillance of other emerging pathogens [1].

Among viral pathogens affecting domestic cats, feline calicivirus (FCV) remains one
of the most widespread, genetically diverse, and evolutionarily dynamic RNA viruses
worldwide. FCV is a non-enveloped, positive-sense single-stranded RNA virus belonging
to the genus Vesivirus within the family Caliciviridae. Similar to many RNA viruses, the lack
of proofreading activity in its RNA-dependent RNA polymerase results in a high mutation
rate that continuously generates genetically heterogeneous viral populations. Together with
homologous recombination and immune-mediated selection, these evolutionary processes
facilitate viral persistence, antigenic diversification, vaccine escape, and the emergence of
novel variants capable of adapting to changing host populations [2—4].

FCV exhibits substantial genetic and antigenic diversity, and infection may result in
prolonged viral shedding, allowing continued transmission within multi-cat populations.
Although vaccination reduces clinical disease, protection against infection and shedding is
incomplete, contributing to continued circulation of genetically diverse field viruses [3,5].
Molecular epidemiological studies have demonstrated extensive strain diversity within and
between feline populations, emphasizing the importance of continued genomic surveillance
and characterization of circulating variants [6,7].

Clinically, FCV is recognized as a major cause of feline upper respiratory tract disease,
oral ulceration, conjunctivitis, polyarthritis, and chronic gingivostomatitis. However, the
emergence of virulent systemic feline calicivirus (VS-FCV) has significantly altered the
perception of FCV from a relatively mild respiratory pathogen to one capable of causing se-
vere multisystemic disease characterised by vasculitis, facial oedema, cutaneous ulceration,
pneumonia, hepatic dysfunction, and mortality exceeding 50% during outbreaks. Such
outbreaks have been reported in veterinary hospitals, shelters, rescue centres, breeding
colonies, and multi-cat households, where high animal density, environmental contami-
nation, and prolonged viral shedding facilitate rapid transmission and continuous viral
evolution [3,4,8,9].

One of the greatest challenges in FCV control is its remarkable genetic and antigenic
diversity. Unlike genetically stable viruses, FCV circulates as heterogeneous quasi-species
that continually evolve under host immune pressure. Consequently, naturally acquired and
vaccine-induced immunity often provide incomplete cross-protection, allowing vaccinated
animals to become infected and shed virus despite reduced clinical severity. Persistent
carrier cats further contribute to viral maintenance and act as evolutionary reservoirs in
which genetically distinct variants may emerge over time. These characteristics closely
resemble evolutionary processes observed in several medically important RNA viruses and
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highlight FCV as an informative model for understanding viral adaptation, persistence,
and outbreak dynamics in companion animal populations [10,11].

Recent advances in molecular diagnostics and whole-genome sequencing have im-
proved the understanding of FCV epidemiology and viral evolution. Molecular epidemi-
ological studies have demonstrated substantial genetic diversity among circulating FCV
strains, while sequence-based investigations have identified geographically distributed
lineages and recombination events. These findings highlight the limitations of relying solely
on conventional epidemiological investigations and underscore the growing importance of
genomic epidemiology for monitoring viral evolution, characterizing circulating variants,
and evaluating vaccine—field strain relationships [2,6-8,12-15].

These challenges are particularly relevant in developing countries such as India,
where the rapidly expanding companion animal population, increasing establishment of
shelters and breeding facilities, and limited molecular surveillance provide favourable
conditions for sustained viral circulation and evolution. Although sporadic molecular
studies have reported genetically distinct Indian FCV isolates, comprehensive nationwide
epidemiological data, whole-genome surveillance, and systematic evaluation of circulating
strains remain limited. Addressing these knowledge gaps is essential for strengthening
veterinary preparedness and developing evidence-based prevention and control strategies.

This review provides a comprehensive and updated overview of FCV biology, with
emphasis on viral evolution, molecular epidemiology, host—virus interactions, clinical
manifestations, diagnostics, vaccination, and emerging antiviral approaches. Particular
attention is given to recent advances in genomic surveillance, outbreak preparedness, and
One Health strategies, together with the current status of FCV in India and future research
priorities. By integrating contemporary advances in virology with modern surveillance and
preparedness concepts, this review aims to provide a practical framework for improving
the prevention and control of FCV while illustrating the broader significance of companion
animal RNA viruses in global infectious disease preparedness.

2. Global Importance of Feline Calicivirus as an Emerging Companion
Animal RNA Virus

Feline calicivirus (FCV) is one of the most prevalent and evolutionarily dynamic viral
pathogens affecting domestic cats worldwide. Although traditionally recognized as an
important cause of feline upper respiratory tract disease, increasing evidence indicates
that FCV should be regarded as an emerging companion animal RNA virus because of its
remarkable genetic plasticity, broad clinical spectrum, capacity for persistent infection, and
ability to generate highly virulent outbreak-associated variants. Similar to many medically
important RNA viruses, FCV evolves continuously through mutation, recombination, and
immune-mediated selection, enabling rapid adaptation to changing host populations and
facilitating long-term persistence despite widespread vaccination [2,3,11].

The global expansion of companion animal ownership has substantially altered the
epidemiology of infectious diseases affecting domestic cats. Urbanization, international
movement of pets, commercial breeding, rescue organizations, and increasing numbers of
multicat households have created favourable conditions for the introduction, maintenance,
and dissemination of contagious pathogens. In these environments, FCV is efficiently
transmitted through direct contact with oral and respiratory secretions as well as indirect
exposure to contaminated fomites. Furthermore, prolonged viral shedding by clinically
recovered or asymptomatic carrier cats enables continuous circulation within feline popula-
tions, making eradication virtually impossible [10,16,17].

Unlike many respiratory viruses that cause self-limiting infections, FCV exhibits con-
siderable clinical and genetic heterogeneity. While most infections result in mild respiratory
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disease and oral ulceration, the emergence of virulent systemic feline calicivirus (VS-FCV)
has demonstrated the virus’s capacity to cause severe multisystemic disease characterised
by vasculitis, cutaneous ulceration, facial oedema, pneumonia, hepatic dysfunction, and
mortality rates exceeding 50% during outbreaks. Such outbreaks have been reported in
veterinary hospitals, animal shelters, breeding colonies, and rescue centres across North
America, Europe, Asia, and Australia, emphasising the global significance of FCV and the
importance of rapid outbreak recognition and containment [4,8,9].

A defining feature of FCV is its extraordinary antigenic diversity. The error-prone
RNA-dependent RNA polymerase continuously generates genetically heterogeneous viral
populations, while selective pressure imposed by host immunity promotes the emergence
of variants capable of escaping neutralizing antibodies. Consequently, currently available
vaccines generally reduce disease severity but do not consistently prevent infection, vi-
ral shedding, or transmission. Persistent infection further accelerates viral evolution by
providing opportunities for within-host diversification, allowing chronically infected cats
to serve both as reservoirs of infection and as sources of novel viral variants [2,3]. These
evolutionary characteristics closely resemble those observed in several rapidly evolving
RNA viruses of human and veterinary importance, making FCV an informative model for
studying viral adaptation, antigenic drift, and outbreak emergence.

Recent advances in molecular diagnostics and whole-genome sequencing have trans-
formed the understanding of FCV epidemiology. High-resolution genomic surveillance has
demonstrated that genetically distinct FCV variants frequently circulate simultaneously
within individual shelters or veterinary hospitals, whereas closely related viruses may
be detected across geographically distant regions owing to international movement of
companion animals. These findings highlight the limitations of relying solely on tradi-
tional epidemiological investigations and underscore the growing importance of genomic
epidemiology for identifying transmission pathways, monitoring viral evolution, and
evaluating vaccine relevance [11].

Although FCV has no confirmed zoonotic potential, its importance extends beyond
feline medicine. The virus exemplifies many of the evolutionary and epidemiological
principles that govern emerging RNA viruses, including rapid mutation, recombination,
immune escape, persistent infection, and outbreak-associated evolution. Within the One
Health framework, surveillance of FCV contributes to strengthening veterinary diagnostic
capacity, improving infection-control practices, supporting antimicrobial stewardship, and
enhancing preparedness for future emerging companion animal pathogens [1]. Conse-
quently, FCV should be viewed not only as a significant feline pathogen but also as a
valuable model for understanding the emergence, surveillance, and control of rapidly
evolving RNA viruses in companion animal populations.

FCV continues to circulate worldwide in household, shelter, breeding and free-roaming
cat populations, posing substantial challenges to companion animal health through its
extensive genetic diversity, efficient transmission and persistent carrier states (Figure 1).

