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Abstract

O’nyong-nyong virus (ONNV) is a mosquito-borne alphavirus responsible for large-scale
epidemics in sub-Saharan Africa. As the closest evolutionary relative of Chikungunya
virus (CHIKV), ONNV shares substantial genetic similarity and overlapping clinical man-
ifestations with CHIKV. Mechanistic understanding of ONNV infection has therefore
largely been extrapolated from CHIKV rather than directly established. However, ONNV
exhibits distinct biological features, including predominant transmission by Anopheles
mosquitoes and a clinical presentation characterized by prominent lymphadenopathy with
limited acute joint edema. These distinctions underscore the need for an integrated syn-
thesis of experimentally validated determinants of ONNV infection. In this review, we
summarize current evidence on molecular and immunological factors regulating ONNV
infection in mammalian hosts and mosquito vectors. We first discuss species-specific viral
clearance, host dependency factors, intrinsic antiviral restriction mechanisms, protective
innate immunity, inflammatory pathology, and mechanism-informed therapeutic strategies
in mammalian hosts. We then examine stage-specific immune regulation in Anopheles
mosquitoes, emphasizing mechanisms that constrain viral replication while permitting
persistent infection and transmission. Finally, we discuss nsP3-dependent vector specificity
and the potential contribution of alternative mosquito species to ONNV ecology. Together,
this review provides an integrated framework for understanding how host factors, im-
mune responses, and vector-specific adaptations shape ONNV infection, pathogenesis,
and transmission.

Keywords: O’nyong-nyong virus; alphavirus; host–virus interaction; antiviral immunity;
Anopheles mosquitoes; vector specificity

1. Introduction
O’nyong-nyong virus (ONNV) belongs to the genus Alphavirus within the family

Togaviridae and is serologically classified within the Semliki Forest virus complex [1,2]. This
complex comprises several mosquito-borne alphaviruses, including Chikungunya virus
(CHIKV), Ross River virus (RRV), Bebaru virus (BEBV), Semliki Forest virus (SFV), Mayaro
virus (MAYV), and Una virus (UNAV). Notably, CHIKV, ONNV, RRV, and MAYV are
classified as arthritogenic alphaviruses that cause joint-associated disease in humans [3,4].
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As a member of this group, ONNV shares the canonical genomic architecture characteristic
of alphaviruses. It possesses an approximately 11.8 kb single-stranded, capped, and
polyadenylated positive-sense RNA genome organized into two open reading frames [5,6].
Following entry into host cells, the genomic RNA is translated to produce four nonstructural
proteins (nsP1–4), which assemble into replication complexes responsible for the synthesis
of a negative-strand RNA intermediate and the subsequent production of new genomic
RNA and a subgenomic RNA. The subgenomic RNA directs translation of the structural
polyprotein, which is processed into the capsid (C) protein and the envelope-associated
proteins E3, E2, 6K, and E1 [7–9] (Figure 1A). Mature virions are enveloped, approximately
70 nm in diameter, and exhibit icosahedral symmetry. The capsid protein associates with
the viral RNA to form the nucleocapsid, while E1 and E2 glycoproteins form heterodimers
that are arranged into trimeric spikes on the viral envelope (Figure 1B). These structural
proteins are assembled into a highly ordered virion architecture, with E1, E2, and capsid
proteins generally present in approximately equimolar amounts in mature alphavirus
particles (Figure 1C). In contrast, the nonstructural proteins function primarily during
intracellular replication and are not components of the mature virion [10–12].

Figure 1. Genomic organization and virion structure of ONNV. (A) Schematic representation of
the ONNV genome, showing the nonstructural proteins (nsP1–nsP4) and structural proteins (C, E3,
E2, 6K, and E1). (B) Structural organization of the E1/E2 glycoprotein spike complex relative to
the underlying capsid architecture. (C) Three-dimensional structure of a mature virion exhibiting
icosahedral symmetry and an approximate diameter of 70 nm. Structural models were visualized in
ChimeraX [13] based on the structure deposited in the Protein Data Bank (PDB ID: 6NK5). Figure
created with BioRender.com by Z.L.

Since the massive 1959–1962 epidemic in Uganda that affected over two million in-
dividuals [14], ONNV has continued to circulate across multiple regions of Africa, with
serological studies indicating substantial underrecognized transmission and sustained
endemicity [15–17]. In natural transmission cycles, ONNV is maintained predominantly
by malaria-transmitting Anopheles mosquitoes, especially Anopheles gambiae and Anophe-
les funestus [14,18–24]. This feature distinguishes ONNV from most other arthritogenic
alphaviruses, which are usually transmitted by Aedes mosquitoes such as Aedes aegypti
and Aedes albopictus [25,26]. Clinically, ONNV infection is generally self-limiting and char-

https://doi.org/10.3390/biom16060904

https://doi.org/10.3390/biom16060904


Biomolecules 2026, 16, 904 3 of 27

acterized by fever, rash, pronounced myalgia, and debilitating polyarthralgia. Notably,
compared with arthritogenic alphaviruses such as CHIKV and MAYV, ONNV-associated
disease has been reported to show less prominent acute joint edema, while lymphadenopa-
thy has been described as a distinctive clinical feature [22]. Phylogenetically, ONNV is
closely related to CHIKV within the Semliki Forest virus complex [27]. Despite this close
evolutionary relationship and substantial clinical overlap, its distinct pathological and
ecological features indicate that high genetic conservation does not necessarily translate
into identical host–virus interactions.

While previous reviews have provided thorough summaries of ONNV epidemiology,
clinical features, and viral protein biology [28,29], a systematic integration of experimentally
validated mammalian and mosquito determinants regulating ONNV infection remains to
be established. Organized along the natural transmission cycle of ONNV, this review first
examines infection from the perspective of the mammalian host. We discuss species-specific
MARCO-mediated viral clearance as a host restriction mechanism that may help explain
differences in viremia among susceptible and resistant hosts, highlighting key host-specific
constraints on systemic viral dissemination. We then integrate host dependency factors,
intrinsic antiviral restriction mechanisms, and immune-mediated inflammatory responses
that collectively shape tissue tropism and disease outcome. Building on these insights, we
synthesize mechanism-informed therapeutic strategies. The focus subsequently shifts to
the mosquito vector. Antiviral immune responses in Anopheles mosquitoes are described
from initial midgut infection to systemic dissemination, emphasizing mechanisms that limit
viral replication, preserve vector fitness, and permit persistent infection and transmission.
We further highlight nsP3 as a central determinant of ONNV’s selective compatibility with
anopheline vectors and consider the potential contribution of additional mosquito species
to ONNV transmission.

2. Species-Specific MARCO-Mediated Clearance Shapes ONNV Viremia
and Host Susceptibility

Following mosquito-mediated dermal inoculation, ONNV is deposited into the cuta-
neous microenvironment, where local infection is expected to be initiated before systemic
dissemination. Early target cell populations for ONNV remain incompletely defined and
have often been inferred from studies of related arthritogenic alphaviruses, particularly
CHIKV, in which keratinocytes, Langerhans cells, fibroblasts, and macrophages support
productive infection and local amplification [3,30–33].

