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Abstract

Defective viral genomes (DVGs) are altered forms of viral genomes generated during
error-prone replication, particularly in RNA viruses. This review examines the current
understanding of DVG biology, its mechanisms of action, and its translational
potential as an antiviral agent, in vector control strategies, zoonotic disease spillover
prevention, and vaccine development. DVGs modulate virus-host interactions
by interfering with the replication of full-length viruses and/or activating innate
immune responses. Both naturally occurring and synthetic DVGs could suppress
viral loads, reduce disease severity, and enhance the efficacy of inactivated and live
attenuated vaccines. DVG-derived particles, such as defective interfering particles
and therapeutic interfering particles, have shown broad-spectrum antiviral activity
against numerous viruses in vitro and in vivo. By reducing viral replication in both
insect and animal hosts, DVGs may block the vector transmission cycle and prevent
spillover between species, thus playing a key role in controlling arthropod-borne
viruses and zoonotic diseases. However, DVGs could contribute to viral persistence,
which may hamper their clinical application. Additional challenges include
standardizing DVGs production, understanding their effects on adaptive immunity,
and ensuring their safety profile as vaccines or vaccine adjuvants.

Keywords: Defective viral genomes; Defective interfering particles; Therapeutic
interfering particles; One Health; Antiviral; Vaccine

1. Introduction

Conventional antiviral therapies, including small molecules, monoclonal antibodies,
and vaccines, have demonstrated efficacy against specific viruses. However, the
emergence of drug-resistant strains, viral mutations, and the complexity of viral-host
interactions limit the effectiveness of these antiviral therapies. The rapid evolutionary
and adaptive capabilities of viruses pose significant barriers to the innovative
development of treatments. Novel antiviral strategies, such as defective viral genomes
(DVGs) that leverage the intricacies of viral replication and host immune responses,
hold promise for improving viral control. The objective of this review is to provide
a comprehensive overview of research on DVGs in antiviral therapy, vector-borne
disease control, zoonotic spillover, and vaccine development, along with the associated
challenges.
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An advanced search was performed on PubMed to
compile the existing research on the applications of DVGs
in the control of viral infections, utilizing the following
search strategy: “defective viral genome [tiab] OR defective
interfering particle [tiab] OR therapeutic interfering
particle [tiab] OR defective interfering genome [tiab].
Based on the search results, we compiled summaries of
viruses that generate DVGs (Table S1) and the applications
of DVGs and defective interfering particles (DIPs) as
antivirals, vector control strategies, spillover prevention,
and vaccine components (Table S2). Section 4 presents
several key applications of DVGs based on selected viruses,
as shown in Table S2.

2, Different types of DVGs and their
mechanisms of inhibition

2.1. Definition of DVGs

A naturally occurring DVG is a modified genome variant
produced spontaneously during virus replication.! DVGs
are commonly derived from RNA viruses due to the lack
of proofreading and low fidelity of the RNA-dependent
RNA polymerase. Synthetic DVGs are artificially
engineered analogs of naturally occurring DVGs, sharing
the same structural and functional properties but with
enhanced design features, such as homogeneity and
stability, for therapeutic applications. DVGs are termed
DIPs when packaged into virions. Natural DIPs may not
efficiently inhibit the full-length virus replication, but
when synthetically engineered as a therapeutic interfering
particle (TIP), they are specifically optimized to suppress
replication and provide therapeutic benefits. A helper virus
is a full-length parental virus that provides what is lacking
in the DVG to initiate a complete viral replication cycle.?
For example, natural DVGs generated as byproducts of
Zika virus (ZIKV) replication depend on the full-length
parental ZIKV as the helper virus to provide the essential
replication and packaging machinery required for their
propagation.” When DIP is optimally engineered, it can
serve as TIP with therapeutic potential.

2.2. DVGs and defective interfering particle
generation

DVGs are modified viral genomes that arise due to
the errors of viral polymerase during high-titer viral
replication. Under replicative stress, the polymerase may
dissociate prematurely or reinitiate at a downstream site.
This template switching or misalignment results in atypical
viral genomes, which are then encapsulated by viral
proteins to form DIPs and released from cells (Figure 1).
DVGs often retain essential cis-acting elements and 5’ and
3’ ends, allowing them to be replicated and packaged into
DIPs in the presence of a helper virus.*

The molecular mechanisms behind the generation
of DVGs remain inadequately understood. Since DVGs
arise from polymerase errors during replication, which
are typically random, various studies suggest that DVG
generation is a random event. High-resolution long-read
sequencing has identified the generation of a large and
seemingly random deletion DVG population during Flock
house virus infections in vitro.” In addition, attempts to
re-isolate a particular severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) DVG failed,® further
supporting the hypothesis that DVG generation is a
random and non-reproducible event.