Epidemiological Status of Feline Calicivirus in India

Information on the epidemiology of feline calicivirus (FCV) in India remains rela-
tively limited and geographically fragmented, with available studies differing in sampling
populations, clinical presentation, diagnostic approaches, and molecular characterization.
Recent Indian investigations nevertheless provide evidence of ongoing FCV circulation
among domestic cats. A retrospective cross-sectional study conducted at the ICAR-Indian
Veterinary Research Institute, Bareilly, Uttar Pradesh, evaluated 675 feline clinical samples
collected between November 2023 and November 2025. FCV was detected by PCR in
1 of 675 samples (0.14%), whereas feline panleukopenia virus and feline herpesvirus-1
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were detected at higher frequencies. The authors emphasized the continued circulation of
feline viral pathogens despite vaccination and highlighted the need for sustained molecular
surveillance and optimization of vaccination strategies [18].
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Figure 1. Worldwide distribution of feline calicivirus (FCV) infection. The map illustrates the
reported geographical occurrence of FCV in domestic cats across different continents, highlighting
the widespread distribution of the virus globally. Created in BioRender. Publication License Details:
https:/ /BioRender.com/r9vygll.

Recent molecular evidence from Northeast India further indicates regional circulation
and genetic variation of FCV. In a 2025 study from Assam, 56 vaccinated cats presenting
with upper respiratory tract disease were investigated using RT-PCR targeting the FCV
VP1 gene. FCV was detected in 5 of 56 cats (8.93%) when FCV-positive animals, including
co-infections, were considered, while three animals showed FCV as a standalone infection
(5.36%). The study also identified FCV/FHV-1 co-infections and examined the partial VP1
sequence of an FCV-positive sample.

Importantly, phylogenetic analysis of the Assam FCV isolate (PZ727510) showed
clustering within an Asian lineage, with the isolate grouping closely with Chinese and
South Korean field strains and occupying a branch distinct from the commercial vaccine
strains F9 and 2024 included in the analysis. These findings provide preliminary evidence
that FCV circulating in Indian cats may be genetically related to regional Asian field viruses,
although the interpretation is limited by the analysis of a single partial VP1 sequence [18].

The marked difference between the detection frequencies reported in Bareilly (0.14%)
and Assam (8.93% overall FCV positivity; 5.36% standalone FCV detection) should not
be interpreted as a direct estimate of regional prevalence. The studies examined different
populations and clinical settings: the Bareilly investigation used a broader retrospective
collection of feline clinical samples, whereas the Assam investigation specifically enrolled
cats presenting with upper respiratory tract disease. Differences in sampling strategy,
disease status, geographic location, diagnostic methodology, and population structure may
therefore contribute to the observed variation.

Despite these emerging observations, India currently lacks a coordinated nationwide
FCV surveillance framework integrating standardized molecular diagnostics, systematic
sampling across geographic regions, sequence-based epidemiology, and longitudinal moni-
toring of circulating strains. Available evidence is concentrated in individual institutions
or regions, limiting assessment of the national distribution, genetic diversity, evolutionary
dynamics, and relationship between field strains and vaccine strains. Future studies should
therefore incorporate multicentric sampling from owned, free-roaming, shelter, breeding,
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and clinically affected cat populations; standardized RT-PCR/RT-qPCR-based detection;
capsid gene sequencing and, where feasible, whole-genome sequencing; and phyloge-
netic and recombination analyses. Such coordinated surveillance would help establish
an evidence-based epidemiological baseline for FCV in India and support evaluation of
vaccine cross-protection, outbreak investigation, and development of regionally relevant
prevention and control strategies.

3. Molecular Evolution and Genomic Epidemiology of Feline Calicivirus

Feline calicivirus (FCV) is a non-enveloped, positive-sense single-stranded RNA virus
belonging to the genus Vesivirus within the family Caliciviridae. Its approximately 7.5-7.7 kb
genome comprises three open reading frames (ORF1-ORF3), encoding non-structural pro-
teins involved in viral replication and two structural proteins, VP1 and VP2, responsible
for virion assembly and infectivity [3,19]. Although structurally compact, the FCV genome
exhibits remarkable functional plasticity, enabling efficient replication, rapid adaptation,
and continuous genetic diversification. These characteristics underpin the virus’s persis-
tence in feline populations and its ability to generate antigenically distinct variants capable
of causing endemic disease and sporadic outbreaks.

The viral capsid is primarily composed of the major structural protein VP1, which
contains conserved shell (S) and variable protruding (P) domains. The hypervariable P2
subdomain is exposed on the virion surface and mediates receptor binding and antibody
recognition. Consequently, this region accumulates mutations more rapidly than other
genomic regions and represents the principal determinant of antigenic diversity and vaccine
escape. In contrast, the minor structural protein VP2, although present in small quantities,
plays an essential role in virion stability and genome delivery during viral entry [20,21].

FCV initiates infection by binding to feline junctional adhesion molecule-A (fJAM-A)
expressed on epithelial cells of the oral and upper respiratory tract. Receptor engagement in-
duces conformational rearrangements within the viral capsid, facilitating clathrin-mediated
endocytosis and release of the viral RNA genome into the cytoplasm. Following entry, the
genomic RNA functions directly as messenger RNA for translation of the ORF1 polyprotein,
which is subsequently cleaved into functional non-structural proteins, including the viral
protease, VPg, helicase, and RNA-dependent RNA polymerase (RdRp). These proteins
coordinate viral RNA synthesis, intracellular membrane remodeling, and assembly of repli-
cation complexes within the cytoplasm [3,19]. The genome organization and intracellular
replication strategy of FCV are summarized in Figure 2.

A defining molecular characteristic of FCV is the absence of proofreading activity
in the viral RNA-dependent RNA polymerase, resulting in a high mutation rate during
replication. Continuous accumulation of nucleotide substitutions generates genetically
heterogeneous viral populations, commonly referred to as quasispecies, which provide
a substrate for natural selection [22]. Under host immune pressure, variants possessing
enhanced replication efficiency, altered receptor affinity, or reduced susceptibility to neu-
tralizing antibodies are preferentially maintained. This dynamic evolutionary process
promotes antigenic drift, persistent infection, and adaptation to vaccinated populations,
thereby complicating long-term disease control [11].

In addition to point mutations, homologous recombination contributes significantly to
FCV evolution. Recombination occurs when genetically distinct viruses co-infect the same
host cell, allowing exchange of genomic segments and generation of novel viral lineages
with altered biological characteristics. Most recombination events have been reported near
the ORF1-ORF2 junction, although recombination within capsid-associated regions has
also been described. Together with mutation, recombination accelerates viral diversification
and contributes to the emergence of epidemiologically distinct strains [10,11].
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Figure 2. Genome organization of feline calicivirus (FCV). Schematic representation of the FCV
genome organization. The figure also illustrates the structural and non-structural proteins involved in
viral replication, assembly, and release following receptor-mediated cell entry. Created in BioRender.
Publication License Details: https://BioRender.com/2xzxj8t.

The major viral, host, and environmental determinants responsible for FCV evolution,
persistence, epidemiological spread and outbreak amplification are summarized in Table 1.

Table 1. Determinants of Feline Calicivirus Evolution, Persistence, Transmission and Outbreak

Amplification.
Effect on Viral Epidemiological Implication for
Determinant Underlying Mechanism Evolution or proemio’os Prevention and
.. Significance
Transmission Control
Produces genetically Facilitates Use conserved
Error-prone RNA La§k of proofreading by (.:11ver§e ad!aptatlo.n to host diagnostic targets
replication [3,23] viral RARp generates quasispeciesand immunity and and monitor
P ’ frequent mutations. continuous sequence transmission circulating sequence
variation. conditions. variation.

Recombination
[3,24-26]

Template switching
occurs during
co-infection with related
viruses.

Generates novel
genomic combinations
and phenotypes.

Promotes lineage
diversification and
emergence of
distinct variants.

Use whole-genome
sequencing to detect
and characterize
recombination.

Infection or May contribute to Monitor antigenic
. vaccine-induced Favors variants with breakthrough and genetic
Immune selection oo - . .
[27,28] antibodies exert reduced susceptibility infection and relatedness of

! pressure on exposed to existing antibodies. variable vaccine and field

capsid epitopes. cross-protection. strains.

. Prol licati . . .

Persistent rolonged replication Maintains viral Recovered cats may  Apply isolation and

infection and

and intermittent

circulation and

act as reservoirs for

appropriate carrier

. shedding allow . . .
carrier state -y provides opportunities recurrent management in
within-host ) . . . . :
[3,25,29] . e for viral evolution. transmission. high-risk settings.
diversification.
Young age, stress, poor Sustains
Host & age S, P ) . Reduce stress,
“ e1e nutrition, Increases viral transmission and . .
susceptibility and . . - . . . manage co-infections
immunosuppression replication, shedding severe disease in L
concurrent . . . . . . and maintain
. and co-infections impair ~ and disease severity. vulnerable L
disease [30-32] . . vaccination.
antiviral defence populations.
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Table 1. Cont.

