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Abstract

Orf virus (ORFV) is a globally distributed zoonotic parapoxvirus that causes a highly
contagious mucocutaneous disease in small ruminants. Despite the urgent demand for
vaccination-based control, no licensed vaccines are currently available universally. In
this study, we generated two recombinant Sendai virus (SeV) vectors expressing ORFV
011 (rSeV-GFP-B2L) and ORFV 059 (rSeV-GFP-059) genes and evaluated their ability to
stimulate antiviral responses in vitro. Following the transduction, we assessed transgene
expression, innate immune activation, induction of interferon-stimulated genes (A3Z1,
OBST2, SAMHD1), and antiviral activity. Both vectors significantly upregulated pattern
recognition receptors (TLRs, RIG-I) and type I interferon (IFN-β) genes, with rSeV-GFP-059
inducing the strongest response. Remarkably, OBST2 was robustly upregulated, suggesting
a potential role in restricting ORFV replication. Antiviral activity assays revealed a marked
reduction in ORFV DNA copies and a mild decrease in ORFV RNA transcription in rSeV-
GFP-059-transduced cells, particularly at later time points, accompanied by complete
abrogation of the typical cytopathic effect. Collectively, these results demonstrate that
SeV-based vectors, particularly rSeV-GFP-059, efficiently prime antiviral immunity and
suppress ORFV replication, establishing a promising platform for further in vivo vaccine
evaluation in sheep.

Keywords: Orf virus; Sendai virus; viral vector; innate immunity; antiviral

1. Introduction
Contagious ecthyma (CE), caused by the Orf virus (ORFV), is a highly contagious

zoonotic viral mucocutaneous disease that primarily affects sheep and goats world-
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wide [1–3]. CE hinders lamb feeding, decreasing their daily weight gain and increas-
ing the sanitary and personnel costs per animal, resulting in significant global economic
losses [4–6]. CE is characterized by multifocal vesiculopustular and/or proliferative der-
matitis affecting the muzzle, nipples and limbs, as well as multifocal erosive–ulcerative
stomatitis, esophagitis and/or ruminitis [3,7]. CE lesions are usually contaminated by
bacterial or fungal agents, which further complicates clinical progression [8].

ORFV, a member of the family Poxviridae, subfamily Chordopoxvirinae, and genus
Parapoxvirus [9], is an enveloped virus characterized by a double membrane that sur-
rounds the double-stranded DNA (dsDNA) genome containing 132 genes in approximately
135–140 kilobases [10,11]. Conserved genes, located in the center of the genome, are respon-
sible for replication and transcription [12]. Virulence and pathogenicity genes (accessory
genes) are found at both extremes, adjacent to the inverted terminal repeats [12–14]. Acces-
sory genes encode several immunomodulatory proteins that enable the virus to evade the
immune response [15–17], thereby complicating disease control [18].

Although the development of novel, safe, and effective vaccines for ORFV is a priority,
no universally licensed vaccines for sheep and goats are currently available [3,18,19]. Pu-
rified scab-based vaccines were used in the 1930s because they induced an effective and
long-lasting protection [19,20]. However, these non-attenuated live virus vaccines do not
confer cross-protection [21] and induce vaccine-associated ORFV cutaneous lesions [22],
especially among unvaccinated animals [19]. Culture-based live-attenuated vaccines are
relatively safer [19,23,24]; therefore, in some countries, vaccines such as Scabivax® Forte
(MSD Animal Health, Milton Keynes, UK) or ECTHYBEL® (Boehringer Ingelheim Ani-
mal Health France, Lyon, France) have been approved and commercialized. However,
these types of vaccines can revert to virulence [25] or be contaminated [26], elicit only
partial [25,27] and short-lived (3–6 months) immunity [19,23,28,29], and the transmission
of protection to lambs has not been demonstrated [30]. They are only recommended in
enzootic flocks to reduce clinical severity [23]. A double gene-deleted recombinant vac-
cine (rGS14-DCBP-DGIF) with deletions in Chemokine-Binding Protein (CBP) and GIF
genes; a triple gene-deleted mutant of ORFV (rGS14∆CBP∆GIF∆121) with deletions in
CBP, GIF and ORFV 121 genes; and a quadruple gene-deleted mutant with an additional
deletion in viral IL-10 gene (vIL-10) (rGS14∆CBP∆GIF∆121∆VL10) showed complete pro-
tection against virulent ORFV challenge in kids [31–33]. Other safer strategies include
prototypes of subunit and plasmid DNA vaccines that are based on the highly conserved
central immunogenic envelope proteins ORFV B2L (ORFV 011 gene) and ORFV F1L (ORFV
059 gene) [34,35]. ORFV B2L is considered the homolog of the poxviral phospholipase
protein (F13) and Vaccinia virus envelope protein antigen-p37K, responsible for extra-
cellular virus formation [14,36,37]. ORFV F1L is homologous to the Vaccinia virus H3L
gene [38], and is therefore probably involved in morphogenesis and viral infection [39],
and it is responsible for the induction of neutralizing antibodies [39–41]. These types
of vaccines have been explored prophylactically in mice, achieving complete protection
against ORFV challenge [37,42–45]. Nevertheless, experimental trials have not been carried
out in small ruminants.