After initial replication at the site of inoculation, arboviruses disseminate through the
lymphatic system, eventually gaining access to the systemic circulation [34,35]. Overcom-
ing local immune containment within the draining lymph nodes (dLNs) is essential for
the transition from localized replication to systemic dissemination, ultimately allowing
the establishment of a viremia of sufficient magnitude and duration to support efficient
mosquito acquisition. A critical determinant of whether systemic viremia is established lies
in species-specific differences in the class A scavenger receptor MARCO (macrophage re-
ceptor with collagenous structure), which dictates the efficiency of intravascular alphavirus
clearance and thereby shapes host susceptibility to sustained viremia. In mice, MARCO
mediates rapid clearance of circulating ONNV and other arthritogenic alphaviruses, includ-
ing CHIKV and RRV, with most virions eliminated from the bloodstream within 45 min.
This process occurs through a sequential scavenger pathway. First, MARCO-expressing
lymphatic endothelial cells in the draining lymph node capture lymph-borne virions inde-
pendently of MXRA8 expression and CD169+ macrophages. Residual blood-borne virions
are subsequently cleared by MARCO-expressing liver-resident macrophages, namely Kupf-
fer cells. This process is independent of splenic function, complement activation, and
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antibody-mediated mechanisms [36,37]. MARCO-dependent viral uptake is mediated
by its scavenger receptor cysteine-rich (SRCR) domain. Domain-swap and mutational
analyses demonstrate that alphavirus internalization capacity is encoded within the SRCR
domain itself rather than other receptor regions. Notably, replacing the murine SRCR
domain with orthologous SRCR domains from different vertebrate species showed marked
species-specific differences in viral uptake. SRCR domains from Mus musculus, Bos taurus,
Bubalus bubalis, Equus caballus, and Loxodonta africana efficiently supported viral uptake. In
contrast, SRCR domains from primates, including humans and rhesus macaques, as well
as from rodent species other than Mus musculus, bats, and marsupials, did not support
efficient uptake, despite similar receptor surface expression and preserved ligand-binding
capacity. These findings indicate that subtle, species-specific divergence in SRCR surface
chemistry directly dictates MARCO-mediated viral internalization. Such divergence may
partly explain why humans, whose MARCO exhibits limited alphavirus internalization
capacity, can develop viremia sufficient to support mosquito acquisition and thus serve as
vertebrate hosts of ONNV [38]. Consistent with this mode of receptor-mediated recogni-
tion, MARCO-dependent clearance relies on conserved charged residues on the alphavirus
envelope. In ONNV, mutational analysis confirms that residues corresponding to CHIKV
E2-K200, E2-E208, and E1-K61 contribute to efficient clearance, consistent with CHIKV
data, where mutation at these positions impairs clearance with limited tolerance for certain
charge-preserving substitutions. In contrast, RRV depends on a more stringent and largely
non-substitutable set of residues (e.g., E2-H232 and E2-D246), such that even conservative
substitutions disrupt clearance [36,38].

3. Host Factors Underlying Selective Musculoskeletal and Stromal
Tropism of ONNV

A murine infection study delineated the cellular tropism of ONNV, demonstrating
predominant infection of CD45-non-immune stromal populations—including fibroblasts,
endothelial cells, myoblasts, and mesenchymal stromal cells—whereas infiltrating leuko-
cytes remained largely ONNV-negative [39]. The tissue and cellular tropism of ONNV may,
at least in part, be attributable to cell-autonomous permissiveness shaped by the interplay
between host factors exploited to support infection and host defense mechanisms that
restrict infection across the viral life cycle.

At entry, ONNV engages MXRA8, a receptor shared among arthritogenic alphaviruses
and expressed on keratinocytes, dermal and synovial fibroblasts, osteoblasts, chondro-
cytes, and skeletal muscle cells, consistent with the involvement of musculoskeletal and
stromal tissues during infection [40]. In Mxra8∆8/∆8 mice expressing a truncated soluble
receptor, ONNV titers in the ipsilateral ankle are reduced approximately sevenfold early
after infection [41], underscoring the contribution of MXRA8 to early musculoskeletal
infection. Structural studies have demonstrated that MXRA8 engages the viral E1–E2 spike
within the inter-protomer “canyon” via its two Ig-like domains and hinge region, while its
stalk region is indispensable for efficient viral entry [11,42]. Notably, comparative struc-
tural studies have shown that alphaviruses interact with MXRA8 in a host class-specific
manner. Avian MXRA8 adopts an inverted binding mode compared with mammalian
MXRA8 and preferentially supports infection by avian-reservoir alphaviruses [43]. In
addition, species-specific structural variations can affect viral attachment. For example,
a Bovinae-specific 15-amino-acid insertion in the receptor ectodomain sterically hinders
viral binding and may contribute to species-level barriers to MXRA8-mediated entry [44].
Notably, MXRA8-mediated internalization does not require its transmembrane or cytoplas-
mic domains [45], suggesting that viral entry likely involves additional host factors. Given
that classical receptor-mediated endocytosis typically depends on the coordinated action of
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adaptor proteins and clathrin-associated machinery, the molecular mechanisms by which
virus–MXRA8 engagement triggers clathrin-mediated endocytosis remain unclear, and the
specific host factors involved have yet to be defined. ONNV further exploits the interferon-
inducible, glycosylphosphatidylinositol (GPI)-anchored surface protein LY6E to promote
viral uncoating during entry, thereby enhancing infection in a cell type-dependent manner,
particularly in fibroblast and monocytic lineages, without inducing broad transcriptional
remodeling [46] (Figure 2A).

Figure 2. Host factors regulating ONNV entry, genome replication, and protein translation. (A) Entry.
ONNV engages the receptor MXRA8, which facilitates viral attachment and entry, followed by low-
pH-triggered membrane fusion. (B) Genome replication. Following nsP1–4 translation, replication
complexes form to produce a negative-strand RNA intermediate and subsequently synthesize ge-
nomic and subgenomic RNAs. FHL1A, recruited by nsP3, promotes replication complex maturation
and negative-strand synthesis, whereas VCP/p97 supports viral RNA synthesis at a post-entry
stage. (C) Protein translation. Host receptor tyrosine kinase (RTK)–Src family kinase (SFK) signaling
promotes PI3K–mTOR pathway activation, thereby enhancing subgenomic RNA translation and
structural protein synthesis. Figure created with BioRender.com by Z.L.

Following nonstructural protein translation and replication complex formation, ONNV
replication is further modulated by host determinants. FHL1 functions as a highly specific
host dependency factor for ONNV and CHIKV, with only the FHL1A splice variant sup-
porting productive infection. Genetic ablation of FHL1 profoundly impairs negative-strand
RNA synthesis, double-stranded RNA accumulation, replication organelle biogenesis, and
infectious virion production, without affecting cellular viability. Conversely, ectopic expres-
sion of FHL1A converts otherwise non-permissive cells into a permissive state for infection.
Mechanistically, ONNV nsP3 directly recruits FHL1 through a conserved motif (HVD
R4) within its hypervariable domain, thereby promoting FHL1 incorporation into viral
replication foci and facilitating efficient assembly and functional maturation of replication
complexes. The high endogenous expression of FHL1 in skeletal and cardiac muscle is
consistent with its role in supporting ONNV replication in musculoskeletal tissues. This
model is supported by several findings. Cells derived from patients with FHL1-associated
Emery–Dreifuss muscular dystrophy show reduced viral replication. In addition, Fhl1-
deficient mice are protected from viral replication and myositis. These mice also show
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markedly reduced ONNV-induced viremia, musculoskeletal viral burden, inflammation,
and joint pathology in vivo [47,48]. The conserved AAA+ ATPase VCP/p97 similarly
promotes ONNV replication at a post-entry stage by supporting viral RNA synthesis in
physiologically relevant human cell types, including fibroblasts and muscle cells. VCP
inhibition reduces replication-dependent reporter activity without altering nonstructural
protein abundance or RNA template availability, and VCP partially co-localizes with nsP1–3
within replication complexes [49] (Figure 2B).

At the level of structural protein synthesis, Src family kinases (SFKs) promote effi-
cient translation of subgenomic RNAs through activation of phosphoinositide 3-kinase
(PI3K)–protein kinase B (Akt)–mechanistic target of rapamycin (mTOR) signaling. SFK
inhibition selectively reduces structural protein accumulation while sparing non-structural
protein expression and redistributes subgenomic RNAs to monosomal fractions, decreasing
translational efficiency by approximately 80% in a strictly replication-coupled manner [50].
The specific downstream effector proteins that execute this translational control, however,
remain to be identified (Figure 2C).