Effect on Viral Epidemiological Implication for
Determinant Underlying Mechanism Evolution or pidemio’og Prevention and
.. Significance
Transmission Control
Shelters, breeding
. . 1 , sh . " .
High-density Close contact, s ared Enhances direct and colonies and Implement cohorting,
. facilities and o . ) s
multicat . indirect transmission veterinary ventilation,
. contaminated . . . .
environments cquipment increase and strain hospitals favour disinfection and
[28,30] P co-circulation. outbreak rapid isolation.
exposure. A
amplification.
Use effective
. Non-enveloped virions .. Facilitates disinfectants,
Environmental ) Extends transmission .
. can persist on . shelter-associated adequate contact
persistence and . beyond direct . :
. contaminated surfaces and nosocomial times and
fomites [33-35] . cat-to-cat contact. .
and equipment. spread. environmental
decontamination.
Animal M . .
fma ovement between Disseminates Connects outbreaks Apply health
movement and households, shelters, . . .
. . Togs established and newly and increases screening,
population breeding facilities and . ps .
o . . evolved variants opportunities for quarantine and
connectivity veterinary settings . . .
; . across populations. strain mixing. movement records.
[6,25] spreads infection.
Uneven vaccination, - . Supports endemic  Maintain vaccination
o . Permits infection and : . .
Incomplete waning immunity and . . circulation and alongside
: Lo shedding despite . ;
population antigenic mismatch ¥ outbreaks in surveillance,
. . . reduced clinical . . . .
immunity [3,36] create susceptible disease partially protected  biosecurity and rapid
populations. ' populations. diagnostics.

Abbreviations: RdARp, RNA-dependent RNA polymerase.

Persistent infection further amplifies viral evolution. Approximately 10-20% of in-
fected cats continue to shed infectious virus for prolonged periods despite apparent clinical
recovery. Continuous replication within these carrier animals provides opportunities for
accumulation of adaptive mutations under immune selection, allowing chronically infected
cats to function as both reservoirs of transmission and evolutionary incubators for novel
variants [10]. This characteristic distinguishes FCV from many acute respiratory viruses
and contributes substantially to its global persistence.

Despite extensive genomic diversity, no universally conserved molecular marker has
been identified that reliably differentiates virulent systemic FCV (VS-FCV) from classical
field strains. Comparative genomic studies indicate that highly virulent viruses emerge
independently through multiple evolutionary pathways rather than from dissemination of
a single hypervirulent lineage. Disease severity therefore appears to result from complex
interactions among viral genotype, host immune responses, tissue tropism, and environ-
mental factors rather than specific nucleotide substitutions alone [4,8]. Consequently,
diagnosis of VS-FCV requires integration of clinical findings, epidemiological investigation,
and genomic analysis rather than reliance on molecular detection alone.

Advances in structural biology and next-generation sequencing have substantially
improved understanding of FCV molecular evolution. Whole-genome sequencing has
demonstrated that genetically distinct variants frequently coexist within individual shelters
and veterinary hospitals, while closely related viruses may circulate across geographically
distant regions through movement of companion animals. Such observations highlight the
limitations of partial capsid sequencing and emphasise the importance of comprehensive
genomic surveillance for outbreak investigation, transmission tracking, and evaluation of
vaccine—field strain relationships [11].
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Collectively, the compact genome, error-prone replication machinery, capacity for
recombination, and prolonged persistence make FCV one of the most evolutionarily dy-
namic RNA viruses affecting companion animals. These molecular characteristics not only
explain the remarkable diversity observed among circulating field strains but also provide
the biological basis for viral persistence, diagnostic challenges, vaccine escape, and the
continuing emergence of novel variants. A detailed understanding of these mechanisms is
therefore fundamental for the development of improved molecular diagnostics, broadly
protective vaccines, and effective surveillance strategies.

4. Host-Virus Interactions and Pathogenesis

The pathogenesis of feline calicivirus (FCV) is determined by the interaction between
viral genetic characteristics, cellular receptor usage, innate and adaptive immune responses,
tissue tropism, and host susceptibility. This complex relationship explains the broad
spectrum of outcomes ranging from asymptomatic infection and localized oral or respira-
tory disease to persistent infection and fatal virulent systemic feline calicivirus (VS-FCV).
Importantly, disease severity cannot be attributed to a single viral mutation; rather, it
reflects the combined effects of viral replication, immune evasion, inflammatory injury, and
host-related factors [2,3].

4.1. Cellular Attachment, Entry, and Replication

FCV infection begins with attachment of the VP1 capsid protein to feline junctional
adhesion molecule-A (fJAM-A), an immunoglobulin-superfamily receptor expressed at
epithelial tight junctions. Receptor binding is mediated predominantly by the protruding P2
domain of VP1 and induces conformational rearrangements within the viral capsid. These
structural changes expose the minor capsid protein VP2, which assembles into a portal-like
structure that facilitates transfer of the viral genome across the endosomal membrane into
the cytoplasm [20,21]. The functions of the major viral proteins, their interactions with host
cellular pathways, and their potential exploitation as therapeutic targets are summarized
in Table 2.

Table 2. Viral Proteins, Host—Virus Interactions and Therapeutic Targets. Integrated summary of
the major FCV proteins involved in host entry, replication, immune evasion and their potential
exploitation for antiviral intervention.

Viral Protein/Host .. . Host Molecule or Biological Therapeu.tlc
Component Principal Function Pathway Consequence Opportunity/
Research Direction
Initiates cell entry; Neutralizing
VP1 (major capsid) Attachment and contains major monoclqnal ant.1b0d1es;
1 fJAM-A neutralizing epitopes vaccine antigen
[37-39] receptor binding . .
and varies optimization; entry
antigenically. inhibitors
Facilitates genome Portal/entry
VP2 (minor capsid)  Portal formation and Endosomal & inhibitors;
. release after receptor .
[21] genome delivery membrane structure-guided
engagement .
antivirals
VPg [40-42] Translation initiation eIF4E /elFAG Promotes Vlrall Host translation
translation complex protein synthesis modulators
Replication complex Intracellular Supports replication ~ Replication complex
NS1/2 [43] ) S
formation membranes organelles inhibitors
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Table 2. Cont.
. . . . Therapeutic
Viral Protein/Host incipal . Host Molecule or Biological v/
Component Principal Function Pathway Consequence Opportunity
Research Direction
. ATP-dependent =~ RNA unwinding and Helicase inhibitors
NS3 [19,44] NTPase/helicase RNA metabolism replication (experimental)
Membrane ER-derived Formation of Host—dlrectgd .
NS4 [42] . . . membrane trafficking
remodeling membranes replication vesicles o
inhibitors
NS5 (VPg precursor) Genpme-hnkgd Rephc.atlon Efficient RNA Replication inhibitors
[19,45] protein processing machinery synthesis
Proteolytic Protease inhibitors;
NS6 [46,47] 3C-like protease Viral polyprotein ~ processing essential ~ broad-spectrum 3CL
for maturation inhibitor development
NS7 [45,48] RNA-dependent Viral RNA GeEE?;rsg tlic(i?on Nucleoside analogues;
’ RNA polymerase synthesis RdRp inhibitors

Reduced interferon

Host-directed

39 [49,50] Innate immune RIG-I signaling; response and immunomodulators;
p ! antagonism autophagy enhanced viral autophagy-targeted
persistence therapy
Host interferon viral def Type linterferon Restricts viral Reco?r'lbman’f feline
athway [51-53] Antiviral defense signaling replication IFN-w; innate immune
p stimulation
Inﬂgmmatory IL-6, TNF-c, Tissue injury during . Selective Lo
cytokine network Immunopathology chemokines severe disease immunomodulation in
[54] VS-FCV

Abbreviations: FCV, feline calicivirus; ffAM-A, feline junctional adhesion molecule A; ER, endoplas-
mic reticulum; RdRp, RNA-dependent RNA polymerase; RIG-I, retinoic acid-inducible gene I; eIF4E,
eukaryotic translation initiation factor 4E; eIF4G, eukaryotic translation initiation factor 4 gamma;
IL-6, interleukin-6; TNF-o, tumor necrosis factor alpha; fIFN-w, feline interferon omega; VS-FCV,
virulent systemic feline calicivirus.

Following predominantly clathrin-mediated endocytosis and endosomal acidification,
the positive-sense RNA genome is released into the cytoplasm and translated directly.
Viral non-structural proteins reorganize intracellular membranes to form replication com-
plexes in which genomic and subgenomic RNAs are synthesized. Viral protease-mediated
polyprotein processing and RNA-dependent RNA polymerase activity support rapid viral
amplification, whereas suppression of cellular protein synthesis redirects host resources
toward viral replication. Productive infection culminates in marked cytopathic effects and
cell lysis, particularly within oral and respiratory epithelia [3,19].