Conversely, several studies also showed that DVG
generation is non-random. For example, a specific
copyback DVG (cbDVG) derived from Sendai virus (SeV)
was consistently detected across multiple independent
infections,”® and similar DVG generation was observed
in respiratory syncytial virus (RSV)® and parainfluenza
virus infections.”” Conserved genomic motifs in RSV
act as hotspots for polymerase breakage and rejoining,
promoting DVG formation. Mutation of these hotspots
significantly reduced DVG production, indicating that
their formation depends on specific viral RNA sequences
rather than random polymerase errors. This phenomenon
has been observed both in cell culture and patient samples,
supporting the existence of a conserved mechanism for
DVG generation." Similarly, in SARS-CoV-2, specific
deletion DVGs were generated with recombination sites
clustered in genomic hotspots, suggesting a non-random
process facilitated by RNA secondary structures at these
regions.'? Similar influenza A virus (IAV) DVGs were also
isolated from different human patients and independent
in vitro cultures.” Taken together, these findings indicate
that the generation of DVGs is predictable when the viral
genome contains specific signals promoting recombination,
whereas in their absence, the process becomes random.

2.3.Types of DVGs

Figure 2A depicts the unmodified full-length genome
and antigenome, which do not contain any modifications
associated with DVG formation. The first type of DVGs is
deletions, shortened forms of the original viral genome,
typically retaining the 3” and 5 ends of the parental
virus for replication and packaging in the presence of
a helper virus."*** Deletion DVGs are formed when the
viral polymerase dissociates from the original template,
then rebinds at a downstream position (Type 1) or to
a different template while remaining attached to the
nascently synthesized strand (Type 2), resulting in the
loss of a segment of the genome (Figure 2B).!*** Deletion
DVGs are the most abundant DVGs isolated from various
viruses, including the lymphocytic choriomeningitis virus
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Figure 1. DVGs and DIPs generation during high-titer viral replication. Created with BioRender. Chan, Y.F. (2025) https://BioRender.com/olyyo33.
Abbreviations: DIP: Defective interfering particles; DVG: Defective viral genome.

(LCMV), Pichinde virus, equine arteritis virus, porcine
reproductive and respiratory syndrome virus, and others
(Table S1).

The second type, cbDVGs, consists of rearranged
genomes with reverse-complementary 5 and 3’ ends,
forming a panhandle structure due to the absence of viral
nucleoproteins. They arise when the viral polymerase
detaches from the template strand and reattaches to
the nascently synthesized strand, continuing elongation
through the 5 end (Figure 2C).** CbDVGs are
commonly detected in Ebola virus, canine distemper
virus (CDV), measles virus (MeV), mumps virus, and
others (Table S1).

The third DVG, snapback DVGs, represent another
class characterized by their unique self-complementary
structure. They arise when the viral polymerase initiates
synthesis on one strand of the genome, then prematurely
switches direction and copies back along the same strand
in reverse orientation. This results in a covalently linked,
double-stranded RNA molecule with two identical

sequences arranged in opposite orientations, forming a
hairpin structure (Figure 2D).?* Snapback DVGs are found
in human metapneumovirus, vesicular stomatitis virus
(VSV), and adeno-associated virus (Table S1).

A lesser-known category involves substitution mutation
DVGs. They are formed when the polymerase introduces
numerous substitutions into the newly synthesized strand.
These DVGs retain genome lengths similar to those of the
full-length virus but harbor clusters of point mutations that
can impair their replication competency (Figure 2E).***
Examples of substitution DVGs are isolated from the
dengue virus (DENV), TAV, and foot-and-mouth disease
virus (Table S1).

Another distinct type of DVGs, known as mosaic
DVGs, emerges from intricate recombination events
that involve non-contiguous regions of the original viral
genome. These genomes often incorporate a combination of
internal deletions, duplications, and substitution mutations,
producing hybrid structures with altered functions (Figure
2F).»% Examples of mosaic DVGs have been detected in
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Figure 2. Different types of DVG. The black regions indicate substitution mutations caused by polymerase errors. (A) Full-length viral genome and anti-
genome. (B) Deletion DVG. (C) Copyback DVG. (D) Snapback DVG. (E) Substitution DVG. (F) Mosaic DVG. Created with BioRender. Chan, Y.E. (2025)
https://BioRender.com/olyyo33.

Abbreviation: DVG: Defective viral genome.

coronavirus, mouse hepatitis virus, and flock house virus The bioinformatic analysis of the sequencing
(Table S1). results is equally important. Bioinformatic tools, such

as  ViReMa,'>*®42  DI-tector,”*  DVG-profiler,"*
2.4. Methods to detect DVGs DVGfinder,*** and VODKA2," can systematically identify
Accurate detection and characterization of DVGs are and quantify DVGs from raw sequencing reads. These
essential to understanding their mechanisms of generation, pipelines implement algorithms to detect non-contiguous
biological functions, and translational potential. Density alignments, classify deletion junctions, and estimate
gradient ultracentrifugation has been used to separate relative abundance, while filtering the sequencing artifacts.
DIPs from standard virus particles based on their altered Reproducibility remains a challenge with differences in
buoyant density and sedimentation properties compared read-mapping strategies, threshold cutoffs, and filtering

parameters. Pipelines, such as CallVariants® or DG-seq,”
demonstrate how analytical design choices (alignment
stringency or reference genome completeness) directly
influence the decision on DVG calling.