Currently, viral vector-based vaccines are extensively studied for their immunogenic
potential [46–48] and their efficiency in transgene expression [49,50]. A Vaccinia-based
vector expressing multiple fragments of ORFV DNA demonstrated significant protection
against wild-type ORFV challenge in lambs; however, the specific immunogenic ORFV pro-
teins were not identified [51]. Sendai virus (SeV) has shown promising safety and efficacy
as a viral vector in developing vaccine prototypes for various viral pathogens [48,52,53].
In sheep, SeV has been effective in transgene expression [49,50] and robustly activated
the innate immune response in sheep cells by upregulating the expression of interferon-
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stimulated genes (ISGs) expression, including apolipoprotein B mRNA editing enzyme
catalytic subunit 3 (APOBEC3/A3Z1), ovine BST2/Tetherin (OBST2) and SAM and HD
domain containing deoxynucleoside triphosphate triphosphohydrolase 1 (SAMHD1), all of
which are involved in in vitro and in vivo protection against small ruminant lentiviruses
(SRLV) [54,55]. Therefore, recombinant SeV vectors could represent an alternative strategy
for developing a new generation of safe and effective vaccines against ORFV infection in
small ruminants.

In this study, we developed two recombinant SeV vectors encoding ORFV 011 (rSeV-
GFP-B2L) and ORFV 059 (rSeV-GFP-059) genes and evaluated the transgene expression,
activation of the innate immune response and antiviral activity against ORFV and SRLV
in vitro.

2. Materials and Methods
2.1. Cells, Plasmids, and Viruses

Ovine skin fibroblasts (OSF) were obtained from skin biopsies of ORFV-free lambs.
These animals tested negative, using an in-house ORFV-specific indirect enzyme-linked
immunosorbent assay (ELISA) based on the ORFV 109 protein and polymerase chain
reaction (PCR) targeting the 045 ORFV gene [7,56] (Supplementary Table S1). OSF, human
embryonic kidney (HEK293T) cells and bovine esophagus (KOP-R) cells were cultured
at 37 ◦C with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) (Deltalab, Rubí,
Spain) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% L-glutamine
and 1% antibiotic/antimycotic mix (Sigma Aldrich, St. Louis, MO, USA).

The SeV antigenome plasmid containing green fluorescent protein (GFP) (SeV-GFP),
along with accessory plasmids (T7-SeV-N, T7-SeV-P, T7-SeV-L and T7opt), were used as
previously described [57]. SeV-GFP derives from the SeV Fushimi strain, with mutations
introduced into the F and M genes, as previously described [58].

The ORFV strain NAV (GenBank Accession no. ON805832) was isolated from prolifer-
ative scabby skin lesions of Assaf breed lambs during a natural CE outbreak in Navarra
(Spain), as described previously [7,59]. For virus propagation, ORFV strain NAV was
cultured in KOP-R cells, and supernatants were collected and filtered once approximately
90% of the culture showed a cytopathic effect (CPE). Viral titers were determined on 96-well
KOP-R cell cultured plates using the Reed–Müench method [60] and expressed as a 50%
tissue culture infectious dose per milliliter (TCID50/mL). SRLV viral stocks from genotype
A (strain EV1) [61] were propagated and titrated in OSF, as described above.