4. Protective Immune Responses in ONNV Infection
As viral RNA accumulates in infected cells, cytosolic and endosomal pattern-

recognition receptors (PRRs), including retinoic acid-inducible gene I (RIG-I), melanoma
differentiation-associated gene 5 (MDA5), and Toll-like receptor 7 (TLR7), become activated.
RIG-I and MDA5 signal through MAVS-dependent pathways, whereas TLR7 activates
MyD88-dependent signaling. Together, these pathways induce a robust type I interferon
(IFN-I)-mediated antiviral response [51–53]. This early IFN-I response constitutes the
dominant axis of host restriction during acute ONNV infection. Genetic ablation of IFN-I
signaling leads to severe ONNV infection. A129 (Ifnar1−/−) mice and mice lacking the
downstream effector Signal Transducer and Activator of Transcription 1 (STAT1) develop
uncontrolled viremia, systemic viral dissemination, and lethal inflammatory disease. In
contrast, wild-type mice, IFN-γ receptor-deficient mice, and RAG1-deficient mice show
minimal viremia and no obvious clinical signs after infection with physiologically relevant
mosquito-transmitted doses of the virus. These findings establish that innate IFN-I sig-
naling is essential for acute systemic control and survival, while adaptive immunity and
IFN-γ signaling are dispensable at the acute restriction stage [54]. Although dispensable
for initial systemic control, IFN-γ contributes to antiviral defense in defined biological con-
texts. In immunocompetent mice, preexisting blood-stage infection with malaria parasites
(e.g., Plasmodium berghei ANKA or Plasmodium yoelii 17XNL) suppresses ONNV-induced
joint pathology and markedly reduces or abolishes viremia. Genetic deletion or in vivo
neutralization of IFN-γ fully restores ONNV replication and dissemination under these
conditions. Plasmodium infection confers durable resistance in early ONNV target cells,
including fibroblasts, endothelial cells, myoblasts, and mesenchymal stromal cells, rather
than simply delaying viral replication. Consistently, IFN-γ restricts ONNV infection in
human fibroblast, synoviocyte, endothelial, and skeletal muscle cell lines, and plasma
derived from Plasmodium vivax-infected patients suppresses ONNV infection in vitro in an
IFN-γ receptor-dependent manner [39] (Figure 3A).

The antiviral state downstream of interferon signaling is executed by a broad repertoire
of interferon-stimulated genes (ISGs). IFITM3 has emerged as an important ISG restricting
alphavirus infection, including ONNV. IFITM3 does not impair viral attachment or inter-
nalization but inhibits pH-dependent membrane fusion, thereby limiting early cytosolic
delivery of viral genomes. Ifitm3-deficient mice exhibit enhanced early viral dissemination,
heightened inflammatory cytokine induction, and exacerbated joint pathology despite
similar peak viral loads, demonstrating that early ISG-mediated containment shapes both
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viral kinetics and downstream inflammatory amplification [55]. Beyond IFITM3, antiviral
defense against ONNV likely relies on a specific subset of ISGs [56], and systematic inves-
tigations are required to define the ISGs that mediate viral restriction and delineate their
mechanisms (Figure 3A).

Figure 3. Protective versus Pathogenic Immunity and Mechanism-Informed Therapeutic Strategies
in ONNV Infection. (A) Protective immunity. Early innate sensing pathways, including the RIG-I–
MAVS axis, initiate IFN-I responses that mediate acute viral control, while IFN-γ reinforces antiviral
restriction in specific biological contexts. Interferon-stimulated genes, such as IFITM3, limit pH-
dependent membrane fusion and modulate viral dissemination and inflammatory amplification. Non-
canonical STING-dependent pathways may further contribute to antiviral defense and inflammatory
regulation during arthritogenic alphavirus infection. UBXN3B acts as an innate regulatory adaptor
that coordinates antiviral restriction with the maintenance of immunological homeostasis. (B) Intrinsic
antiviral factors. TRIM32 (post-fusion) destabilizes nucleocapsids and limits primary RNA translation;
DDX39A (post-entry) restricts replication partly through recognition of conserved alphavirus RNA
elements; ALPHA (lncRNA; RNA replication) suppresses antigenome synthesis by binding viral RNA
within the nsp1 coding region; ZAP (replication, translation) inhibits early viral RNA translation in
a CpG-dependent manner. (C) Immunopathology. Arthritogenic alphavirus infection can induce
inflammatory arthritis and tissue damage through multiple inflammatory pathways. Cytokines,
chemokines, complement signaling, granzyme A, and NLRP3 inflammasome activation have been
implicated in disease progression in related alphavirus models. Inflammatory cell infiltration further
amplifies pathology. Macrophages and neutrophils can contribute to chronic inflammation and viral
persistence, whereas CD4+ T cells have been shown to drive ONNV-associated joint swelling and
muscle necrosis. Figure created with BioRender.com by Z.L.

The canonical RIG-I–MAVS pathway represents a central axis for RNA virus recog-
nition and control. In this pathway, cytosolic RIG-I detects viral RNA [57,58] and signal
through the mitochondrial adaptor MAVS to activate IRF3 and NF-κB, thereby inducing
type I interferons and antiviral gene expression [59–62]. Beyond this pathway, the cGAS–
STING axis provides an additional layer of antiviral defense. The cGAS–STING pathway
has been classically defined as a central cytosolic innate immune axis for the detection of
DNA viruses [63–66]. Notably, accumulating evidence indicates that STING can also be
engaged during RNA virus infection through non-canonical, DNA-independent mecha-
nisms, expanding its role beyond classical DNA sensing. In the context of influenza A virus
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(IAV), STING is activated independently of canonical DNA sensing, and STING deficiency
leads to increased viral titers both in vitro and in vivo, underscoring its antiviral function.
Mechanistically, the Gly90 residue of STING is critical for recognizing the viral matrix
protein M1 and for STING activation. Downstream of STING–NF-κB signaling, GADD34
functions as a key antiviral effector in the respiratory system [67]. During alphavirus
infection, STING-dependent restriction also appears to operate through mechanisms that
are not fully explained by canonical RNA sensing or classical IFN-I–STAT1 signaling. Phar-
macological activation of STING suppresses ONNV and related alphaviruses by promoting
type I interferon responses [68]. However, cGAS overexpression restricts ONNV replication
even in STAT1-deficient fibroblasts [69]. The in vivo importance of STING signaling during
arthritogenic alphavirus infection has been clearly demonstrated in CHIKV models. STING
deficiency exacerbates CHIKV-induced arthritis and is accompanied by elevated viral bur-
den in vivo. Notably, the expression of Ifnα, Ifnβ, and ISGs, including Isg15, Oas1a, Ifit1 and
Ifit2, is largely comparable between STING-deficient and wild-type mice. This indicates
that the IFN-I response remains intact in the absence of STING during CHIKV infection,
suggesting that STING restricts CHIKV infection through an interferon-independent mech-
anism [70]. Although these findings were established in the context of CHIKV infection,
they provide important mechanistic insight into how STING-dependent pathways may
contribute to antiviral defense and immune regulation during ONNV infection (Figure 3A).

The balance between antiviral restriction and inflammatory pathology is further
shaped by regulatory adaptors that couple innate sensing to immune homeostasis.
UBXN3B, which bridges STING to TRIM56 and promotes STING activation [71], exerts both
cell-intrinsic antiviral and systemic immunoregulatory functions. Ubxn3b-deficient mice
display enhanced early viremia and defective humoral immunity, characterized by reduced
neutralizing antibody responses in the circulation. In parallel, exaggerated myeloid accu-
mulation, reduced B and T cells, and elevated neutrophil-to-lymphocyte ratios are observed
across the foot, spleen, and blood. Importantly, UBXN3B restricts alphavirus replication
independently of intact IFN-I signaling. Loss of UBXN3B skews immune responses toward
sustained proinflammatory cytokine production during the post-acute phase, illustrating
how disruption of innate regulatory nodes can shift antiviral immunity toward prolonged
inflammatory pathology [72] (Figure 3A).