to the full-length virus.>*** This approach enables the
physical enrichment of particles carrying DVGs from
viral cultures, which can then be characterized by next-
generation sequencing or functional assays, including

infectivity tests, viral infection interference, innate Future advances will require integrative bioinformatics
immune activation, or the ability to facilitate persistent pipelines incorporating unbiased sequencing, including
infection. direct RNA sequencing and single-cell sequencing, to

High-throughput sequencing has become the most distinguish DVGs from sequencing artifacts.

widely employed strategy for DVG discovery.*"** Short- 3. Roles of DVGs
read sequencing platforms, such as Illumina,>'***! provide
exceptional sensitivity for mapping deletion junctions,
but rely on assembly algorithms that can fragment or

3.1. DVGs outcompete full-length viral genomes for
replication resources

misrepresent larger structural rearrangements. Long- Several studies have highlighted the capacity of DVGs
read sequencing technologies, including Nanopore® and to inhibit the production of full-length viruses. Gradient
PacBio, enable the theoretical near full-length resolution centrifugation data reveal that DIPs are physically smaller
of DVGs and can uncover complex recombination than parent viral particles, attributed to the shorter
patterns; however, their elevated error rates necessitate sequence length of DVGs within the DIPs.*** This reduced
complementary validation. length is thought to confer replication advantages that
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indirectly inhibit the replication of the full-length viral
genome.? Early work by Portner and Kingsbury® provided
foundational evidence that DIPs mediate homologous
interference by suppressing viral RNA synthesis
intracellularly. Kolakofsky®' demonstrated that cbDVGs
with retained terminal promoter elements of the viral
genome are capable of attenuating the production of full-
length virus. Furthermore, Re and Kingsbury*? identified
that the complementation of the 5 and 3’ termini of
cbDVGs significantly enhances replication efficiency by
improving promoter activity. As a result, DVGs replicate
and accumulate rapidly, depleting a substantial portion of
the available viral replication machinery.

DVGs can exhibit preferential packaging with
structural proteins over full-length viral genomes.>*
DVGs lacking essential cis-acting packaging signals tend
to be poorly maintained, as demonstrated in SARS-CoV-2,
human immunodeficiency virus (HIV), and ZIKV.***
Mechanistically, cbDVGs increase binding affinities for
viral RNA polymerase and nucleocapsid proteins due
to the complementation at both 5 and 3’ termini. This
enhanced binding competes with the full-length viral
RNA for efficient replication and encapsidation.” Some
DVGs also express truncated proteins that can modulate
the replication of full-length viruses. For example, SARS-
CoV-2 DVGs can encode fusion proteins (Nsp1-10) that
interfere with the replication of the full-length virus,
although the exact mechanism remains unclear.® Such
interactions highlight the diverse mechanisms through
which DVGs modulate virus infection, beyond merely
competing for replication machinery.

3.2. DVGs stimulate innate immune responses

Although DVGs and DIPs are replication-incompetent
without helper viruses, they play critical roles in modulating
host immunity, such as stimulating innate immune
responses, particularly type I’ and type III interferon
(IFN),%®¢! which are central to antiviral defense. DVGs
are sensed by cellular pattern recognition receptors, such
as retinoic acid-inducible gene I (RIG-I) and melanoma
differentiation-associated gene 5 (MDAS5), triggering
signaling cascades that result in the production of IFN-a
and IFN-f, as depicted in Figure 3.

Virus stocks with DVGs produce a stronger IFN-I
response than those without DVGs, as demonstrated
in SeV’” The DVGs act as viral pathogen-associated
molecular patterns, promoting the sustained activation of
transcription factors, such as IFN regulatory factor 3 and
nuclear factor kappa-light-chain-enhancer of activated
B cells, which drive the activation of IFN-I. Intriguingly,
IFN-f expression was observed only in cells harboring

DVGs. This selective activation highlights DVGs as key
triggers of antiviral immunity, functioning as early danger
signals during the infection process.

DVGs stimulate the activation of the IFN-III pathway,
particularly through the induction of IFN-A.%¢' The
presence of DVGs in infected cells triggers the rapid
nuclear accumulation of IFN regulatory factor 1, which
is essential for IFN-A1 expression and mediated by the
mitochondrial antiviral signaling protein pathway. The
detection of DVGs in infected tissues and cell cultures
correlates with an increased expression of antiviral genes,
including IFNA, as shown in RSV and MeV.

TIP derived from the Newcastle Disease virus®*® and
SeV® have been shown to promote dendritic cell (DC)
maturation mediated by IFN-I responses. MDA5 was
essential for the recognition of DVGs to activate DCs,
as MDA5-deficient DCs display significantly impaired
maturation.®*® The production of cbDVGs is also
necessary for potent immune activation, as ultraviolet
(UV)-inactivated cbDVGs failed to stimulate DCs. When
UV damages the secondary structure of the cbDVGs and
impairs production, these structures are not sufficiently
amplified to activate immune signaling. This highlights
that the mere presence of DVGs does not trigger immune
sensing but requires their active production within host
cells to accumulate in quantities high enough to initiate
immune activation.