2.2. Construction and Viral Rescue of Recombinant SeV Plasmids

ORFV 011 (1206 base pairs (bp)) and ORFV 059 (1029 bp) gene sequences were ampli-
fied from the ORFV strain NAV and cloned into the SeV-GFP plasmid by In-Fusion® cloning
technology, between Gaussia-Dura Luc and GFP genes (primers in Supplementary Table S1;
In-Fusion HD Cloning Kit; Takara Bio USA, San Jose, CA, USA), generating recom-
binant plasmids rSeV-GFP-B2L and rSeV-GFP-059. Correct insertion was checked by
Sanger sequencing.

Recombinant viruses were rescued using the SeV reverse genetics system [57]. Briefly,
0.5 µg of antigenomic SeV-GFP, rSeV-GFP-B2L or rSeV-GFP-059, along with the accessory
plasmids (0.173 µg T7-SeV-N, 0.1 µg T7-SeV-P, 0.01 µg T7-SeV-L, 0.5 µg of T7opt) were
co-transfected in 60–70% confluent HEK293T cells using Jet Prime transfection reagent
(jetPRIME®; Polyplus, Illkirch, France), following the manufacturer’s instructions (1:2,
DNA:transfection reagent ratio). Transfection efficiency was monitored by fluorescence mi-
croscopy (Nikon Eclipse TE300; Nikon Corporation, Tokyo, Japan) to detect virus-encoded
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GFP expression. GFP-positive supernatants were collected at 96 h post-transfection, clari-
fied by centrifugation at 1400 g for 5 min, filtered and stored at −80 ◦C.

Viral stocks were amplified by five successive passages in HEK293T cells at a multi-
plicity of infection (MOI) of 1 and titrated by fluorescence microscopy in 96-well culture
plates, using the Reed–Muench method [60].

2.3. Quantification of mRNA Relative Expression in OSF

OSF were transduced with SeV-GFP, rSeV-GFP-B2L or rSeV-GFP-059 at a MOI of
1. Cell lysates were collected at 12, 24, 48, 72, 96 and 120 h post-transduction (hpt). mRNA
extraction was performed using an automated system (NucleoMag RNA-Magnetapure 32;
Dominique Dutscher, Bernolsheim, France), and cDNA was synthesized using random
hexamers and oligo (dT) primers (PrimeScript RT Reagent Kit; Takara Bio, Kyoto, Japan).
A quantitative PCR (qPCR) was performed using SYBR Premix Ex Taq (Takara, Kyoto,
Japan) with specific primers (Supplementary Table S1) on an AriaMx Real Time PCR System
(Agilent Technologies, Santa Clara, CA, USA).

Expression of ORFV B2L and ORFV 059 transgenes was evaluated at 24, 48, 72, 96
and 120 hpt. β-actin was used as the housekeeping gene for mRNA quantification (2−∆Ct

method). To assess innate immune stimulation by SeV-GFP, rSeV-GFP-B2L or rSEV-GFP-
059, the upregulation of different Toll-like receptors (TLRs), retinoic acid-inducible gene I
(RIG-I), adaptor MyD88 and interferon β (IFN-β) were measured at 12, 24, 48 and 72 hpt in
OSF. MyD88 was included as a target gene to assess innate immune signaling downstream
of TLR activation. β-actin was used as the sole housekeeping gene for normalization.
Basal gene expression in non-transduced OSF was used as the threshold value for relative
quantification (2−∆∆Ct method). Using a logarithmic scale, genes with values higher than
1 were considered to be upregulated.

Additionally, expression of ISGs, including A3Z1, OBST2 and SAMHD1, was evaluated
at 24, 48 and 72 hpt in OSF, using specific primers (Supplementary Table S1) and the
2−∆∆Ct method.