5. Intrinsic Antiviral Factors Restricting ONNV Infection
In addition to the dominant interferon-driven antiviral program, host cells possess

intrinsic antiviral mechanisms that function in a cell-autonomous manner and can act
independently of, or in parallel with, IFN signaling. Early restriction of infection is mediated
by the E3 ubiquitin ligase TRIM32. TRIM32 confers resistance to multiple alphaviruses,
including ONNV, by localizing to endosome- and lysosome-associated compartments.
It acts after viral fusion to destabilize incoming nucleocapsids and limit translation of
primary genomic RNA, without affecting viral attachment or membrane fusion. However,
the specific viral or host substrate targeted by TRIM32 has not yet been identified [73].

At a later stage of the viral life cycle, the DEAD-box helicase DDX39A acts as an
interferon-independent restriction factor downstream of viral entry. Depletion of DDX39A
enhances viral RNA accumulation and replication intermediate formation. This antiviral
effect likely depends on the recognition of conserved alphavirus RNA structural elements,
particularly within the 5′ untranslated region [74]. Complementing protein-based re-
striction mechanisms, the cytoplasmic long non-coding RNA ALPHA is expressed in
human brain microvascular endothelial cells and is induced in a replication-dependent and
alphavirus-specific manner. ALPHA directly binds viral genomic RNA within the nsP1
coding region through a minimal sequence encoded in exon 1, thereby suppressing early
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RNA replication, including antigenome synthesis, independently of IFN-I signaling [75].
This endothelial-intrinsic restriction mechanism may help explain the relatively limited
neuroinvasion and weak neuroinflammatory responses observed in vivo following ONNV
infection (Figure 3B).

The zinc finger antiviral protein (ZAP) exerts its broad-spectrum antiviral activity
through multiple mechanisms, including viral RNA decay and direct inhibition of viral
translation and replication [76–78]. Although its four alternative splice variants—ZAPS,
ZAPM, ZAPL, and ZAPXL—differ in antiviral potency, with the longer isoforms generally
exerting stronger restriction against alphaviruses, ONNV displays relatively attenuated
sensitivity to ZAP-mediated restriction [78]. This resistance maps to the nonstructural
gene region, particularly a discrete nsP2 segment in which localized CpG suppression
limits effective ZAP restriction despite preserved RNA-binding capacity of both short and
long isoforms, demonstrating that regional genomic adaptation rather than global CpG
abundance determines the antiviral outcome [79].

Additional interferon-independent intrinsic modulators further shape cellular permis-
siveness: ectopic expression of SAMD4A, IRF1, P2RY6, HES4, MYD88, IRF2, or MAP3K14
confers robust restriction in STAT-deficient fibroblasts, whereas ADAR enhances viral
replication [69]. The precise molecular mechanisms underlying these modulatory effects,
however, remain to be elucidated. Collectively, these life cycle-stratified proviral and an-
tiviral networks contribute to the selective musculoskeletal and stromal tropism of ONNV
despite systemic hematogenous dissemination (Figure 3B).

6. Pathogenic Immune Responses in ONNV Infection
Although IFN-I-driven innate immunity effectively restricts systemic viral replica-

tion, localized musculoskeletal inflammation can become partially uncoupled from viral
control and emerge as a major driver of disease pathogenesis. The clinical course of arthri-
togenic alphavirus infection is often biphasic. Acute disease typically emerges within
several days after infection, temporally overlapping with early systemic viral replication
and inflammatory cytokine induction [25,80,81]. It is characterized by elevated levels of
IL-1β, IL-6, CXCL9, CCL2, CXCL10, and CCL5, many of which correlate with acute disease
severity [82,83]. Notably, a substantial proportion of patients infected with arthritogenic
alphaviruses, particularly CHIKV, fail to fully resolve musculoskeletal inflammation, pro-
gressing instead to a debilitating chronic rheumatic state characterized by persistent or
relapsing arthralgia lasting months to years [84–86]. This progression is associated with
temporally shifting cytokine networks, in which acute inflammatory mediators dominate
early disease, whereas sustained IL-6 and GM-CSF signaling has been linked to chronic
arthralgia [87].

Within the inflamed joint microenvironment, elevated chemokine signaling can pro-
mote inflammatory remodeling and tissue damage. For instance, increased levels of
CCL2, CCL7, and CCL8 drive aberrant osteoclastogenesis and bone loss, which can be
alleviated by bindarit, an inhibitor of CCL2, CCL7, and CCL8 production [88,89]. Similarly,
macrophage migration inhibitory factor (MIF), a key pro-inflammatory mediator in rheuma-
toid arthritis [90], is markedly upregulated during RRV infection. Notably, MIF-deficient
mice develop substantially attenuated disease, characterized by reduced inflammatory in-
filtration and muscle damage despite viral titers comparable to those of wild-type animals.
Importantly, reconstitution of MIF in MIF−/− mice restores severe disease manifestations,
whereas pharmacological inhibition of MIF significantly ameliorates RRV-induced pathol-
ogy in wild-type mice [91]. Acting in concert with these inflammatory networks, specific
chemokine pathways further shape the course of CHIKV and ONNV infection, particularly
the CXCL10 axis. Although CXCL10 is dispensable for systemic antiviral control, it critically
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regulates local tissue pathology. Loss or inhibition of CXCL10 does not affect early viral
dissemination or viremia but accelerates viral clearance from infected joints and feet while
attenuating local IFN-I and pro-inflammatory cytokine responses. This effect is accompa-
nied by markedly reduced macrophage infiltration, whereas neutrophil and plasmacytoid
dendritic cell recruitment remain largely CXCL10-independent. Importantly, infiltrating
myeloid cells, particularly macrophages and neutrophils, can serve as cellular reservoirs
for arthritogenic alphavirus replication in inflamed tissues, depending on the virus and
disease stage. By promoting macrophage accumulation within infected tissues, CXCL10
signaling enhances local viral burden and thereby links chemokine-driven inflammation to
sustained viral replication and immunopathology [92] (Figure 3C).

In parallel, the complement system contributes to alphavirus-induced immunopathol-
ogy without significantly affecting viral replication or inflammatory cell infiltration. Instead,
the C3–CR3 axis promotes tissue damage by enhancing the production of inflammatory
mediators such as IL-6 and S100A8/A9 from infiltrating immune cells [93,94]. Similarly,
cytotoxic effector molecules have been implicated in arthritogenic alphavirus-induced
immunopathology. Functional studies demonstrated that granzyme A deficiency, and to
a lesser extent granzyme K deficiency, markedly reduced CHIKV-induced foot swelling
and arthritis, whereas granzyme B deficiency had minimal effects. Importantly, reduced
disease severity in granzyme A-deficient mice occurred without changes in viral burden but
was associated with diminished NK- and T-cell infiltration. Consistently, pharmacological
inhibition of granzyme A using Serpinb6b also alleviated CHIKV-induced inflammatory
arthritis in wild-type mice. Moreover, circulating granzyme A levels were elevated in
both CHIKV-infected non-human primates and patients and correlated with viral load,
supporting granzyme A as an important mediator of CHIKV immunopathology and a
potential therapeutic target for CHIKV-associated arthritis [95].