DVGs can act as molecular decoys, undermining viral
immune evasion strategies. The V protein encoded by
SeV is known to suppress IFN-I activation by inhibiting
MDAS5.% Despite the presence of such antagonistic viral
proteins, cbDVGs retain the ability to trigger strong IFN-I
responses by preferentially binding to MDA5 compared to
the V protein. This suggests that DVGs can override viral
mechanisms to evade host defenses. Thus, DVGs serve a
dual function: acting as pathogen-associated molecular
patterns that are highly visible to host sensors and
simultaneously bypassing viral immune evasion to initiate
an antiviral innate immune cascade.

3.3. DVGs possess genetic barriers to viral resistance

Any mutation in the virus that would confer resistance
to the DVGs could simultaneously impair the virus’s
ability to replicate effectively, thus imposing a genetic
barrier to resistance. As DVGs rely on the presence of
the full-length virus for replication, the evolution of viral
resistance to DVGs is constrained by the fact that they
share critical elements with the full-length virus. The viral
evolution may still allow for certain levels of adaptation,
particularly in cases of high viral mutation rates, which
could eventually diminish the efficacy of DVGs. As the
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Figure 3. DVG-mediated IFN activation. Ss- and ds-DVG RNA activate RIG-I and MDAS5 receptors, leading to the activation of MAVS, IRF1, IRF3, IRF7,
and NF-kB, which in turn leads to the activation of IFN-c, IFN-f, and IFN-A. Created with BioRender. Chan, Y.F. (2025) https://BioRender.com/olyyo33.
Abbreviations: DIP: Defective interfering particles; DVG: Defective viral genome; Ds: Double-stranded; IFN: Interferon; IRF: Interferon regulatory factor;
MAVS: Mitochondrial antiviral signaling protein; MDAS5: Melanoma differentiation-associated gene 5; NF-kB: Nuclear factor kappa-light-chain-enhancer
of activated B cells; P: Phosphate; RIG-I: Retinoic acid-inducible gene I; Ss: Single-stranded.

Nucleus

virus continues to evolve, it may develop mechanisms
to minimize the impact of DVGs; however, competition
for replication machinery may still present significant
barriers to resistance. This dynamic sets the stage for
DVGs to maintain long-term effectiveness, potentially. The
evolutionary trajectory of both the virus and DVGs must
be closely studied to understand their sustainability in viral
control strategies.***’

3.4. DVG/defective interfering particle promotes
viral persistence

Although DVGs are known for their ability to suppress
viral replication and stimulate host antiviral responses,
they can also play a paradoxical role in promoting viral
persistence. This complex behavior is known as the Von

Magnus effect, a dynamic interplay in which asynchronous
cycling between DIPs and their helper viruses results in
fluctuating replication outcomes (Figure 4).>* High titers
of full-length virus promote the generation of DVGs,
which then interfere with viral replication and reduce
the population of full-length virus. However, because
DIPs rely on the full-length virus for their replication, a
subsequent drop in full-length virus levels limits DIP
amplification. Infections with either DIPs alone, resulting
in non-productive infection, or with the full-length virus
alone, which can reignite the viral replication cycle, enable
long-term, low-level infections in host tissues. Thus, the
outcome of infection often depends on the delicate balance
between full-length viral genomes and their defective
counterparts.
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Figure 4. DIP-mediated viral persistence (von Magnus effect). Created with BioRender. Chan, Y.E. (2025) https://BioRender.com/olyyo33.
Abbreviations: DIP: Defective interfering particles; DVG: Defective viral genome.

For instance, the Ebola virus containing DVGs
continues to shed infectious virus for months during
serial passaging in tissue culture.®® DVGs derived from
equine herpesvirus type 1 (EHV-1) could retain and
express functional UL2 gene, with expression levels
even exceeding those observed in infections without
DVGs. This elevated expression of UL2 is associated
with the establishment of persistent EHV-1 infection
in vitro.® Furthermore, DIP-mediated persistence has
been documented in numerous viruses, as summarized
in Table S1. While often linked to attenuation, the ability
of DVGs to maintain persistent infection underscores the
importance of understanding their regulatory dynamics,
particularly in therapeutic contexts where persistence
may be undesirable.