2.4. Antiviral Activity Assays

KOP-R cells were transduced at 0.1 MOI with SeV-GFP, rSeV-GFP-B2L or rSeV-GFP-059.
Supernatants were removed at 48 hpt and cells were infected with the ORFV strain NAV at
0.1 MOI. DNA was extracted manually (E.Z.N.A.® Blood DNA Kit; Omega Biotek, Norcross,
GA, USA) at 24 h post-infection (hpi) and 5 days post-infection (dpi). The quantity and
purity of the extracted nucleic acids were evaluated with a microvolume ultraviolet-visible
spectrophotometer (NanoDrop OneC; Thermo Scientific®, Waltham, MA, USA). Viral DNA
was quantified by qPCR on an AriaMx qPCR system (Agilent Technologies, Santa Clara,
CA, USA), applying 50 ng of DNA, SYBR Premix Ex Taq (Takara, Kyoto, Japan) and specific
primers targeting the ORFV 045 gene [7,56] (Supplementary Table S1). A standard curve
(R2: 0.98) was used to determine the number of ORFV copies per nanogram of DNA (Log10

copies ORFV/ng), as described previously [50]. Moreover, mRNA was also extracted and
purified as described above at 24 and 48 hpi. The quantification of ORFV 045 expression
was evaluated using the 2−∆Ct method. Additionally, the ORFV-specific CPE was also
evaluated at 5 dpi. The positive control consisted of KOP-R cells infected with the ORFV
strain NAV.

Supernatants from OSF transduced at 1 MOI with SeV-GFP, rSeV-GFP-B2L or rSeV-
GFP-059 were collected and filtered at 24, 48 and 72 hpt. The antiviral activity of these
supernatants was evaluated by incubation with fresh OSF cells. After 24 h of incubation,
OSF were infected with the SRLV strain EV1 at 0.5 MOI. At 24 hpi, cells were collected
and DNA extracted as described above. Viral load was measured by qPCR, using specific
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primers (Supplementary Table S1). A standard curve (R2: 0.98) was used to determine
SRLV copies per nanogram of DNA (Log10 copies SRLV/ng) with a range of detection from
101 to 108 copies/ng. The positive control consisted of OSF infected with SRLV strain EV1.

2.5. Statistical Analysis

Data were analyzed using IBM SPSS 26.0 (IBM Corporation, Armonk, NY, USA).
Each in vitro experiment was repeated a minimum of three times. Continuous variables
(quantification of mRNA relative expression, copies per nanogram from antiviral activity
assays) were described using the mean and standard deviation. After the Shapiro–Wilk test
was used to assess the normal distribution of the data, Levene’s test was applied to assess
the homogeneity of variance of normally distributed variables. For variables with a normal
distribution and equal variances, a one-way analysis of variance (ANOVA) or Student’s
t test was applied. After ANOVA analysis, Bonferroni correction was used for multiple
pairwise comparisons. For normally distributed variables and unequal variances, Welch’s
t-test was applied and multiple pairwise comparisons were performed using a Games
Howell post hoc test. For non-normally distributed variables, the Kruskal–Wallis test or
Mann–Whitney U test was conducted. After the Kruskal–Wallis test, a Dunn post hoc was
applied for multiple pairwise comparisons. The statistical significance was set at p < 0.050
and represented as * p < 0.050, ** p < 0.010, and *** p < 0.0010.

3. Results
3.1. Generation and Titration of Recombinant SeV Vectors

The transfection of HEK293T cells with SeV-GFP, rSeV-GFP-B2L or rSeV-GFP-059 was
confirmed by the presence of GFP-positive cells under fluorescence microscopy. SeV-GFP
transfection resulted in approximately 40–50% of GFP-positive cells at 96 hpt, whereas
rSeV-GFP-B2L and rSeV-GFP-059 showed lower transfection efficiency (5–10%). All three
recombinant SeV vectors reached approximately 80–100% GFP-positive cells at 144 hpt
(Figure 1). Subsequently, SeV-GFP, rSeV-GFP-B2L and rSeV-GFP-059 were collected, filtered
and titrated on HEK293T cells, achieving titers of 107 TCID50/mL.