Beyond soluble inflammatory mediators, chemokine networks, and cytotoxic effec-
tor molecules, intracellular innate immune sensing pathways also play critical roles in
shaping alphavirus-induced immunopathology. Both human clinical samples and murine
models of CHIKV [96] and MAYV [97] infection exhibit robust activation of the inflamma-
some pathway. Mechanistically, viral infection activates NLRP3 through ROS generation
and potassium efflux, leading to caspase-1/11-dependent maturation of IL-1β and IL-18,
whereas AIM2 appears largely dispensable [97]. Notably, disruption of the NLRP3 axis has
minimal effects on viral burden in both CHIKV and MAYV infection models, suggesting that
inflammasome signaling primarily regulates inflammatory pathology rather than systemic
viral control [96,97]. In CHIKV infection, pharmacological inhibition of this pathway using
the selective NLRP3 inhibitor MCC950 or the caspase-1 inhibitor Z-YVAD-FMK markedly
attenuates joint inflammation and musculoskeletal pathology [96]. By contrast, genetic
ablation of NLRP3 or caspase-1/11 during MAYV infection alters immune cell infiltration
and moderately exacerbates foot swelling, indicating a more complex immunomodulatory
role for inflammasome signaling in MAYV-associated disease [97]. Together, these findings
identify the NLRP3 inflammasome as a key regulator of inflammatory balance during
arthritogenic alphavirus infection and suggest that related inflammasome-dependent path-
ways may also be relevant to ONNV-associated inflammatory disease, although direct
evidence in ONNV infection remains limited.

Together, these inflammatory pathways converge on coordinated cellular immune net-
works that shape the magnitude, localization, and persistence of musculoskeletal pathology.
In RRV infection, disease progression is primarily orchestrated by a macrophage-dominated
innate immune response. Macrophage depletion markedly attenuates arthritis and myositis
while suppressing local production of pro-inflammatory mediators, including TNFα, CCL2,
CCL3, IL-1β, and IFN-γ [98,99]. Consistent with this model, lymphocyte-deficient Rag1−/−
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mice develop musculoskeletal inflammation, macrophage/NK-cell infiltration, and tis-
sue pathology comparable to those of wild-type animals [100], indicating that adaptive
immune responses are largely dispensable for RRV-induced disease. Further supporting
the pathogenic role of myeloid cells in RRV infection, arthritogenic alphavirus infection
induces an arginase 1 (Arg1)-associated myeloid response involving macrophages and
neutrophils within inflamed musculoskeletal tissues. Although typically associated with
tissue repair, this response instead suppresses viral clearance and delays disease resolution.
Consistently, myeloid-specific Arg1 deficiency markedly reduces late-stage viral burden
and ameliorates musculoskeletal pathology following RRV infection, implicating both
macrophages and neutrophils in chronic inflammation and viral persistence [101]. By con-
trast, CHIKV-induced pathology relies more prominently on pathogenic adaptive immune
responses. Studies using Rag2−/−, Cd4−/−, and Cd8−/− mice demonstrated that CD4+ T
cells, rather than CD8+ T cells, are required for joint swelling and tissue injury, establish-
ing CD4+ T-cell-driven inflammation as a central determinant of CHIKV musculoskeletal
disease [102].

Similar CD4+ T cell-driven immunopathology has also been observed during ONNV
infection. High-dimensional flow cytometry combined with longitudinal in vivo positron
emission tomography (PET) imaging demonstrates pronounced accumulation of activated
CD4+ T cells within infected joints at peak disease. Notably, ONNV-induced joint swelling
and tissue injury occur in the absence of detectable vascular leakage or edema. This suggests
that ONNV-associated joint pathology is driven primarily by immune-mediated tissue in-
jury rather than overt vascular dysfunction. Histopathological analysis accordingly reveals
prominent muscle degeneration, necrosis, and inflammatory cell infiltration. Functional
dissection further uncouples viral control from disease pathogenesis: antibody-mediated
CD4+ T cell depletion attenuates joint inflammation and muscle necrosis without altering
viremia, whereas adoptive transfer of CD4+ T cells restores pathology in ONNV-infected
TCR−/− hosts [103] (Figure 3C).

Recent studies using single-cell RNA sequencing and spatial transcriptomics have
further substantiated the pathogenic roles of CD4+ T cells and macrophages in arthritogenic
alphavirus infection while providing important insights into the mechanisms underlying
chronic disease persistence. During chronic infection with arthritogenic alphaviruses,
including CHIKV, MAYV, and RRV, viral RNA persists in joint-associated tissues under im-
mune control while sustaining low-level replication. Macrophages can serve as major viral
reservoirs and adopt a pro-inflammatory MHC-IIhigh state, whereas infiltrating CD4+ T cells
accumulate and produce IFN-γ. Spatial analyses further revealed close macrophage–CD4+

T cell interactions within inflamed tissues, suggesting that reciprocal immune activation
sustains inflammatory circuits and thereby links persistent viral replication to chronic
joint pathology [104]. Whether similar macrophage–CD4+ T cell spatial interactions con-
tribute to persistent or chronic ONNV-associated musculoskeletal inflammation remains
an important question for future investigation.

7. Mechanism-Informed Intervention Strategies
Mechanism-informed therapeutic strategies against ONNV can be organized along the

sequential stages of infection and host response. The most immediate antiviral approach
targets essential components of the viral replication machinery. The conserved alphavirus
nsP2 protease represents a tractable catalytic vulnerability: the small-molecule inhibitor
RA-00002034 potently suppresses replication of both virulent and attenuated ONNV strains
in normal human dermal fibroblasts by disrupting viral polyprotein processing, demon-
strating activity across distinct ONNV strains [105,106]. Numerous compounds targeting
CHIKV viral proteins have demonstrated potent antiviral activity in experimental settings,
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and given the high degree of protein conservation between CHIKV and ONNV, these
inhibitors may provide useful starting points for evaluating cross-reactive antiviral activity
against ONNV [105,107–110] (Table 1). Among emerging viral RNA-dependent RNA poly-
merase (RdRp) inhibitors, VV261 has recently shown notable promise as a broad-spectrum
antiviral candidate against CHIKV. Originally developed for severe fever with thrombo-
cytopenia syndrome virus (SFTSV) and reported to be under Phase I clinical evaluation,
VV261 overcomes the poor aqueous stability of its parent nucleoside analog [111]. In vitro,
VV261 exhibits potent and dose-dependent antiviral activity against multiple CHIKV lin-
eages, including the Asian and East/Central/South African (ECSA) genotypes, as well
as several other alphaviruses. Mechanistically, VV261 acts during the post-entry stage
of viral replication; as a pyrimidine analog, it competitively interferes with nascent viral
RNA synthesis without inducing lethal mutagenesis. In A129 mouse models, low-dose
oral administration of VV261 effectively suppresses viremia and reduces viral burdens
in joint-associated tissues to undetectable levels. Importantly, this antiviral effect is ac-
companied by marked attenuation of footpad swelling and significant reductions in the
local expression of pro-inflammatory cytokines and chemokines [107]. Although direct
validation against ONNV remains important, these findings support viral polymerase
inhibition as a mechanism-informed strategy with potential relevance to ONNV.

Beyond direct inhibition of viral replication machinery, viral entry constitutes a ther-
apeutically tractable bottleneck centered on the interaction between the E2 glycoprotein
and the host receptor MXRA8. Soluble MXRA8–Fc fusion proteins function as decoy re-
ceptors that competitively sequester virions away from endogenous cell-surface MXRA8
in vivo, thereby blocking viral attachment and entry [40]. Monoclonal antibodies directed
against MXRA8 can similarly sterically occlude the receptor and prevent virus–receptor
engagement [40]. In addition to receptor-targeted strategies, several broadly neutraliz-
ing antibodies originally generated against CHIKV, including CHK-187 and CHK-265,
cross-neutralize ONNV by targeting conserved residues within the E2 B domain and con-
fer in vivo protection against arthritis and dissemination [112]. The human monoclonal
antibody RRV-12, isolated from infected donors, neutralizes virus entry by blocking the
E2–MXRA8 interaction [113]. Owing to the high structural conservation within the Semliki
Forest antigenic complex, the licensed CHIKV vaccine IXCHIQ (VLA1553) elicits cross-
neutralizing antibodies that provide partial cross-protection against ONNV in experimental
settings [114]. In contrast to epitope-centered strategies, host-factor-guided attenuation
offers a mechanistically distinct paradigm: attenuated viruses such as CHIKV-∆FHL1 can
retain immunogenicity while losing pathogenicity, thereby conferring cross-protection
against ONNV [48] (Table 1).