In persistent HIV infection, defective proviruses
rapidly emerge during acute infection and persist despite
long-term therapy, constituting the majority of the HIV

reservoir.”®”! Although replication-incompetent, many

of these proviruses remain transcriptionally active,
producing viral RNAs and proteins that sustain chronic
immune activation.”” The defective viral products
promote chronic immune activation and the activation
of T helper (Th) 17 cells, which play a significant role in
chronic inflammation.”*”® The defective proviral products
generated during HIV infection are often incomplete or
qualitatively distinct from those of intact viruses, resulting
in suboptimal antigenic stimulation that fails to fully
activate cytotoxic T lymphocyte responses.”’”¢ In parallel,
CD8+ T cell activity is further constrained by persistent
expression of inhibitory natural killer cell receptors
during highly active antiretroviral therapy.”” Collectively,
weakened cytotoxic T lymphocyte stimulation by defective
proviruses, suppression of CD8+ T cells in highly active
antiretroviral therapy, and activation of Th17 cells further
exacerbate chronic inflammation that sustains HIV
persistence.”
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4. Applications of DVGs/defective
interfering particles for controlling viral
infection

4.1. DVG/defective interfering particle as an
antiviral therapeutic

As of July 20, 2025, no clinical trials involving DVGs
as antiviral therapeutics have been registered on
ClinicalTrials.gov. However, extensive in vitro and in
vivo studies highlight the therapeutic potential of DVGs
against various human viruses, demonstrating their ability
to interfere with viral replication and modulate immune
responses.

A specific synthetic DIP derived from the IAV A/
PR/8/34 (HIN1) strain, known as 244/PR8, can effectively
inhibit the replication of the IAV in human lung diploid
fibroblasts, bronchial epithelial cells, and primary nasal
basal cells in a dose-dependent manner.”® This DIP has also
shown a dose-dependent in vivo protection, not only against
IAV, but also displays broad-spectrum antiviral efficacy
against influenza B virus (IBV) and a mouse-adapted
RSV.”# This cross-protection is primarily attributed to
the ability of the DIP to stimulate IFN-I responses.* Mice
given the UV-inactivated 244/PR8 all succumbed to the
IBV challenge, consistent with the idea that active DVG
production is required to elicit innate immune responses,
as mentioned previously.® Pre-treatment of mice with
244/PR8 resulted in reduced IBV infectivity in the lungs
and conferred complete protection against lethal IBV
challenge. This protection elicited from the pre-treatment
of DIP was also observed in the ferret model, providing
supporting evidence that the protection of this DIP is not
host-specific.!*%

Engineered SARS-CoV-2 TIPs have shown substantial
potential as an antiviral intervention against SARS-
CoV-2.%% Single administration of TIPs inhibits in
vitro SARS-CoV-2 replication by up to 100-fold, with
efficacy extending to different variants that are resistant
to antibody neutralization. The TIPs demonstrate a high
barrier to resistance, primarily due to their competition
with the full-length virus for essential viral trans-acting
elements, nucleocapsid protein, and RNA-dependent
RNA polymerase that are required for viral replication
and packaging. By occupying these key components, TIPs
effectively limit the virus’s ability to replicate and evolve,
reducing the likelihood of the development of new variants
of concern. In Syrian golden hamsters, a single intranasal
administration of TIPs resulted in a durable suppression
of SARS-CoV-2 in the lungs, reducing viral load and
preventing pulmonary edema. In addition, TIPs were found
to suppress the production of pro-inflammatory cytokines,

thereby mitigating the severe inflammation commonly
associated with severe COVID-19. These findings were
turther corroborated by the absence of viral escape in long-
term culture studies, with TIPs maintaining efficacy across
extended serial passaging, demonstrating a high barrier to
resistance. Remarkably, TIPs not only protect against the
virus but also lower the risk of further transmission.

Xiao etal.3* described an enteroviral-based TIP1 (e TIP1)
derived from poliovirus as a promising antiviral with
broad-spectrum efficacy against several viruses, including
coxsackievirus B3, enterovirus A71, enterovirus D68,
rhinovirus 16, rhinovirus 1A, IAV virus, and SARS-CoV-2.
When administered intranasally or intraperitoneally,
eTIP1 induces robust IFN-I responses, providing both
prophylactic and therapeutic protection by inhibiting viral
replication and stimulating the production of neutralizing
antibodies, offering long-lasting immunity. However, a
critical aspect of eTIP1’s functionality lies in its ability to
elicit neutralizing antibodies against SARS-CoV-2, despite
being derived from poliovirus, which lacks the structural
proteins of SARS-CoV-2, such as the spike protein targeted
by most neutralizing antibodies. This unexpected ability
is likely due to eTIPI’s activation of IFN-I responses,
which enhance the DCs’ maturation to recognize viral
antigens from SARS-CoV-2. This, in turn, could facilitate
the induction of B-cell maturation to produce specific
neutralizing antibodies against SARS-CoV-2. However,
further research is needed to fully understand these cross-
reactive immune responses and optimize eTIP1 for use
against a broader range of viral pathogens.