4.2. Innate Immune Modulation and Inflammatory Injury

Early recognition of FCV RNA by intracellular pattern-recognition receptors would
normally activate type I interferon and other antiviral pathways. However, FCV has
evolved mechanisms that suppress these responses, thereby permitting efficient replication
before effective adaptive immunity develops. Viral non-structural proteins interfere with
interferon-associated signalling, host translation, autophagy, and cellular stress responses.
In particular, the FCV p39 protein has been reported to promote autophagy-dependent
degradation of retinoic acid-inducible gene I, thereby reducing antiviral signalling and
favouring viral replication [51].
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Although immune evasion facilitates replication, excessive host inflammation is an
equally important determinant of tissue injury. FCV infection induces inflammatory me-
diators, including interleukin-1p3, interleukin-6, tumour necrosis factor-«, chemokines,
and interferons, which recruit neutrophils and macrophages to affected tissues. Con-
trolled inflammation may contribute to viral clearance, whereas dysregulated responses
can intensify epithelial necrosis, ulceration, vascular leakage, oedema, and secondary tis-
sue damage. Thus, FCV pathogenesis reflects both direct virus-mediated cytolysis and
immune-mediated injury.

4.3. Tissue Tropism and Clinical Correlates

The oral cavity and upper respiratory tract are the principal sites of FCV replication.
Infection and destruction of lingual, palatal, and oropharyngeal epithelial cells produce the
characteristic oral ulcers associated with acute disease. Replication in nasal and respiratory
epithelia contributes to fever, sneezing, nasal discharge, conjunctivitis, and upper respi-
ratory inflammation. Disruption of mucosal barriers may also predispose affected cats to
secondary bacterial infection.

Certain strains exhibit broader tissue tropism and may involve the lungs, synovial
tissues, skin, liver, pancreas, and vascular endothelium. Pulmonary infection may cause
bronchointerstitial pneumonia, alveolar injury, and respiratory distress, particularly in
young or immunocompromised cats. Transient polyarthritis and limping syndrome are
thought to involve immune-complex deposition and inflammatory synovitis rather than
extensive direct viral destruction of joints. Persistent viral antigen stimulation has also
been associated with feline chronic gingivostomatitis, although FCV is unlikely to act as
the sole cause of this multifactorial inflammatory disorder [2].

4.4. Persistence and Immune Escape

A proportion of infected cats continue to shed FCV after clinical recovery. Persis-
tent shedding is supported by incomplete immune clearance, ongoing viral replication,
antigenic variation, and selection of escape variants. Within-host viral populations may
progressively diverge under antibody pressure, allowing FCV to remain detectable for
months and, in some animals, considerably longer [10].

Carrier cats are epidemiologically important because they maintain infection within
multicat populations and may introduce virus into shelters, breeding colonies, or house-
holds without displaying clinical signs. Persistent infection also provides an extended
evolutionary environment in which mutations can accumulate, potentially generating
variants with altered antigenicity, transmission efficiency, or tissue tropism. Vaccination
generally reduces clinical severity but does not consistently prevent infection or shed-
ding, further permitting circulation of FCV in vaccinated populations. The sequential
events involved in FCV pathogenesis and the principal mechanisms of immune evasion
are summarized in Figure 3.

4.5. Pathogenesis of Virulent Systemic FCV

VS-ECV represents the most severe clinical outcome of infection and is characterised
by fever, facial and limb oedema, ulcerative skin lesions, pneumonia, jaundice, hepatic dys-
function, coagulopathy, and multiorgan failure. Pathological findings commonly include
epithelial necrosis, vasculitis, endothelial injury, oedema, and widespread inflammatory
lesions. These features indicate that systemic disease is driven by expanded tissue tropism
together with severe vascular and inflammatory dysfunction [9,55].
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Figure 3. Pathogenesis and immune evasion of feline calicivirus (FCV). Sequential overview of
FCV pathogenesis from viral entry and tissue tropism to host immune responses and immune
evasion mechanisms. The figure summarizes the key events leading to persistent infection, systemic
dissemination, and disease progression. Created in BioRender. Publication License Details: https:
/ /BioRender.com/4jdabmh.

Recent experimental evidence suggests that functional divergence among FCV geno-
types may contribute to differences in pathogenicity. Two major FCV genotypes, Gl and GI],
have been identified, with the GII isolate WX9 exhibiting higher mortality and broader tis-
sue tropism than the GI isolate WH0531 in experimental infection. GII was also associated
with distinct codon usage patterns and VP1 structural evolution, suggesting that genotype-
associated capsid variation may influence viral fitness and disease severity. Nevertheless,
GII cannot be considered a universal molecular marker of VS-FCV, as pathogenicity is
influenced by complex interactions among viral genetic variation, host responses, and
tissue tropism [56]. Recent clinical and pathological evidence further supports the complex
relationship between FCV genetic variation and disease phenotype. A fatal FCV-VSD
infection in a young kitten was associated with severe pneumonia and footpad oedema,
with FCV RNA detected in multiple organs and the highest viral RNA load observed in
the lungs. Immunohistochemical analysis confirmed viral antigen in pulmonary tissue,
with alveolar macrophages identified as the principal target cells and potential site of
viral replication. Notably, phylogenetic analysis of the ORF2 gene showed that the highly
virulent virus was not genetically distinguishable from FCV strains associated with up-
per respiratory tract disease. These findings indicate that severe systemic disease may
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arise from genetically diverse FCV populations and further support the view that VS-FCV
pathogenicity is influenced by the interaction of viral genetic variation, tissue tropism, host
factors, and environmental conditions rather than by a single molecular signature [57].

Comparative sequencing has not identified a single mutation or conserved genomic
signature that reliably distinguishes all VS-FCV isolates from classical strains. Most sys-
temic outbreaks appear to arise independently and involve genetically distinct viruses,
suggesting that virulence can emerge through multiple evolutionary pathways. Alterations
in capsid structure may influence receptor engagement or tissue tropism, whereas changes
in non-structural proteins may affect replication kinetics and immune evasion. Neverthe-
less, these viral properties interact with host immunity, age, vaccination status, concurrent
infection, and environmental stress to determine clinical outcome [4,8].

5. Clinical Spectrum and Diagnostic Approaches
5.1. Clinical Manifestations and Disease Spectrum

Feline calicivirus (FCV) infection exhibits remarkable clinical diversity, ranging from
inapparent infection and mild upper respiratory disease to chronic inflammatory disorders
and highly fatal systemic illness. Disease outcomes are influenced by viral strain, host
age, immune status, vaccination history, concurrent infections, and environmental stress.
Consequently, FCV should be regarded as a disease continuum rather than a single clinical
entity. Because asymptomatic viral shedding is common and clinical signs frequently
overlap with other pathogens of the feline upper respiratory disease complex (FURDC),
clinical examination alone is insufficient for definitive diagnosis [2,3].

The majority of naturally infected cats develop acute upper respiratory disease, partic-
ularly kittens, shelter cats, and animals housed in multi-cat environments. Following an
incubation period of approximately 2-5 days, affected cats typically present with pyrexia,
lethargy, anorexia, sneezing, serous to mucopurulent nasal discharge, conjunctivitis, hy-
persalivation, and oral ulceration. Ulcerative lesions involving the tongue, hard palate,
lips, and gingiva are considered among the most characteristic manifestations of FCV
infection and often contribute to dysphagia, reduced food intake, and dehydration. While
uncomplicated infections are generally self-limiting, secondary bacterial infections may
prolong recovery, particularly in young or immunocompromised animals [3,16].

Although the respiratory tract represents the principal site of viral replication, FCV
demonstrates considerable tissue tropism. Infection of pulmonary epithelial cells may
result in bronchointerstitial pneumonia, especially in neonatal kittens, geriatric cats, or
animals with compromised immunity. Some strains are also associated with limping
syndrome, a transient febrile polyarthritis characterised by acute lameness, joint pain, and
reluctance to move. These musculoskeletal manifestations are believed to result primarily
from immune-mediated inflammation rather than extensive viral destruction of synovial
tissues and generally resolve without permanent joint damage [3,58].