Figure 1. HEK293T cells transfected with SeV-GFP, rSeV-GFP-B2L or rSeV-GFP-059. The transfection
efficiency was determined by the presence of GFP-positive cells under fluorescence microscopy at 24,
96 and 144 h post-transfection (hpt). (Scale bar = 15 µm).
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3.2. Transgene Expression in OSF

Transduction of OSF with the recombinant SeV vectors was confirmed by GFP-positive
cells. OSF transduced with rSeV-GFP-B2L and rSeV-GFP-059 showed efficient and progres-
sive transgene expression (Figure 2). OSF transduced with rSeV-GFP-059 showed higher
transgene expression than OSF transduced with rSeV-GFP-B2L at 72 hpt (p = 0.016), 96 hpt
(p = 0.001) and 120 hpt (p < 0.001). Both viral vectors reached a peak of transgene expression
at 120 hpt.

Figure 2. Relative mRNA transgene expression in OSF transduced with rSeV-GFP-B2L or rSeV-
GFP-059 at 24, 48, 72, 96 and 120 h post-transduction (hpt). Data represent the mean and standard
deviation. Statistically significant differences between groups (* p < 0.050, ** p < 0.010, *** p < 0.001).

3.3. Stimulation of the Innate Immune Response in OSF

The mRNA expression of different TLRs, RIG-I, MyD88 and IFN-β genes varied de-
pending on the SeV vector used and time post-transduction (Figure 3). OSF transduced
with rSeV-GFP-B2L and rSeV-GFP-059 showed upregulation of the TLR2, TLR3, TLR6,
TLR7, Myd88, RIG-I and IFN-β genes. In contrast, SeV-GFP did not induce upregulation of
the TLR6 or IFN-β genes. At 24 hpt, rSeV-GFP-059 induced a statistically significant higher
upregulation of RIG-I than rSeV-GFP-B2L (p = 0.039). RIG-I was the most upregulated gene,
peaking at 12 hpt in OSF transduced with SeV-GFP, at 48 hpt with rSeV-GFP-B2L and at
24 hpt with rSeV-GFP-059.

3.4. Interferon-Stimulated Genes Expression in OSF

OSF transduced with SeV-GFP, rSeV-GFP-B2L and rSeV-GFP-059 generally over-
expressed ovine ISGs (A3Z1, BST2 and SAMHD1) (Figure 4). Transduction with rSeV-
GFP-059 induced higher OBST2 expression than SeV-GFP and rSeV-GFP-B2L at 48 hpt
(p < 0.001). OBST2 was the most upregulated ISG (p < 0.05), except at 24 hpt in rSeV-
GFP-059-transduced OSF, where A3Z1 was more highly expressed compared to OBST2
and SAMHD1 (p = 0.011; p = 0.024). Additionally, at 48 hpt and 72 hpt OBST2 expres-
sion was significantly higher than A3Z1 (p = 0.032; p = 0.026) and SAMHD1 (p = 0.048;
p = 0.041) in rSeV-GFP-059-transduced OSF and at 72 hpt in rSeV-GFP-B2L-transduced OSF
(p = 0.003; p = 0.018).
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Figure 3. Relative mRNA expression of upregulated TLRs, RIG-I, MyD88 and IFN-β genes in OSF
transduced with SeV-GFP, rSeV-GFP-B2L or rSeV-GFP-059 at 12 (a), 24 (b), 48 (c) and 72 (d) hours post-
transduction (hpt). Genes with expression values >1 (broken line) were considered to be upregulated.
Data represent the mean and standard deviation. Statistically significant differences between groups
(* p < 0.05).

Figure 4. Relative mRNA expression of interferon-stimulated genes (A3Z1, OBST2 and SAMHD1)
in OSF transduced with SeV-GFP, rSeV-GFP-B2L or rSeV-GFP-059 at 24 (a), 48 (b) and 72 (c) hours
post-transduction (hpt). Dotted line corresponds to non-transduced OSF. Data shown are the mean
and standard deviation. Statistically significant differences between groups (*** p < 0.001).