Holland and Villarreal® provide robust evidence
supporting the in vivo production and replication of DIPs
in newborn mice infected with VSV and rabies virus. Their
findings show that, in contrast to adult mice, newborn mice
generate substantial quantities of DIPs in response to these
viral infections. These DIPs, which replicate efficiently
across serial intracerebral passages in the brains of newborn
mice, effectively interfere with viral replication. While
these VSV-derived DIPs specifically target and inhibit
VSV replication, they do not exhibit a broad-spectrum
effect, as they do not interfere with the replication of a
neurotropic IAV (NWS strain). Importantly, these DIPs
do not establish persistent infections, avoiding the long-
term complications associated with chronic infections. The
in vivo production of DIPs, particularly in newborn mice,
highlights the importance of age-related differences in the
immune response, suggesting that DIP-based therapies
might need to be tailored to account for these variations
across different age groups.

The potential of DIPs as antiviral agents is hindered
by various challenges. The absence of clinical trials
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involving DVGs leaves their safety, efficacy, and long-
term effectiveness in humans largely untested. DIPs have
shown eflicacy primarily in acute infections; however, their
effectiveness in chronic or persistent infections remains to
be determined. DIPs do not necessarily eliminate the viral
reservoir, leaving the possibility of reactivation. The broad-
spectrum antiviral efficacy of DVGs is notable; however,
several studies have found that DVGs may not consistently
offer protection against other strains or viral families, and
the exact mechanisms by which DVGs exhibit broad-
spectrum activity remain unclear. The production and
delivery of DIPs also remain unresolved, with challenges
related to scalability, stability, and consistency of
production for clinical use.

4.2. DVG as a vector control strategy

The application of DVGs in vector control represents an
innovative and sustainable approach to controlling insect-
transmitted viruses, such as DENV, ZIKV, chikungunya
(CHIKYV), and the West Nile virus (WNV), which remain
major public health threats globally. By targeting the viral
replication cycle within the vector, DVGs can reduce
viral titers in insect populations, thereby decreasing the
likelihood of virus transmission to humans.

Chikungunya DVGs generated through high-titer
infection passages in mammalian and mosquito cells can
significantly reduce viral replication in vitro, showing
their potential efficacy in limiting CHIKV spread within
both human and mosquito hosts. CHIKV DVGs have
also demonstrated broad-spectrum activity against other
arboviruses, including O'nyongnyong and Sindbis viruses.
In Aedes aegypti, which transmits CHIKV, DVGs effectively
blocked CHIKYV dissemination.**#

The research on ZIKV DVGs also reveals their
significant potential as a vector control strategy. ZIKV
DVG interfered with ZIKV replication in both vertebrate
(Vero) and mosquito cells (C6/36), reducing viral
load by competing for viral replication machinery.> To
further examine the in vivo therapeutic application of
this DVG, Rezelj et al.’ established a packaging system
to encapsidate the DVG into virus-like particles, forming
a TIP for in vivo delivery. The ZIKV TIP-treated AG129
mice (deficient in o/} and y receptors) demonstrated
significantly lower weight loss and reduced viremia
compared to the full-length ZIKV-infected mice. In
ZIKV TIP-treated immunocompetent C57BL/6 mice,
viral load in ovaries and brains was significantly lower.
The safety profile of the TIPs was demonstrated by their
lack of persistence and dissemination to distal organs
in the absence of full-length ZIKV, as it was degraded
and undetectable within a day of administration. In the

Aedes aegypti, ZIKV DVG was detectable in the midgut
and carcass for at least 10 days post-transfection, even
in the absence of full-length ZIKV, suggesting its role
in controlling persistent infection. The dissemination
rate of the full-length ZIKV dropped by 90% when the
mosquitoes were pre-treated with ZIKV DVG, suggesting
its role as vector control by limiting virus dissemination
and transmission.

Research into DIPs in DENV infections yields
compelling insights into their role in viral dynamics,
immune modulation, and potential therapeutic
applications. Li et al.¥” successfully developed a transgenic
HEK 293T cell line that can continuously produce
DENV DIPs, termed DI290. The purified DIPs displayed
broad-spectrum activity by inhibiting the replication of
all DENV serotypes in Huh7 cells in a dose-dependent
manner. Nonetheless, the efficacy of the DIPs decreased
tremendously after UV inactivation. In another
experiment, Lin et al® demonstrated that both DI290
DIPs and lipid nanoparticles loaded with the DI290 RNA
(LNP-290) effectively suppressed DENV infection in
human primary monocyte-derived macrophages, THP-1
macrophages, and fibroblasts. Interestingly, DI290 did not
compete in RNA replication; instead, it is a potent inducer
of innate immune responses. LNP-290 demonstrated
tremendously greater DENV inhibition compared to
DI290 by activating IFN-III responses when IFN-I
signaling was inhibited. Another study using DENV DIP,
termed DIP-296, inhibited the replication of all DENV
serotypes in a dose-dependent manner by activating RIG-I
and MDADS, resulting in increased expression of IFN-f
and the ubiquitin-like protein ISG15.* Although DENV
DVGs have shown promising antiviral efficiency against all
DENYV serotypes, there is still a lack of in vivo experiments
using Aedes aegypti to determine the effects of DIPs on
blocking DENV transmission.