Persistent infection represents a distinctive biological feature of FCV. A proportion of
clinically recovered cats continue to shed infectious virus for months or even years despite
the absence of overt disease. These carrier animals play a critical epidemiological role by
maintaining viral circulation within households, breeding colonies, shelters, and veteri-
nary hospitals. Continuous viral replication under host immune pressure also facilitates
antigenic diversification, allowing emergence of variants capable of evading pre-existing
immunity [2,10]. Persistent FCV infection has additionally been implicated as one of sev-
eral contributing factors in feline chronic gingivostomatitis, a severe immune-mediated
inflammatory disorder characterised by painful proliferative oral lesions and chronic oral
discomfort. Although FCV is unlikely to represent the sole etiological agent, viral persis-
tence may amplify local immune dysregulation and perpetuate chronic inflammation [59].
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The most severe manifestation of FCV infection is virulent systemic feline calicivirus
(VS-FCV), an uncommon but devastating syndrome associated with high morbidity and
mortality. Unlike classical respiratory disease, VS-FCV is characterised by widespread viral
dissemination and systemic inflammatory injury. Affected cats commonly develop high
fever, facial and limb oedema, ulcerative dermatitis, jaundice, dyspnoea, pneumonia, hep-
atic dysfunction, pancreatitis, coagulopathy, and multiorgan failure. Mortality frequently
exceeds 50% during institutional outbreaks, particularly in veterinary hospitals and ani-
mal shelters where close animal contact facilitates rapid transmission [4,9,55]. Importantly,
genomic studies have demonstrated that VS-FCV strains do not share a single conserved vir-
ulence marker, indicating that systemic disease results from complex interactions between
viral evolution and host responses rather than a unique genetic lineage [8,11].

From a clinical perspective, recognition of disease severity is essential for early inter-
vention and outbreak control. Mild respiratory disease generally requires supportive care,
whereas the occurrence of rapidly progressive oedema, cutaneous ulceration, jaundice,
unexplained pneumonia, or increased mortality within multicat populations should imme-
diately raise suspicion of VS-FCV and prompt laboratory confirmation and implementation
of strict infection-control measures. Thus, appreciation of the full clinical spectrum of
FCV not only facilitates appropriate case management but also provides the foundation
for selecting suitable diagnostic tests and guiding epidemiological investigations. The
distinguishing clinical features of classical and virulent systemic FCV are summarized
in Table 3.

Table 3. Clinical spectrum of classical feline calicivirus (FCV) and virulent systemic FCV (VS-FCV).

Clinical Feature

Classical FCV Virulent Systemic FCV Diagnostic Significance

Oral cavity [2,3]

Severe ulceration;
necrotizing stomatitis

Highly characteristic of FCV

Oral ulcers; mild gingivitis infection

Respiratory tract [48]

Rhinitis, sneezing, nasal Severe pneumonia and Common presenting

discharge respiratory distress syndrome
Eyes [60] Conjunctivitis Con!unct1v1t1s with Suppor.ts resplratory
periocular edema diagnosis

Musculoskeletal [61,62]

Occasional transient
lameness

May support diagnosis in

Polyarthritis may occur
young cats

Skin [9]

Facial edema, cutaneous

Usually absent .
ulcers, crusting

Strong indicator of VS-FCV

Systemic signs [54]

High persistent fever,
jaundice, vasculitis,
multiorgan involvement

Suggests virulent systemic

Mild fever; self-limiting disease

Mortality [54,60]

Often exceeds 40-60%

Low during outbreaks

Important prognostic marker

Hospital transmission
[63-65]

Immediate infection-control
measures required

Frequent nosocomial

ional
Occasiona outbreaks

5.2. Laboratory Diagnosis and Emerging Diagnostic Technologies

Accurate laboratory diagnosis is essential for confirming feline calicivirus (FCV) in-
fection, differentiating it from other pathogens within the feline upper respiratory disease
complex (FURDC), identifying persistent carriers, and rapidly detecting outbreaks of viru-
lent systemic feline calicivirus (VS-FCV). Because clinical manifestations vary considerably
and asymptomatic viral shedding is common, diagnosis should integrate clinical findings,
epidemiological information, and laboratory testing. No single diagnostic assay is univer-
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sally applicable, and selection of appropriate methods depends on the clinical presentation,
stage of infection, specimen quality, and intended diagnostic objective [2,3].

The key features of conventional and emerging diagnostic technologies for feline
calicivirus (FCV), including their turnaround time, major advantages, limitations, and
primary applications, are compared in Table 4.

Table 4. Comparison of current and emerging diagnostic technologies.

Method Turnaround Major Advantages Limitations Primary Application
. . . Slow; specialized .
Virus isolation [66,67] 3-7 days Conﬁrm§ infectious laboratory facilities Vlru's .
virus . characterization
required
Highly sensitive and Primer mismatch
RT-qPCR [68] 1.5-3h Sy senst with divergent Routine diagnosis
quantitative .
strains
Multiplex RT-qPCR [69] o4t Slmultaneou§ Optlmlgatlon Respiratory disease
pathogen detection required panels
. . Sequencing
HRM analysis [70] 2—4h I.{ap.l d strain confirmation Screening variants
discrimination .
desirable
. Rapid; minimal Complex primer . .
RT-LAMP [67] 30-60 min . . . Point-of-care testing
instrumentation design
CRISPR-Cas assays [71] 30-60 min Very high specificity Usually requires Rapid conf trmatory
pre-amplification testing
. Absolute . Reference
Digital PCR [72] 3-5h quantification High cost laboratories
Whole-genome Variant identification Bioinformatics Genomic
) 1-3 days . . . .
sequencing [73] and outbreak tracing intensive surveillance
Metagenomic Detects unexpected Lower sensitivity; Unexplained
. 2-5 days .
sequencing [74] pathogens expensive outbreaks

Abbreviations: FCV, feline calicivirus; HRM, high-resolution melting; RT-qPCR, reverse transcrip-
tion quantitative PCR. Emerging molecular methods should complement—not replace—clinical
assessment, virus isolation and genomic surveillance.

Appropriate sample selection is fundamental for reliable diagnosis. Oropharyngeal,
oral, conjunctival, and nasal swabs collected during the acute phase generally contain the
highest viral loads and are therefore preferred for molecular detection. In cats with lower
respiratory involvement, bronchoalveolar lavage fluid may improve diagnostic sensitivity,
whereas tissue samples from the liver, lungs, spleen, or skin collected during necropsy
are valuable for investigating suspected VS-FCV outbreaks. Because viral shedding may
continue long after clinical recovery, positive molecular results should always be interpreted
in conjunction with clinical signs and epidemiological evidence rather than being regarded
as definitive proof of active disease [3,10].

Historically, virus isolation in feline cell cultures was considered a diagnostic reference
method because it confirmed the presence of infectious virus and enabled antigenic charac-
terisation. However, isolation is labor-intensive, requires specialized laboratory facilities,
and may fail when viral titres are low or specimens have been improperly transported.
Consequently, virus isolation is now primarily reserved for epidemiological investiga-
tions, vaccine studies, and characterisation of emerging strains rather than routine clinical
diagnosis [3].
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Molecular techniques have become the cornerstone of FCV diagnosis. Conventional
reverse transcription polymerase chain reaction (RT-PCR) and real-time quantitative RT-
PCR (RT-qPCR) provide rapid, sensitive, and highly specific detection of viral RNA directly
from clinical specimens. Real-time assays additionally permit quantification of viral load
and reduce contamination risk associated with post-amplification processing. Nevertheless,
the extensive genetic diversity of FCV presents an important diagnostic challenge because
mutations within primer- and probe-binding regions may reduce assay sensitivity. Accord-
ingly, diagnostic laboratories should periodically evaluate and update primer sets using
contemporary sequence data to maintain analytical performance [11,66].

Multiplex molecular assays capable of simultaneously detecting FCV together with
feline herpesvirus type 1, Chlamydia felis, Mycoplasma felis, and other respiratory pathogens
have substantially improved the diagnosis of feline respiratory disease. These assays reduce
turnaround time, conserve clinical specimens, and facilitate recognition of mixed infections,
which are common in shelters and multi-cat environments. Interpretation, however, should
remain cautious because molecular detection of FCV does not necessarily distinguish active
infection from asymptomatic viral carriage [75].

Growing demand for rapid point-of-care diagnosis has stimulated development of sev-
eral isothermal nucleic acid amplification technologies, including loop-mediated isothermal
amplification (RT-LAMP), recombinase polymerase amplification (RPA), and recombinase-
aided amplification (RAA). These methods eliminate the need for thermal cycling, sub-
stantially reduce assay time, and can be performed using portable equipment, making
them attractive for field investigations and resource-limited veterinary settings. When
combined with colorimetric detection or lateral-flow readouts, isothermal assays offer
practical alternatives to conventional PCR, although broader multi-centre validation and
standardization remain necessary before routine implementation [67,76].

Recent advances in molecular biosensing have introduced CRISPR-Cas-based diagnos-
tics for FCV detection. CRISPR-Cas12 and Cas13 systems combine isothermal amplification
with sequence-specific recognition, enabling rapid detection with high analytical sensitivity
while minimizing false-positive results. Although these assays remain largely experimen-
tal, they represent promising next-generation diagnostic platforms capable of supporting
decentralized testing during disease outbreaks [77]. Similarly, integration of microfluidics,
nanotechnology, smartphone-assisted image analysis, and biosensor-based detection is
expected to accelerate the development of affordable point-of-care devices suitable for
veterinary practice and shelter surveillance.