3.5. Antiviral Responses

Viral load varied among transduced and non-transduced cells once infected with
ORFV. Whereas only a few differences were observed at 24 hpi, a significant decrease in
ORFV DNA copies was observed at 5 dpi in KOP-R cells transduced with rSeV-GFP-059
compared to the positive control (p = 0.048) (Figure 5). Similarly, although no significant
differences were observed, ORFV RNA transcription was reduced at 24 and 48 hpi in
rSeV-GFP-059-transduced KOP-R cells (Figure 6). Moreover, typical ORFV-induced CPE
was completely abolished in rSeV-GFP-059-transduced KOP-R cells compared to the other
groups (Figure 7).
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Figure 5. ORFV DNA quantification in KOP-R transduced with SeV-GFP, rSeV-GFP-B2L or rSeV-
GFP-059 and infected (48 h post-transduction) with ORFV strain NAV. DNA were quantified at 24 h
post-infection (hpi) and 5 days post-infection (dpi). Non-transduced KOP-R cells infected with ORFV
strain NAV at the mentioned times served as positive controls (C+ (ORFV)). Data represent the mean
and standard deviation. Statistically significant differences between groups (* p < 0.05).

Figure 6. Relative mRNA expression of ORFV 045 in KOP-R transduced with SeV-GFP, rSeV-GFP-B2L
or rSeV-GFP-059 and infected (48 h post-transduction) with ORFV strain NAV. Expression of ORFV
045 was quantified 24 and 48 h post-infection (hpi). Non-transduced KOP-R cells infected with ORFV
strain NAV at the mentioned times served as positive controls (C+ (ORFV)). Data represent the mean
and standard deviation.

Supernatants from OSF transduced with SeV-GFP, rSeV-GFP-B2L or rSeV-GFP-059 and
collected at 24, 48 and 72 hpt reduced the copy number of SRLV DNA (Figure 8). Specifically,
supernatants collected at 24 hpt from SeV-GFP-transduced OSF significantly reduced SRLV
DNA copies compared to the positive control (p = 0.009). Similarly, supernatants collected
at 48 hpt from SeV-GFP or rSeV-GFP-B2L-transduced OSF showed a lower SRLV load than
the positive control (p = 0.002; p = 0.004). Although reductions were observed at 72 hpt, no
statistically significant differences were observed.
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Figure 7. Evaluation of the ORFV-specific cytopathic effect 5 days post-infection with ORFV strain
NAV in non-transduced-KOP-R cells (a) and KOP-R cells transduced with SeV-GFP (b), rSeV-GFP-B2L
(c) and rSeV-GFP-059 (d). The x, y values denote the calibrated pixel resolution in micrometers (µm)
for the respective micrographs.

Figure 8. SRLV DNA quantification in OSF incubated with supernatants from OSF transduced with
SeV-GFP, rSeV-GFP-B2L or rSeV-GFP-059 and infected with SRLV strain EV1 after 24 h. Supernatants
were collected at 24, 48 and 72 h post-transduction (hpt). Non-transduced OSF infected with EV1 at
the mentioned times served as positive controls (C+ EV1). Data shown are the mean and standard
deviation. Statistically significant differences between groups (** p < 0.01).
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4. Discussion
This study demonstrated the successful generation and rescue of recombinant SeV

vectors, using the SeV reverse genetics system [57] followed by titration in HEK293T cells,
yielding high viral titers (107 TCID50/mL). Recombinant SeV vectors efficiently expressed
immunogenic ORFV 011 (rSeV-GFP-B2L) and ORFV 059 (rSeV-GFP-059) genes in OSF.
Moreover, rSeV-GFP-059 elicited a strong activation of the innate immune response and
the upregulation of ISGs and conferred in vitro protection against ORFV, supporting its
potential as a promising vaccine candidate against ORFV.

Remarkably, rSeV-GFP-059 induced significantly higher transgene expression than
rSeV-GFP-B2L, suggesting that ORFV 059 may possess intrinsic features that favor tran-
scription, translation or mRNA stability in OSF. Similar results have been reported in ovine
turbinate cells after transfection with naked DNA plasmids, where ORFV B2L expression
was enhanced in the chimeric B2L-059 construct [42].