Beyond defined host–virus interfaces, broader host-directed pharmacologic strategies
target intracellular signaling and metabolic networks that support viral replication. Inhi-
bition of Src family kinases impairs structural protein translation [50], while activation of
Rev-erb nuclear receptors suppresses late-stage viral protein accumulation and dampens
inflammatory gene expression [115]. Plant-derived compounds such as berberine and taber-
sonine further illustrate the feasibility of dual antiviral–anti-inflammatory modulation [116].
Finally, amplification of innate immunity represents an upstream therapeutic strategy.
Among innate immune agonists, STING agonists, including cAIMP, show potent antiviral
activity by inducing IFN-I responses, suppressing alphavirus replication, and mitigating
inflammatory arthritis in vivo [117]. Complementing direct antiviral approaches, post-
infection treatment with fingolimod (FTY720), an FDA-approved sphingosine-1-phosphate
receptor modulator, suppresses CD4+ T cell trafficking into the joints and reduces disease
severity without impairing viral clearance. These findings further support the idea that
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ONNV-associated arthralgia can be driven substantially by dysregulated host immune
responses rather than by uncontrolled viral replication alone [103] (Table 1).

Table 1. Mechanism-informed intervention strategies with relevance to ONNV infection and disease.

Intervention Mechanism or Rationale References

RA-00002034 Targets the conserved nsP2 protease to block viral
polyprotein processing and replication [105,106]

VV261
Broad-spectrum RdRp inhibitor; suppresses alphavirus

RNA synthesis during post-entry replication with
potential relevance to ONNV

[107,111]

Soluble MXRA8–Fc
Acts as a decoy receptor; competitively sequesters free

virions away from endogenous cell-surface MXRA8,
blocking viral attachment and entry

[40]

Anti-MXRA8 mAbs Induces steric occlusion of the host cell-surface receptor,
physically blocking virus–receptor engagement [40]

Broadly Neutralizing mAbs
(e.g., CHK-187, CHK-265)

Target conserved residues within the E2 B domain of
CHIKV; cross-neutralize ONNV to protect against

arthritis and viral dissemination in vivo
[112]

RRV-12 mAb Human-derived mAb that prevents viral entry by
specifically disrupting the E2–MXRA8 interaction [113]

IXCHIQ (VLA1553)
(Licensed CHIKV Vaccine)

Exploits high structural conservation within the Semliki
Forest antigenic complex to elicit cross-neutralizing

antibodies, conferring partial protection against ONNV
[114]

CHIKV-∆FHL1
Host-factor-guided attenuation paradigm; abolishes

pathogenicity while preserving robust immunogenicity
to confer cross-protection against ONNV

[48]

Src Family Kinase Inhibitors Perturb host intracellular signaling networks to
selectively impair viral structural protein translation [50]

Rev-erb Nuclear Receptor Agonists
Suppress late-stage viral protein accumulation and

simultaneously dampen host pro-inflammatory
gene expression

[115]

Plant-derived Compounds
(e.g., Berberine, Tabersonine)

Target host metabolic and signaling cascades to achieve
a dual antiviral and anti-inflammatory modulatory

effect in alphavirus infection models
[116]

STING Agonists
(e.g., cAIMP)

Upstream innate immune agonists; trigger potent IFN-I
responses to broadly restrict ONNV and related
alphaviruses and mitigate inflammatory arthritis

in vivo

[117]

Fingolimod (FTY720)

Immunopathology control strategy; post-infection
treatment blocks CD4+ T-cell trafficking into inflamed

joints and alleviates arthritis without impairing
viral clearance

[103]

8. Stage-Specific Immune Regulation of ONNV Infection in
Anopheles Mosquitoes

Successful transmission of ONNV requires efficient establishment of infection within
its Anopheles mosquito vectors, where viral replication must be balanced by innate immune
responses in a manner that allows vector survival, persistent infection, and onward trans-
mission [118]. Following ingestion of an infectious blood meal, ONNV establishes infection
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in the mosquito midgut, the primary anatomical and immunological checkpoint within
the vector.

Leucine-rich repeat proteins, APL1A and APL1C, are classically characterized as extra-
cellular immune factors associated with the complement-like defense system in Anopheles
mosquitoes. In anti-Plasmodium defense, APL1C forms a functional complex with LRIM1
and TEP1 and is typically associated with TEP1-dependent parasite killing and melaniza-
tion [119–121]. APL1A, in turn, is transcriptionally regulated by the Rel2-S isoform of the
immune deficiency (Imd) pathway transcription factor [121]. During ONNV infection,
however, this canonical regulatory organization appears to be functionally uncoupled. Si-
lencing of APL1A or APL1C enhances ONNV titers following oral exposure, indicating that
both factors impose restrictive pressure on viral infection. Depletion of LRIM1, TEP1, or the
related TEP3 does not alter ONNV infection, suggesting that this antiviral activity operates
independently of the classical APL1C–LRIM1–TEP1 complement-like cascade [122]. At
the signaling level, antiviral control in the midgut is primarily associated with the Imd
and JAK/STAT pathways. Knockdown of the Rel2-F isoform, the transcriptional effector
of the Imd pathway, markedly increases viral susceptibility, as does silencing of Stat-A,
a central component of JAK/STAT signaling, indicating that midgut-restricted antiviral
defense relies on Rel2-F- and Stat-A-dependent transcriptional programs. By contrast,
depletion of the Toll pathway regulator Rel1 produces no detectable in vivo effect during
the midgut phase of infection. Likewise, although the exogenous small interfering RNA
pathway is active in this tissue, knockdown of Ago2 or Dcr2 fails to alter viral loads at this
early stage [122] (Figure 4).

The midgut microbiota overall appears to facilitate ONNV infection rather than act-
ing as a purely antiviral barrier. Antibiotic-mediated depletion of resident gut bacteria
markedly reduces viral titers following oral challenge, whereas reconstitution with live
bacteria, but not heat-inactivated bacteria, restores infectivity, indicating that an intact
and metabolically active microbial community promotes viral establishment within the
midgut. However, this proviral effect does not imply that all bacterial taxa are beneficial
to ONNV. Instead, the microbial community likely contains both virus-permissive and
virus-restrictive members. Consistent with this view, dsRNA-mediated silencing of the an-
timicrobial peptide CEC3 decreases viral titers during early infection, suggesting that CEC3
may influence ONNV infection indirectly through microbiota-dependent mechanisms,
although a direct antiviral or immunomodulatory role cannot be excluded [122]. Wolbachia
are intracellular endosymbiotic bacteria widely present in arthropods that can influence
pathogen transmission by manipulating host reproduction and suppressing pathogen
replication. Leveraging these properties, Wolbachia-based strategies represent a promising
paradigm for the control of mosquito-borne diseases [123,124]. Although these studies
were performed in Aedes-derived Aa23 cells and stably transinfected Ae. aegypti mosquitoes
rather than natural Anopheles vectors, Wolbachia infection significantly reduces ONNV
infection in these experimental systems. Mechanistically, Wolbachia-mediated ONNV inhi-
bition appears to be independent of lipid droplet cholesterol storage, since treatment with
2-hydroxypropyl-β-cyclodextrin (2HPCD), a cholesterol-depleting agent, fails to rescue
viral replication [125] (Figure 4).
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Figure 4. Compartment-specific antiviral factors restricting ONNV infection in Anopheles mosquitoes.
In the midgut epithelium, antiviral signaling is primarily mediated by the Imd and JAK/STAT
pathways. The leucine-rich repeat proteins APL1A and APL1C act as restrictive extracellular immune
factors during oral infection, independently of the classical APL1C–LRIM1–TEP1 complement-like
cascade. In addition, the midgut microbiota can promote ONNV establishment, whereas Wolbachia-
mediated inhibition of ONNV has been demonstrated in experimental Aedes-derived systems and
may inform vector-control strategies. Following breach of the midgut barrier and entry into the
hemocoel, systemic control of ONNV is dominated by the exogenous small interfering RNA pathway.
Additional extracellular modulators, including ML1, GALE8, and lysozyme-type effectors (LYSC4 and
LYSC6), exert modulatory antiviral effects. Stress-responsive pathways also contribute to restriction,
as Hsf1-driven induction of the clustered small heat shock protein genes and HSC70B activity limit
viral replication during systemic infection. Factors depicted are those with experimental evidence for
restriction or modulation of ONNV infection in mosquito systems. Figure created with BioRender.com
by Z.L.