Whole-genome sequencing (WGS) has become increasingly important for understand-
ing FCV epidemiology. Unlike routine diagnostic PCR, WGS enables comprehensive
analysis of viral evolution, recombination, transmission pathways, and vaccine-field strain
relationships. Genomic surveillance has demonstrated that genetically distinct FCV variants
often circulate simultaneously within individual shelters and veterinary hospitals, whereas
closely related viruses may spread across geographically distant regions through move-
ment of companion animals. During suspected VS-FCV outbreaks, sequencing therefore
provides valuable information for outbreak reconstruction and monitoring viral evolution,
although no conserved molecular marker currently distinguishes all systemic strains from
classical FCV isolates [4,11].

Despite substantial technological progress, several diagnostic challenges remain unre-
solved. Persistent viral shedding, extensive antigenic diversity, intermittent virus excretion,
and absence of genotype-specific virulence markers complicate interpretation of laboratory
findings. Consequently, laboratory diagnosis should not rely solely on detection of viral
RNA but should incorporate clinical assessment, vaccination history, epidemiological con-
text, and, when appropriate, genomic investigation. Future diagnostic strategies will likely
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combine multiplex molecular detection, portable isothermal amplification, CRISPR-based
biosensing, whole-genome sequencing, and artificial intelligence-assisted interpretation to
enable rapid identification of emerging variants and strengthen outbreak preparedness.

Collectively, advances in molecular diagnostics have transformed FCV detection from
conventional laboratory confirmation to comprehensive genomic surveillance. Continued
development of rapid, affordable, and field-deployable diagnostic platforms, together with
coordinated international surveillance, will be essential for improving disease control,
monitoring viral evolution, and supporting evidence-based prevention strategies for this
continuously evolving companion animal pathogen.

6. Vaccination, Vaccine Escape, and Future Vaccination Strategies

Vaccination remains the cornerstone of feline calicivirus (FCV) prevention and has
substantially reduced the severity of clinical disease worldwide. Nevertheless, complete
control of FCV remains challenging because of extensive genetic and antigenic diversity,
persistent viral shedding, incomplete sterilizing immunity, and the continual emergence of
novel variants. Unlike many viral diseases where vaccination effectively prevents infection,
current FCV vaccines primarily reduce disease severity, viral shedding, and mortality
rather than completely preventing infection or transmission. Consequently, vaccinated
cats may still become infected and contribute to viral circulation, particularly in multicat
environments such as shelters, breeding colonies, and veterinary hospitals [3,16].

Current commercial vaccines consist predominantly of modified-live virus (MLV)
and inactivated (killed) vaccines, either as monovalent formulations or combined with
other core feline vaccines against feline herpesvirus-1 (FHV-1) and feline panleukopenia
virus (FPV). Modified-live vaccines generally induce rapid mucosal, humoral, and cell-
mediated immune responses and often provide broader cross-protection than inactivated
vaccines because limited viral replication better mimics natural infection. However, MLV
vaccines should be used cautiously in severely immunocompromised animals and are
generally avoided in situations where vaccine virus shedding could present theoretical
concerns. Inactivated vaccines exhibit excellent safety profiles but usually require booster
immunizations and adjuvants to achieve comparable immune protection [16,78].

Protective immunity against FCV depends on both virus-neutralizing antibodies
and cellular immune responses. Neutralizing antibodies directed primarily against the
hypervariable P2 domain of the VP1 capsid protein reduce viral attachment and spread,
whereas T-cell responses contribute to clearance of infected cells and may provide broader
protection against antigenically distinct strains. Although vaccination induces durable
immunological memory, antibody titres do not always correlate with protection because
antigenically divergent field isolates may partially escape neutralization despite previous
vaccination [2,3].

One of the greatest challenges facing FCV vaccination is the extraordinary genetic
plasticity of the virus. The error-prone RNA-dependent RNA polymerase continuously
generates mutations during viral replication, producing highly diverse quasi-species that
accumulate under immune selection pressure. The capsid VP1 P2 domain, which con-
tains the principal neutralizing epitopes and receptor-binding regions, exhibits particularly
high mutation rates. Amino acid substitutions within these epitopes can reduce antibody
recognition and diminish cross-neutralization by vaccine-induced antibodies without nec-
essarily altering viral fitness. Consequently, field strains frequently demonstrate variable
susceptibility to vaccine-induced immunity, contributing to sporadic vaccine breakthrough
infections [10,11].

Unlike influenza viruses, however, FCV does not evolve through globally synchro-
nized antigenic drift involving dominant seasonal lineages. Instead, multiple genetically
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distinct strains circulate simultaneously within local cat populations, creating a complex
antigenic landscape. This extensive diversity complicates vaccine design because no single
vaccine strain adequately represents the global FCV population. Although most com-
mercially available vaccines are based on historical isolates such as F9 or FCV-255, these
strains remain capable of providing substantial clinical protection against many contempo-
rary viruses despite relatively limited sequence similarity. This apparent paradox reflects
the contribution of conserved neutralizing epitopes and cellular immunity in addition to
strain-specific antibodies [3,79].

The emergence of virulent systemic feline calicivirus (VS-FCV) has further highlighted
the limitations of existing vaccination strategies. Numerous outbreaks have occurred in
well-vaccinated cat populations, demonstrating that current vaccines cannot always prevent
systemic disease caused by highly divergent strains. Importantly, vaccination generally
reduces mortality and disease severity even during VS-FCV outbreaks, emphasising that
vaccine failure often represents incomplete cross-protection rather than complete absence
of immunity. Since no unique molecular signature consistently predicts systemic virulence,
routine vaccine updates based solely on genetic sequence remain difficult to implement [4,9].
The characteristics of currently available and emerging vaccine platforms, together with
the principal mechanisms responsible for vaccine escape and future vaccine development
strategies, are summarized in Table 5.

Table 5. Vaccination Strategies and Mechanisms of Vaccine Escape in Feline Calicivirus. Integrated
overview of currently available and emerging FCV vaccines together with the major biological

mechanisms responsible for reduced vaccine efficacy and future vaccination strategies.

Vaccine Platform

Immune
Characteristics/
Advantages

Principal
Limitations

Mechanisms
Contributing to
Vaccine Escape

Future Directions

Modified-live (MLV)

vaccines [80,81]

Induce strong
humoral and cellular
immunity; rapid
onset; broad clinical
protection.

Transient vaccine
virus shedding; not
ideal for severely im-
munocompromised
cats.

Antigenic drift,
quasispecies
evolution and
emergence of
genetically divergent
field strains may
reduce
cross-neutralization.

Updated multistrain
formulations;
genomic
surveillance-guided
strain selection.

Inactivated (killed)
vaccines [82,83]

Excellent safety
profile; suitable
where live vaccines
are contraindicated.

Require adjuvants
and booster
vaccinations; lower
mucosal immunity.

Antigenic mismatch
between vaccine and
circulating variants
can reduce
protection.

Improved adjuvants
and optimized
antigen composition.

Protect against FCV,
FHV-1 and FPV;

Protection against
infection is

Genetic and regional

Periodic vaccine

Multivalent FVRCP . . viral variation updating and
. cornerstone of incomplete despite o . . -
vaccines [84-86] . . R permits circulation of region-specific
routine preventive reduction in disease . .
. . heterologous strains. surveillance.
medicine. severity.
Recombinant Targeted antigen o . Escape mutations Structure-guided
. . ) Limited commercial . . . .
vaccines presentation with I affecting dominant immunogen design
. . availability and .9 . .
(experimental) improved safety and .. . neutralizing epitopes  targeting conserved
: T clinical evaluation. ; . :
[87-89] design flexibility. remain possible. epitopes.
. Rapid vaccine Currently under . Rapid-response
mRNA vaccines P LY Future variants may pie-resp
. redesign; scalable experimental : . vaccination
(experimental) . . require continual . .
manufacturing; development in . following genomic
[89,90] . A - . sequence updating. -
variant adaptability. =~ companion animals. surveillance.
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Table 5. Cont.
Immune N Mechanisms
. . Principal o e N
Vaccine Platform Characteristics/ R Contributing to Future Directions
Limitations .
Advantages Vaccine Escape
. . less likel
. Enhanced antigen Manufacturing Escape less likely .
Nanoparticle-based s . when conserved Broadly protective
: stability and complexity and S .
vaccines . o . multi-epitope FCV vaccine
. delivery; broader limited veterinary .
(experimental) [91] . .  q antigens are development.
epitope presentation. validation. .
incorporated.
Targets highly . Designed specifically Integration of
) . Not yet available; to overcome .
Universal FCV conserved epitopes ) ORI structural biology,
. : conserved protective antigenic drift, .
vaccine (future to provide broad . ) C reverse vaccinology
. epitopes require recombination and .
concept) [11,89] cross-lineage L . . and Al-assisted
. validation. quasispecies . -
protection. . . antigen prediction.
diversity.