The innate immune response triggered by these recombinant vectors was robust
and gene-specific. Both rSeV-GFP-B2L and rSeV-GFP-059 induced the upregulation of
key pattern recognition receptor (PRRs) genes, including TLR2, TLR3, TLR6, TLR7, and
RIG-I, as well as downstream signaling molecules such as MyD88 and IFN-β. In this
study, rSeV-GFP-B2L and rSeV-GFP-059 induced higher upregulation of all PRRs at 48 hpt
compared to SeV-GFP, suggesting that ORFV B2L and 059 proteins enhance innate im-
mune responses in ovine cells. Interestingly, SeV-GFP alone failed to upregulate TLR6
and IFN-β genes, highlighting the immunostimulatory potential of the ORFV transgenes.
TLR2/TLR6 heterodimers are known to detect viral envelope proteins such as paramyx-
ovirus hemagglutinin-neuraminidase [62–64], but also other ORFV-related viruses such
as Vaccinia [65]. This suggests that ORFV transgenes may encode components or induce
signals that engage the TLR2/TLR6 pathways, supporting their potential role in ORFV
recognition. Interestingly, previous studies suggest that ORFV may be recognized by TLR4,
TLR5, TLR7, TLR9, and TLR10 [66–68]. However, only upregulation of TLR7 was induced
by our recombinant SeV vectors. In this study, RIG-I emerged as the most consistently
upregulated gene, with distinct temporal expression peaks depending on the vector used,
suggesting differential kinetics of innate immune activation. TLR3 and RIG-I signaling
pathways have been shown to induce antiviral defenses in keratinocytes [69], suggesting
that these recombinant viruses may provide initial protection against ORFV infection.
A direct comparison between the recombinant viruses showed no statistically significant
differences, except in OSF transduced with rSeV-GFP-059, where RIG-I expression was
significantly higher than in rSeV-GFP-B2L-transduced OSF at 24 hpt. RIG-I is a cytosolic
PRR that plays a key role in detecting short double-stranded RNA (dsRNA) or single-
stranded RNA (ssRNA) with a 5′-triphosphate (5′ppp) group, features that are commonly
found in non-self viral RNA. Sendai virus, being a negative-sense ssRNA virus, produces
replication intermediates and uncapped 5′ppp RNA during its life cycle, which are potent
activators of RIG-I. The upregulation of RIG-I in OSF transduced with SeV vectors, espe-
cially rSeV-GFP-059, suggests that SeV RNA itself, or the expression of ORFV transgenes,
may enhance the production of RIG-I ligands, thereby amplifying innate immune signaling.
Although ORFV is a dsDNA virus and not a direct ligand for RIG-I, the expression of ORFV
genes within RNA viral vectors may enhance their innate immune activation. These results
suggest that recombinant SeV vectors not only serve as delivery platforms, but also act as
immunostimulatory agents that are capable of engaging cytosolic sensors such as RIG-I,
thereby enhancing their vaccine potential.

The IFN-β gene was upregulated exclusively in OSF transduced with rSeV-GFP-B2L
at 48 hpt and with rSeV-GFP-059 at both 48 and 72 hpt. Since rSeV-GFP-B2L and rSeV-
GFP-059 induced higher upregulation of TLRs and RIG-I than SeV-GFP, higher IFN-β could
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be expected, as observed. Although SeV is generally recognized as a potent inducer of
type-I IFN [70–72], the SeV-GFP variant used in this study is derived from the Fushimi
strain and carries mutations in the F and M genes [57], which reduce its infectivity and
replication capacity. These modifications likely result in a weaker stimulation of IFN-β

expression. Importantly, type I IFN responses are known to inhibit viral replication through
the upregulation of the ISGs [50,54].