After breaching the midgut barrier and initiating systemic dissemination, ONNV
encounters a markedly altered immune landscape. During systemic infection established
by intrathoracic inoculation, classical innate immune signaling pathways appear to play a
limited role in controlling viral replication. Silencing of core components of the JAK/STAT
pathway (HOP, STAT1/STAT2, and PIAS), the Toll pathway (REL1 and CACT), and the
Imd pathway (REL2) has little to no impact on viral replication [126]. Mechanistic studies in
hemocyte-like 4a3A cells provide a possible explanation for this compartment-dependent
difference. ONNV broadly suppresses Toll, Imd, and JAK/STAT signaling pathways.
Although activation of the Toll pathway alone can restrict viral replication, simultaneous
activation of the JAK/STAT, Imd, and Toll pathways weakens and eventually abolishes
this antiviral effect [122]. These findings suggest that immune network cross-talk may
attenuate the antiviral output of classical signaling pathways during systemic infection.
Nevertheless, extracellular immune components exert measurable modulatory effects.
Depletion of pathogen recognition receptors (ML1, GALE8) or lysozyme-type effectors
(LYSC4, LYSC6) augments viral replication, yet does not alter infection prevalence [126].
Instead, systemic ONNV control is dominated by the exogenous small interfering RNA
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(exo-siRNA) pathway. Indeed, the first description of siRNA as a mosquito antiviral
mechanism emerged from studies of An. gambiae infected with ONNV [127], establishing
RNA interference as a central antiviral defense in this vector. Viral double-stranded
RNA is processed by Dicer-2 into ~21-nt virus-derived siRNAs that are incorporated
into AgAgo2-containing RISC complexes to mediate sequence-specific degradation of
viral RNA [128]. Functional analyses reveal a clear Argonaute hierarchy, with AgAgo2
serving as the principal antiviral effector: its depletion markedly enhances viral replication,
systemic dissemination, tissue permissiveness, and mosquito mortality, whereas other
Argonaute proteins contribute minimally [127]. In parallel, stress-responsive heat shock
pathways constitute an additional layer of cell-intrinsic antiviral defense. Knockdown of
the heat shock protein HSC70B elevates whole-body viral titers and enhances tissue-level
dissemination, accompanied by reduced survival [129]. Complementing this, recent multi-
omics analyses have identified a conserved Hsf1–small heat shock protein (sHsp) cascade
that exerts antiviral activity at an early post-entry stage of viral RNA replication. Upon viral
infection, Hsf1 coordinately induces eight sHsp genes clustered within a single genomic
locus, reflecting tight cis-regulatory control. This pathway restricts diverse arboviruses
across mosquito species, including CHIKV in Aedes cells and ONNV in An. gambiae Mos55
cells, and retains antiviral activity in RNAi-deficient contexts [130] (Figure 4).

9. ONNV nsP3 Governs Selective Compatibility with
Anopheles Mosquitoes

Divergence of ONNV and CHIKV likely occurred only thousands of years ago [27],
whereas their principal mosquito vectors, An. gambiae and Ae. aegypti, separated during the
Jurassic period [131]. This temporal mismatch suggests that relatively limited viral genetic
variation was sufficient to establish a pronounced vector restriction across deeply diverged
mosquito lineages. Laboratory infection studies support this restriction: An. gambiae is
highly susceptible to ONNV but refractory to CHIKV infection [132].

Chimeric virus analyses have delineated the viral determinants of mosquito specificity.
Exchange of structural genes between ONNV and CHIKV showed that incorporation of
ONNV structural proteins into a CHIKV backbone conferred only limited [133], and in
some experimental settings no [134], competence for infection of An. gambiae, indicating
that structural proteins alone do not determine Anopheles tropism. In contrast, substitution
of nsP3 produced a markedly different outcome: only chimeras retaining intact ONNV
nsP3 achieved infection efficiencies in An. gambiae comparable to parental ONNV, whereas
replacement of ONNV nsP3 with its CHIKV counterpart abolished viral viability in both
mammalian and insect cells [134]. Thus, ONNV nsP3 emerges as a major viral determi-
nant underlying its capacity to infect Anopheles mosquitoes. Accordingly, comparative
immunoprecipitation–proteomic analyses in Sua4.0 cells revealed divergent host interaction
networks assembled by ONNV and CHIKV nsP3. ONNV nsP3 uniquely associates with
WD repeat-containing protein 48 (WDR48), huntingtin-interacting protein (HIP1), cathepsin
L, fermitin, breast cancer metastasis-suppressor 1-like protein, and 28S ribosomal protein
S22, indicating the presence of an ONNV-specific host interaction module in anopheline
cells [135]. Therefore, nsP3-dependent tropism likely reflects combinatorial engagement
of multiple host factors. Whether these specialized interactions directly underlie ONNV
tropism remains to be determined and will require targeted loss-of-function analyses in
both cell lines and intact mosquitoes.

As a multifunctional component of the alphavirus RNA replicase, nsP3 exhibits
a modular architecture comprising an N-terminal macrodomain, a central alphavirus-
unique/zinc-binding domain (AUD/ZBD), and a C-terminal hypervariable domain (HVD).
Through coordinated activities of these domains, nsP3 regulates replication complex assem-
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bly, modulates viral RNA synthesis, and mediates interactions with host factors [136–144].
Sequence divergence within nsP3 between ONNV and CHIKV thus provides a plausible
molecular basis for their differential replication capacities in Anopheles cells. Dissecting
how specific amino acid differences alter domain-specific functions and host interactions
will be essential for defining the mechanistic basis of nsP3-dependent vector tropism.

An additional regulatory layer resides at the nsP3/nsP4 junction. The opal stop
codon (UGA) between nsP3 and nsP4 governs the production of two polyproteins—P123
and P1234—through translational termination and readthrough, respectively [145]. Low-
passage ONNV isolates retain the opal codon, which can convert to arginine (CGA) during
serial passage in Vero cells, with mixed populations frequently detected, consistent with
quasispecies dynamics [5]. Although the opal codon attenuates replication in vertebrate and
mosquito cell lines, it confers a marked fitness advantage in the natural mosquito vector,
enhancing transmission potential [146]. This finding indicates that regulated readthrough
at the nsP3/nsP4 boundary represents a finely tuned mechanism balancing replication
efficiency and transmission fitness across vertebrate and arthropod hosts.

The recent establishment of a CRISPR drop-out screening system in an anopheline cell
line Sua-5B provides a powerful framework for systematic identification of genes essential
for anopheline cellular function [147]. Although this platform was not originally developed
to study ONNV infection, it provides a methodological foundation for future genetic
screens in anopheline cells. Application of chimeric reporter viruses or ONNV-based
infection models in CRISPR-based genetic screens could enable unbiased identification of
anopheline host factors required for ONNV replication or nsP3-dependent compatibility,
thereby facilitating functional validation and mechanistic characterization of the effector
pathways that govern ONNV tropism.

10. Potential Expansion of ONNV Beyond Anopheles Gambiae and
Anopheles Funestus

ONNV is currently regarded as geographically confined to sub-Saharan Africa [29],
where transmission has been sustained primarily by An. gambiae and An. Funestus [14,18–24].
This spatial restriction has often been interpreted as evidence of biological dependence
on a relatively narrow vector spectrum. Yet such a view risks conflating ecological cir-
cumstance with intrinsic constraint. Rather than reflecting a fixed virological boundary,
ONNV’s distribution may represent a historically contingent ecological equilibrium—one
structured by vector availability, environmental suitability, and patterns of mammalian
host–mosquito contact.