Abbreviations: FCV, feline calicivirus; FVRCP, feline viral rhinotracheitis-calicivirus-panleukopenia
vaccine. Current vaccines substantially reduce clinical disease and mortality but do not completely
prevent infection or viral shedding. Continual genomic surveillance, antigenic monitoring and
next-generation vaccine platforms are expected to improve long-term control of FCV.

Future vaccine development is therefore shifting toward broader and more durable
protective immunity rather than strain-specific protection. One promising strategy involves
multivalent vaccines containing antigenically diverse FCV isolates to expand neutralizing
antibody breadth. Another approach focuses on identifying conserved structural epitopes
capable of inducing broadly neutralizing antibodies that remain effective across genetically
divergent viruses. Advances in structural biology, particularly cryo-electron microscopy
studies of the VP1-JAM-A interaction, provide valuable insights into conserved receptor-
binding interfaces that may serve as rational vaccine targets [21].

Next-generation vaccine platforms are also being actively explored. Recombinant viral-
vectored vaccines, virus-like particles (VLPs), DNA vaccines, messenger RNA (mRNA)
vaccines, nanoparticle-based delivery systems, and mucosal immunization strategies have
demonstrated encouraging results in experimental studies. Among these, mRNA tech-
nology offers particular promise because vaccine sequences can be rapidly updated to
match emerging variants, as demonstrated during the COVID-19 pandemic. Likewise,
nanoparticle formulations and intranasal vaccines may enhance local mucosal immunity;,
potentially reducing viral shedding and transmission more effectively than conventional
injectable vaccines. Although these approaches remain largely experimental for FCV, they
represent important directions for future vaccine innovation [11].

Increasingly, genomic surveillance is becoming an essential component of vaccine
development. Continuous monitoring of circulating FCV strains through whole-genome
sequencing enables identification of emerging variants, characterisation of antigenic evolu-
tion, and evaluation of vaccine-field strain relationships. Integration of genomic epidemi-
ology with structural modelling, antigenic cartography, and artificial intelligence-based
prediction of epitope evolution may facilitate periodic optimization of vaccine formulations
and improve preparedness for future outbreaks. Similar surveillance-driven approaches
have transformed influenza and SARS-CoV-2 vaccine strategies and are likely to become
increasingly relevant for rapidly evolving companion animal RNA viruses [8,11].

Ultimately, vaccination should be regarded as one component of an integrated disease-
control strategy rather than a standalone intervention. Optimal prevention requires ap-
propriate vaccination schedules, strict hygiene, quarantine of newly introduced animals,
environmental disinfection, early molecular diagnosis, genomic surveillance, and rapid
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outbreak response. Continued advances in immunology, structural virology, and vaccine
engineering are expected to generate broader, longer-lasting, and more adaptable vaccines
capable of addressing the remarkable evolutionary capacity of FCV while strengthening
preparedness against future emergence of highly virulent variants.

7. Emerging Antiviral and Immunomodulatory Therapies

Despite the widespread availability of vaccines, therapeutic options for feline cali-
civirus (FCV) infection remain largely supportive. Current management focuses on main-
taining hydration, nutritional support, analgesia, antimicrobial therapy for secondary
bacterial infections, and intensive care for severely affected cats. While these interventions
improve clinical outcomes in uncomplicated infections, they do not directly inhibit viral
replication or prevent persistent infection. Consequently, the development of targeted an-
tiviral and host-directed therapies has become an important research priority, particularly
in view of the continuing emergence of highly virulent systemic feline calicivirus (VS-FCV)
strains [2,3].

Several experimental antiviral compounds have demonstrated activity against FCV by
interfering with different stages of the viral replication cycle. Small-molecule inhibitors
targeting the viral RNA-dependent RNA polymerase (RdRp), viral protease, and capsid
assembly have shown encouraging in vitro efficacy. Structural characterisation of the VP1-
fJAM-A interaction has additionally identified receptor binding as a potential antiviral
target. Therapeutic agents capable of blocking viral attachment or preventing VP2-mediated
genome release may offer broad activity against genetically diverse FCV strains because
these early stages of infection are relatively conserved [21].

Host-directed antiviral strategies are receiving increasing attention because they are
less susceptible to viral escape mutations. FCV replication depends extensively on host
translational machinery, membrane remodeling, autophagy pathways, and intracellular
metabolic processes. Pharmacological modulation of these cellular pathways has demon-
strated partial inhibition of viral replication in experimental systems. Recent studies have
shown that FCV manipulates autophagy and suppresses innate antiviral signalling through
degradation of retinoic acid-inducible gene I (RIG-I), suggesting that restoration of host
antiviral responses may represent a promising therapeutic approach [49].

Because excessive inflammation contributes significantly to tissue injury, immunomod-
ulatory therapy may also improve clinical outcomes. Dysregulated production of inflam-
matory cytokines, neutrophil recruitment, endothelial injury, and vascular leakage are
particularly evident during VS-FCV infection. Future therapies may therefore combine
direct antiviral agents with selective modulation of inflammatory pathways to reduce tissue
damage while preserving protective antiviral immunity. Similar host-directed therapeu-
tic strategies have successfully improved outcomes in several human viral diseases and
warrant further investigation in feline medicine.

Monoclonal antibodies represent another promising therapeutic platform. Neutraliz-
ing antibodies directed against conserved regions of the VP1 capsid protein may provide
immediate passive protection during outbreaks, particularly for high-risk animals housed
in shelters or veterinary hospitals. Likewise, recombinant antibody engineering may enable
development of broadly neutralizing antibodies capable of overcoming the remarkable
antigenic diversity of FCV.

Novel drug delivery technologies are also likely to accelerate antiviral develop-
ment. Nanoparticle formulations, liposomal drug delivery, inhalational therapeutics, and
sustained-release intranasal preparations may enhance local antiviral concentrations within
the upper respiratory tract while minimizing systemic adverse effects. Artificial intelligence-
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assisted virtual drug screening and structure-guided drug design are increasingly facilitat-
ing identification of candidate antiviral molecules targeting conserved viral proteins.

Although no licensed FCV-specific antiviral currently exists, continued integration of
structural biology, medicinal chemistry, immunology, and computational drug discovery
provides an encouraging framework for developing effective therapeutics. Future treatment
strategies will likely combine antiviral agents, host-directed immunomodulators, and
supportive care to reduce viral replication, limit inflammatory injury, and improve survival
during severe outbreaks. Current therapeutic approaches and the major translational
priorities for future FCV research and control are summarized in Table 6.

Table 6. Emerging Therapeutic Strategies and Future Research Priorities for Feline Calicivirus.
Translational overview linking current therapeutic approaches with host-directed interventions and

priority research areas required for next-generation prevention and control of feline calicivirus.

Therapelftlc. Potential Current Future Research
Strategy/Priority Target Current Status e .
Advantages Limitations Priorities
Research Area
Supportive care Clinical Standard of Improves No fh.red Evidence-based
e survival and antiviral treatment protocols
[3,92] stabilization care .. . .
welfare activity and severity scoring
RdRp 1nl.11l.31t01js Viral RNA ' Inhibits viral L1m1ted feline Pha'rmacokm.et.lcs
(e.g., favipiravir olvmerase Experimental RNA svnthesis efficacy /safety  studies and clinical
analogues) [93] poly y data trials
. Blocks No .
.3C'.h].‘e protease NS6 protease Preclinical polyprotein FCV-specific Struct.ur.e-gmded
inhibitors [46,93] . . optimization
processing drug available
. Broad-spectrum
Entry inhibitors VP1-{JAM-A . Blocks virus Rgceptor- entry blockade
. . Experimental attachment and binding .
[39,94] interaction . . targeting conserved
entry diversity .
interfaces
Mor}oclo.nal VP1 neutralizing . Specific antiviral Cos.t an.d Broadly neutralizing
antibodies epitopes Experimental activit antigenic antibodies
[89,94] prop y variation
Regombmant Innate immune  Limited clinical Enh'ar}ces Variable Combmahop
feline IFN-w reSDONSe use antiviral officac therapy with direct
[51,95] p defenses y antivirals
Autopha Precision
. AWoPRagy, Potentially Host toxicity ~ immunomodulation
Host-directed interferon and . .
. Experimental reduced requires and
therapy [49,51] inflammatory . ) . .
resistance evaluation biomarker-guided
pathways th
erapy
RNA-targeting Viral RNA Sequence- Deliver Nanocarrier-
therapeutics (siRNA/CRISPR-  Experimental specific challen Zs mediated
[95-97] Cas13) inhibition & respiratory delivery
Improved drug
Nanopa1.'tlcle Respiratory Experimental stability and Manufactqrmg Targgted pulmonary
drug delivery mucosa local complexity delivery systems
bioavailability

https:/ /doi.org/10.3390/pandemics1030014


https://doi.org/10.3390/pandemics1030014

Pandemics 2026, 1, 14

22 of 30

Table 6. Cont.