The study of DIPs in WNV has also provided valuable
insights into replication dynamics, population diversity,
and the potential role in controlling the transmission of
WNYV. WNV isolated from lorikeets contained abundant
DIPs that suppressed the production of full-length WNV
in Vero cells.”® These DIPs were able to reduce infection
and dissemination rates of WNV in Culex pipiens
quinquefasciatus mosquitoes. Nonetheless, the DIPs did not
protect WNV-infected mice from morbidity and mortality.
This suggests DIPs may have host specificity, or a different
dose may be required to reduce WNV in mosquitoes
and mice. In C3H/RV cells derived from mice resistant
to WNV, DIPs were more abundant and significantly
inhibited virus replication.” In contrast, in susceptible
C3H/HE cells, DIPs were less effective, indicating that their
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interference with virus replication was context-dependent
and influenced by host factors. Collectively, these findings
show that the antiviral effectiveness of DIPs against WNV
is not universal, but rather shaped by specific host genetic
factors.

It is critical to address the challenges associated with
using DVGs in vector control strategies. The inability of
DIPs to replicate independently presents challenges in their
use as a long-term solution for viral control, particularly in
environments where viral transmission is seasonal. Thus,
while DIPs offer a novel tool for reducing vector-borne
transmission in the short term, their role in the long-
term management of mosquito-borne viruses remains
uncertain. There are also ecological concerns regarding
the release of genetically modified viral particles into the
environment.

4.3.DVG as a barrier for zoonotic diseases and
spillover

Preventing zoonotic spillover of viruses from animals to
humans has become a central focus in global One Health
programs. RNA viruses exhibit remarkable adaptability
across diverse environments and hosts, primarily due to the
high error rate of their RNA-dependent RNA polymerase.
This high mutation rate enables RNA viruses to evolve
rapidly, facilitating their ability to overcome host immune
defenses, adapt to new hosts, and exploit various ecological
niches. RNA viruses are particularly prone to spillover
events, in which they transfer from animal reservoirs to
humans, leading to the emergence of infectious diseases
with pandemic potential.

CDV is a zoonotic morbillivirus closely related to MeV,
and it poses a spillover risk due to its broad host range
and capacity to infect both dogs and other mammals.
Findings demonstrate that DVGs derived from CDV are
not only produced spontaneously during infection but can
also persist and function effectively in both in vitro and in
vivo.”? In cell culture, DIPs robustly suppressed full-length
CDV replication in a dose-dependent manner. In the ferret
model, DIPs maintained detectable replication for at least
14 days in the presence of co-infecting full-length virus and
were recovered from lymphoid tissues, which are key sites
for CDV amplification and dissemination. Since lymphoid
tissues are also the key sites for B- and T-cells activation, the
persistence of DVG at these immunologically active sites
implies that DVGs may also serve as potent immunogenic
antigens that can engage adaptive immune responses.

LCMV is an arenavirus capable of establishing
persistent and asymptomatic infections in rodents, while
posing a significant risk of severe illness in humans. During
infection, LCMV rapidly generates DIPs, facilitating a non-

cytolytic, persistent state in infected cells by suppressing
the cytopathic effects typically induced by full-length virus
replication.”® DIPs also inhibit the presentation of LCMV
antigens on the cell surface, thereby evading antibody and
T-cell recognition. As a result, host cells are spared from
tull-length virus-induced cell death, allowing for long-term
cellular survival despite the ongoing presence of the virus.
Similarly, LCMV-infected mice displayed low antigenic
presentation on the cellular surface, protecting the infected
cells from adaptive immune responses while facilitating
viral persistence. In short, DIPs derived from LCMV can
protect the infected cells from the cytopathic effect and
immune recognition but permit persistent infection at the
same time. However, a successful antiviral therapy against
LCMV must overcome the virus-induced suppression of
antigen presentation, which may be achieved by enhancing
the expression of major histocompatibility complex class I/
II on infected cells for better immune recognition and
clearance.

Another significant zoonotic potential virus is the
Bunyamwera virus (BUNV), a representative of the
Bunyaviridae family, which includes several emerging
pathogens of public health concern. Serial high-titer
passage of BUNV in BHK-21 cells consistently leads to
the production of DIPs that can suppress full-length virus
replication in a cell-type-dependent manner mediated
by viral replication interference.* The interference was
more pronounced in BHK and Vero cell lines compared to
Madin-Darby bovine kidney and Aedes albopictus cells.***
The observed variability in interference across different cell
types further suggests that host cellular factors modulate
the efficacy of DIP.