That equilibrium may become increasingly unstable. Intensifying globalization, cli-
mate change, and the redistribution of invasive mosquito species are reshaping vector
ecology. With nearly one quarter of recognized human disease vectors now documented
beyond their historical native ranges [148], geographic barriers that once constrained
arboviral transmission are progressively weakening. Under these conditions, ONNV’s
apparent confinement should not be assumed to represent permanent stability. As vector
ranges expand and human mobility accelerates, cross-regional dissemination becomes a
plausible epidemiological scenario rather than merely theoretical.

The identification of an imported ONNV infection in Germany in 2013 following
travel to Kenya [149] provides evidence that human mobility can introduce ONNV beyond
endemic regions. Although no secondary transmission was detected—indicating that
local ecological conditions were insufficient for sustained spread at that time—the absence
of observed transmission does not necessarily imply inherent containment. Arboviral
emergence is conditional: when viral introduction coincides with competent mosquito
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vectors and susceptible mammalian hosts, localized importations may transition into
sustained transmission under favorable ecological conditions.

The global expansion of Zika virus offers a contemporary illustration of this dynamic.
Following introduction into regions where competent Aedes vectors were already widely
established, Zika shifted rapidly from sporadic importations to epidemic spread in im-
munologically naïve populations, producing substantial public health and socio-economic
consequences [150,151]. By analogy, ONNV’s present geographic restriction cannot be
assumed to guarantee future containment. Systematic identification and characterization
of additional mosquito species with potential competence for ONNV therefore represents
an important preparedness priority, aimed at anticipating ecological opportunities for
emergence rather than responding only after transmission becomes established.

Of particular concern is the rapid expansion of Anopheles stephensi, an invasive Asian
species within the broader anopheline vector landscape. Now established across the Horn
of Africa and spreading southward [152], An. stephensi is a highly adaptable urban malaria
vector capable of transmitting both Plasmodium falciparum and P. vivax [153]. Experimental
studies demonstrate efficient ONNV infection following infectious blood feeding, with
viral RNA detected in salivary glands [154]—a key indicator of potential transmission com-
petence. Similarly, Anopheles coluzzii is a major Afrotropical malaria vector within the An.
gambiae complex, distributed across western and central sub-Saharan Africa and broadly
overlapping with An. gambiae across diverse ecological settings. Despite its relatively
recent divergence, it exhibits distinct larval ecology, exploiting both transient rain-fed pools
and anthropogenic permanent habitats, and shows marked ecological plasticity, including
flexible host choice and indoor–outdoor biting and resting behavior, as well as persistence
through dry seasons [155]. Importantly, it has been experimentally demonstrated to sup-
port infection with ONNV under laboratory conditions [156], and its ecological overlap
with established vectors suggests a potential role in ONNV transmission under favorable
circumstances. Beyond Africa, Anopheles albimanus, a predominant anopheline species dis-
tributed throughout Central and South America, also exhibits high laboratory competence
for ONNV, while remaining refractory to CHIKV and flaviviruses [157]. Susceptibility
further extends beyond anophelines. The globally invasive mosquito Ae. albopictus has been
shown to acquire, replicate, and transmit ONNV under permissive temperature conditions,
whereas native European Culex species remain refractory [158]. These laboratory compe-
tence data indicate that ONNV vector range may be broader than historically recognized,
although field relevance will depend on vector abundance, feeding behavior, ecological
overlap with vertebrate hosts, and environmental suitability.

11. Conclusions
As the closest known relative of CHIKV, ONNV shares substantial genetic and bi-

ological overlap with CHIKV, but its distinctive vector usage, clinical presentation, and
host–vector interactions indicate that it should not be regarded simply as an ecological vari-
ant of CHIKV. Current evidence instead supports viewing ONNV as a biologically distinct
arthritogenic alphavirus whose infection is shaped by an integrated network of mammalian
host determinants, antiviral restriction mechanisms, immune-mediated pathology, and
vector-specific viral adaptations. In mammalian hosts, species-specific MARCO-mediated
clearance may influence systemic viremia, whereas MXRA8, LY6E, FHL1, VCP/p97, Src
family kinases, and multiple intrinsic antiviral factors regulate viral entry, replication,
tissue tropism, and cellular permissiveness. At the immune level, IFN-I signaling pro-
vides a dominant axis of acute viral restriction, while inflammatory pathways involving
chemokines, complement, inflammasome activation, macrophages, and CD4+ T cells can
drive musculoskeletal pathology that is partially uncoupled from systemic viral control.
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These mechanisms also reveal potential intervention points, including viral replication
machinery, receptor-mediated entry, host dependency factors, innate immune activation,
and immunopathology-directed therapies.

In mosquito vectors, ONNV infection is shaped by stage-specific immune regulation.
Midgut-associated Imd and JAK–STAT responses, microbiota-dependent effects, systemic
exo-siRNA activity, and stress-responsive heat shock pathways collectively influence viral
replication, dissemination, persistence, and vector fitness. Among viral determinants,
nsP3 has emerged as a major driver of ONNV compatibility with anopheline mosquitoes,
although the host factors and interaction networks that execute nsP3-dependent vector
tropism remain incompletely defined. Laboratory susceptibility of additional Anopheles
species and Ae. albopictus suggests that ONNV vector range may be broader than historically
recognized, but the field relevance of these observations will depend on vector ecology,
feeding behavior, environmental suitability, and opportunities for human–mosquito contact.

Future studies should therefore prioritize ONNV-specific experimental systems, func-
tional validation of host and vector determinants, and integrated analysis of how viral
replication, immune regulation, tissue pathology, and mosquito compatibility jointly shape
ONNV biology. Together, these efforts will clarify why ONNV shares important features
with CHIKV yet follows a distinct mechanistic, pathogenic, and ecological trajectory.
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The following abbreviations are used in this manuscript:

ALPHA Antiviral lncRNA prohibiting human alphaviruses
APL1A/APL1C Anopheles Plasmodium-responsive leucine-rich repeat protein 1A/1C
CHIKV Chikungunya Virus
CXCL10 C-X-C Motif Chemokine Ligand 10
DDX39A DEAD-Box Helicase 39A
dLNs Draining Lymph Nodes
FHL1 Four and a Half LIM Domains Protein 1
IFN-I Type I Interferon
IFN-γ Interferon Gamma
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IFITM3 Interferon-Induced Transmembrane Protein 3
ISGs Interferon-Stimulated Genes
JAK/STAT Janus Kinase/Signal Transducer and Activator of Transcription
LY6E Lymphocyte Antigen 6 Family Member E
MARCO Macrophage Receptor with Collagenous Structure
MAVS Mitochondrial Antiviral Signaling Protein
MDA5 Melanoma Differentiation-Associated Protein 5
MXRA8 Matrix Remodeling Associated Protein 8
NF-κB Nuclear Factor Kappa B
nsP1–4 Nonstructural Proteins 1–4
ONNV O’nyong-nyong Virus
PBMCs Peripheral Blood Mononuclear Cells
PI3K–Akt–mTOR Phosphoinositide 3-Kinase–Protein Kinase B–Mammalian Target of Rapamycin
PRRs Pattern Recognition Receptors
RIG-I Retinoic Acid-Inducible Gene I
RNAi RNA Interference
RRV Ross River Virus
SFK Src Family Kinases
siRNA Small Interfering RNA
STING STimulator of INterferon Genes
TLR7 Toll-Like Receptor 7
TRIM32 Tripartite Motif Containing 32
UBXN3B UBX Domain Protein 3B
VCP/p97 Valosin-Containing Protein
ZAP Zinc Finger Antiviral Protein
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