Therapelftlc' Potential Current Future Research
Strategy/Priority Target Current Status c
Advantages Limitations Priorities
Research Area
Artificial Requires s{c?ttli%fliglokr:irl]:)th
intelligence- Multiple viral . Rapid candidate d 8y
i Emerging . e experimental and
assisted drug and host targets identification A .
. validation high-throughput
discovery .
screening
Integrated . Early detection Global databases
enomic Whole-genome Increasing of variants and Resource and real-time
&€ sequencing adoption - intensive molecular
surveillance [73] outbreak tracing . .
epidemiology

Abbreviations: FCV, feline calicivirus; RARp, RNA-dependent RNA polymerase; fJAM-A, feline
junctional adhesion molecule A; IFN-w, interferon omega. Future control of FCV will likely depend
on combining next-generation antivirals, host-directed immunomodulation, genomic surveillance, Al-
assisted therapeutic discovery and updated vaccination strategies within a One Health framework.

8. One Health, Outbreak Preparedness and Future Perspectives

Although FCV is not considered zoonotic, its rapid evolution, persistence, and out-
break dynamics provide a useful veterinary model for understanding evolutionary pro-
cesses relevant to emerging RNA virusesHigh mutation rates, extensive quasispecies
diversity, persistent infection, recombination, and rapid adaptation under immune selec-
tion mirror evolutionary processes observed in several medically important RNA viruses,
including influenza virus, norovirus, and SARS-CoV-2. Consequently, FCV serves as a
valuable model for investigating viral emergence, immune escape, and outbreak dynamics
within densely populated animal communities [3,11].

The increasing global population of companion animals has substantially altered the
epidemiology of infectious diseases. International movement of pets, expanding shelter
populations, intensive breeding facilities, and frequent animal movement through veteri-
nary hospitals provide ideal conditions for sustained viral transmission and emergence
of novel FCV variants. These interconnected animal populations resemble complex trans-
mission networks capable of supporting rapid viral evolution. Consequently, surveillance
strategies should increasingly extend beyond individual clinical cases toward population-
level genomic monitoring.

A One Health perspective recognizes the interconnectedness of companion animal
health, environmental management, and human activities. Although FCV has no con-
firmed zoonotic potential, FCV outbreaks can generate important animal welfare concerns,
economic costs, and demands on veterinary healthcare systems. Surveillance of FCV can
also strengthen veterinary laboratory capacity, molecular diagnostic infrastructure, ge-
nomic sequencing capability, and outbreak response systems. These capacities may provide
broader preparedness benefits by strengthening surveillance infrastructure applicable to
other emerging animal pathogens, including those with zoonotic potential.

Rapid outbreak recognition remains fundamental for disease control. Veterinary hospi-
tals, shelters, rescue organizations, and breeding colonies should implement standardized
biosecurity protocols including vaccination, quarantine of newly admitted animals, iso-
lation of clinically affected cats, rigorous environmental disinfection, and appropriate
personal protective equipment for personnel. Early molecular diagnosis combined with
rapid epidemiological investigation can substantially reduce transmission during institu-
tional outbreaks, particularly when supported by whole-genome sequencing to identify
transmission pathways.
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Carrier State and
Persistent Shedding

A. Epidemiological

Advances in genomic epidemiology are increasingly useful for FCV outbreak inves-
tigation. Portable sequencing technologies can enable real-time characterisation of viral
genomes, facilitating identification of transmission clusters, monitoring of viral evolution,
and differentiation between persistent circulation and repeated viral introduction. Integra-
tion of genomic data with geographical information systems, digital epidemiology, and
mathematical transmission models will further improve understanding of FCV dissemina-
tion across local, national, and international animal populations. The transmission ecology
of FCV, together with the major epidemiological drivers and integrated control strategies,

is illustrated in Figure 4.
ﬂ) \“\
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Figure 4. Transmission ecology and epidemiological drivers of feline calicivirus (FCV). Major
transmission routes, epidemiological drivers and intervention strategies involved in FCV circulation.
The figure highlights the role of surveillance, vaccination, biosecurity, and coordinated veterinary
disease-control measures in FCV prevention and outbreak management. Created in BioRender.
Publication License Details: https://BioRender.com/t37ngns.

Artificial intelligence (Al) is expected to play an increasingly important role in com-
panion animal infectious disease surveillance. Machine learning algorithms may assist
prediction of viral evolution, identification of conserved vaccine targets, optimization of di-
agnostic primers, automated interpretation of sequencing data, and early recognition of out-
break clusters from electronic veterinary health records. Coupled with cloud-based genomic
databases, Al-supported surveillance platforms could provide near real-time monitoring of
emerging FCV variants and facilitate evidence-based public health decision-making.

Several important research gaps remain. The molecular determinants responsible for
systemic virulence are still incompletely understood, and reliable biomarkers capable of
predicting disease severity have not been identified. Likewise, improved understanding of
mucosal immunity, long-term viral persistence, and host genetic susceptibility is required
for development of broadly protective vaccines and targeted therapeutics. Future studies in-
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tegrating comparative genomics, transcriptomics, proteomics, metabolomics, and structural
biology will provide a more comprehensive understanding of FCV-host interactions.

International collaboration will be essential for addressing these challenges. Stan-
dardized genomic surveillance, harmonized diagnostic protocols, open-access sequence
databases, and coordinated vaccine evaluation studies will substantially enhance pre-
paredness against future FCV emergence. Because companion animal infectious diseases
increasingly reflect global patterns of pathogen evolution, collaborative surveillance net-
works should become integral components of veterinary public health infrastructure.

Overall, FCV exemplifies how rapidly evolving RNA viruses continue to challenge
conventional disease-control strategies despite decades of vaccination. Continued invest-
ment in molecular surveillance, innovative diagnostics, next-generation vaccines, antiviral
development, and interdisciplinary One Health collaboration will be critical for reduc-
ing disease burden and strengthening preparedness against future companion animal
viral outbreaks.

9. Conclusions

Feline calicivirus remains one of the most important viral pathogens of companion cats
because of its exceptional genetic diversity, capacity for persistent infection, and continual
emergence of antigenically distinct variants. Advances in structural virology, molecular
epidemiology, and genomic surveillance have substantially improved understanding of
viral evolution, host-pathogen interactions, and mechanisms underlying vaccine escape.
Nevertheless, significant challenges remain, including the absence of reliable molecular
markers of virulence, incomplete sterilizing immunity following vaccination, persistent
viral shedding, and limited availability of virus-specific therapeutics.

Recent progress in whole-genome sequencing, isothermal molecular diagnostics,
CRISPR-based detection platforms, artificial intelligence-assisted genomic analysis, and
rational vaccine design is transforming the approach to FCV prevention and control. Future
strategies should emphasise integrated surveillance systems capable of rapidly identify-
ing emerging variants, supporting outbreak investigation, and informing evidence-based
vaccine updates. Simultaneously, advances in antiviral drug discovery and host-directed
immunomodulation offer promising opportunities to improve management of severe and
systemic disease. In India, the currently available molecular evidence remains geographi-
cally limited, with recent reports from northern and northeastern regions demonstrating
FCV detection and highlighting the need for broader, standardized surveillance across
diverse feline populations.

Beyond its importance in feline medicine, FCV represents a valuable comparative
model for understanding the evolution of rapidly mutating RNA viruses. Its capacity for
immune escape, adaptation, and persistence illustrates fundamental biological principles
shared by many emerging viral pathogens. Continued interdisciplinary collaboration
among veterinarians, virologists, immunologists, molecular epidemiologists, and com-
putational scientists will therefore be essential for translating fundamental discoveries
into improved diagnostics, therapeutics, and vaccines. Sustained genomic surveillance,
technological innovation, and international cooperation can strengthen veterinary capacity
to monitor and respond to future companion-animal viral diseases.
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Abbreviations

The following abbreviations are used in this manuscript:

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
FCV Feline Calicivirus

fJAM-A Feline Junctional Adhesion Molecule-A

FURDC Feline Upper Respiratory Disease Complex

HRM High-Resolution Melting

IFN Interferon

IL Interleukin

NTPase Nucleoside Triphosphatase

ORF Open Reading Frame

PCR Polymerase Chain Reaction

RdRp RNA-Dependent RNA Polymerase
RIG-I Retinoic Acid-Inducible Gene I
RNA Ribonucleic Acid

RT-LAMP  Reverse Transcription Loop-Mediated Isothermal Amplification
RT-qPCR  Reverse Transcription Quantitative Polymerase Chain Reaction

TNF-« Tumor Necrosis Factor Alpha
VP1 Viral Capsid Protein 1

VP2 Viral Capsid Protein 2

VPg Virus Protein, Genome-Linked

VS-FCV Virulent Systemic Feline Calicivirus
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