Collectively, these examples highlight that DVG-
mediated antiviral activity extends beyond human-
infecting viruses and is relevant across a range of zoonotic
viruses. Nonetheless, the first limitation is that DVGs
are replication-defective and require co-infection with
a competent helper virus. Moreover, the window of
maximal DVG efficacy remains uncertain and appears
to vary widely between viruses; although some studies
suggest early intervention may be more effective. In some
viruses, DVGs have even been associated with enhanced
cytopathogenicity rather than attenuation,”® potentially
exacerbating disease rather than mitigating it. Finally,
ecological uncertainties, such as how DVGs persist or
transmit in natural reservoirs, and technical hurdles related
to their delivery in wildlife and livestock populations,
present significant implementation challenges. While
DVGs offer conceptual appeal for spillover control, their
real-world utility demands refined delivery systems and
careful risk-benefit assessment.
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4.4.DVG in vaccine development

One of the most direct applications of DVGs and DIPs is the
development of live attenuated and inactivated vaccines,
based on their ability to elicit both innate and adaptive
immune responses through the structural proteins they
carry. In live attenuated vaccines, DIPs can be engineered
or enriched in viral stocks to create replication-defective
or attenuated virus preparations. They can express
viral proteins and are safe since DVGs fail to propagate
inherently. Although no DVG-based vaccine or vaccine
adjuvant has yet entered clinical trials, DVGs have been
identified in several inactivated virus vaccine preparations.
Their presence often results from the virus propagation
process, suggesting that DVGs may already contribute
to the immunogenicity or attenuation of some vaccines.
Early evidence of DVG presence in vaccines comes from
McLaren and Holland,' who identified DIPs in oral
poliovirus vaccine preparations. These DIPs were found to
interfere with the replication of full-length viruses in cell
culture. Despite their replication defect, the DIPs retained
antigenicity, suggesting a potential contribution to the
immunogenicity and attenuation of the vaccine. Similarly,
Bellocq et al.'®' analyzed nine MeV vaccine preparations
and found that six of these vaccines contained MeV
DIPs. The consistent presence of DIPs in these vaccines,
regardless of manufacturer, suggests that they likely arose
during virus propagation and may contribute to both the
attenuation of the vaccine and its immunogenicity.

The beneficial effects of DVGs in live attenuated
vaccines also depend on their abundance. While moderate
levels may enhance safety and immunogenicity, excessive
accumulation can impair vaccine performance. This was
evident in a study of the Fluenz Tetra live attenuated
influenza vaccine, which found unexpectedly high levels of
many unique DVG species from both IAV and IBV, resulting
in viral stocks with very low infectivity.'” While this likely
enhanced safety by suppressing viral replication, it may
have inadvertently reduced immunogenic potency. Since
live attenuated vaccines rely on controlled viral replication
to produce antigen and stimulate adaptive responses,
overly abundant DVGs may curtail antigen availability and
limit immune system stimulation. This highlights the dual-
edged nature of DVGs in vaccine formulations, which offer
both attenuation and immunostimulation, but require
careful control to maintain a balance between safety and
immunogenicity.

DVGs have also gained attention as immune
potentiators in inactivated vaccine formulations. DVG,
with its inherent ability to activate innate immune
responses, is an attractive candidate for vaccine adjuvants.

DVGs derived from SeV are potent innate immune
stimulants that drive IFN-I activation and natural
adjuvants for vaccination.'” The in vitro-transcribed SeV
DVG RNA co-administered with an inactivated HIN1
influenza vaccine induced significant anti-hemagglutinin
IgG and IgA in mice compared to those that received the
vaccine alone. The anti-hemagglutinin IgG titer elicited
by the DVG as an adjuvant was comparable to that of
AddaVax and poly(I-C) adjuvants. The DVG triggered
robust RIG-I-mediated signaling, promoting a strong
IEN-I response and Thl-biased immunity. Similarly, in
another study, mice receiving the SeV DVG cocktail with
a formalin-inactivated influenza A vaccine exhibited
elevated IgG2c levels, increased CD8+ T-cell responses,
and a potent Th1-polarized immune response.'* Together,
these findings underscore the potential of DVGs as potent
adjuvants capable of enhancing both innate and adaptive
immunity in the context of inactivated influenza vaccines.

DVGs also face significant limitations when used as
live attenuated or inactivated vaccine formulations. DVG’s
genomic instability, especially when large deletions are
involved, can result in the degradation or loss of the DVGs
during replication, complicating their manufacturing and
storage. DVGs can interfere unpredictably with full-length
viruses during infection, potentially reducing the yield of
vaccine production. The efficient delivery of DVGs to the
correct anatomical sites, which can efficiently transduce
target cells, requires intensive testing. Addressing these
limitations will require advancements in synthetic biology
and delivery systems for DVG-based vaccines and adjuvants.

5. Conclusion

DVGs and their associated particles (DIPs/TIPs) have
immense potential in antiviral therapy, vector control
strategy, zoonotic disease spillover prevention, and
vaccine development. Far from being inert byproducts of
replication, DVGs actively shape infection outcomes by
interfering with full-length virus replication and activating
robust innate immune responses. Their unique ability
to engage the immune system makes them valuable as
adjuvants and antivirals. However, significant gaps remain,
particularly in elucidating how DVGs influence adaptive
immunity, ensuring consistent manufacturing, and
preventing potential persistence. As research continues
to bridge these gaps, DVGs may form the basis of next-
generation vaccine enhancement and broad-spectrum
antiviral strategies.
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