The expression of ISGs further confirmed the immunostimulatory capacity of the
recombinant SeV vectors. OBST2 was the most upregulated ISG, particularly in OSF
transduced with rSeV-GFP-059, followed by A3Z1 and SAMHD1. These ISGs are known
to play critical roles in antiviral defense against SRLV [50,54,55], and their upregulation
suggests that SeV vectors could enhance the antiviral state of host cells beyond ORFV-
specific immunity. Notably, rSeV-GFP-059 induced a statistically significant increase in
OBST2 expression at 48 hpt compared to the other vectors, suggesting an important role
for ORFV 059 in stimulating OBST2. Although no direct evidence currently links OBST2
to ORFV infection, its well-established antiviral activity against lentiviruses and other
enveloped viruses suggests that OBST2 may play a role in restricting ORFV replication [73].
However, vaccinia virus has been shown to be resistant to BST2-mediated restriction, likely
due to its cytoplasmic replication and unique egress mechanisms [74]. Nonetheless, the
upregulation of OBST2 observed in our study may reflect a broader activation of the type I
IFN responses, and its potential role in modulating immunity against ORFV remains to
be explored. In addition to these observations, the stronger innate activation induced by
rSeV-GFP-059 compared to both the empty SeV vector and rSeV-GFP-B2L suggests that
the enhanced response cannot be attributed solely to the SeV backbone, as stated before,
against SRLV [50]. Although SeV inherently stimulates antiviral signaling, the expression of
ORFV 059 appears to potentiate this effect. ORFV 059 is an immunogenic envelope protein
involved in early virus–host interactions, and its expression within an RNA viral vector
may generate additional PAMPs or modulate intracellular sensing pathways, thereby
amplifying RIG-I and OBST2 activation [42]. While the precise molecular mechanism
remains to be elucidated, these findings indicate that ORFV 059 contributes directly to
innate immune stimulation, rather than acting as a passive transgene. Future studies will
focus on dissecting these mechanisms and determining how ORFV 059 enhances antiviral
signaling in vivo.

In addition to the upregulation of innate immune-related genes, antiviral activity
assays demonstrated a pronounced antiviral effect of rSeV-GFP-059. A substantial reduction
in ORFV DNA copies was observed as early as 24 hpi in rSeV-GFP-059-transduced cells,
reaching statistical significance at 5 dpi, compared with the positive control. Furthermore,
although no significant differences were observed, ORFV-specific RNA transcription was
diminished at both 24 and 48 hpi in rSeV-GFP-059-transduced KOP-R cells, indicating
a modest early suppression of viral gene expression. Notably, CPE was absent in KOP-R
cells transduced with rSeV-GFP-059 compared to all other groups at 5 dpi. These results
suggest that rSeV-GFP-059 not only activates the antiviral signaling pathways, but also
establishes a sustained protective state that limits ORFV replication and associated cellular
damage. Importantly, supernatants from OSF transduced with SeV vectors exhibited
antiviral activity against SRLV, as evidenced by reduced viral DNA copy numbers. In
contrast to the ORFV model, this antiviral effect was most prominent with both SeV-
GFP and rSeV-GFP-B2L, significantly decreasing the SRLV load. However, SeV-GFP did
not induce IFN-β expression, suggesting that the observed antiviral activity is not solely
mediated by IFN-β. Other cytokines, such as other type I interferons (e.g., IFN-α) [75],
type II interferons (e.g., IFN-γ), IFN-λ, and additional pro-inflammatory cytokines [64],
may also contribute to the observed antiviral response. Further studies are warranted
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to elucidate which specific interferons or cytokines are involved in the innate immune
responses triggered by SeV vectors.

Although IFN-β and ISG induction was assessed at the transcriptional level in this
study, the strong antiviral phenotype observed suggests that multiple innate immune
pathways are being activated beyond the specific cytokines quantified. Transcriptional
upregulation of IFN-β and ISGs is a well-established early marker of antiviral signaling,
and the consistent reduction in ORFV and SRLV replication indicates that these pathways
are functionally engaged [54,70]. Nevertheless, we acknowledge that protein-level con-
firmation of cytokine secretion would further strengthen the mechanistic interpretation.
Future studies will incorporate cytokine profiling and proteomic analyses to determine the
relative contribution of IFN-β, OBST2, A3Z1, SAMHD1 and other innate mediators to the
antiviral state induced by the recombinant SeV vectors.

In summary, these findings support the use of recombinant SeV vectors as promising
platforms for the development of novel vaccines against ORFV. The ability of rSeV-GFP-
059 to achieve efficient transgene expression, stimulate innate immune responses, and
exert antiviral effects against ORFV in ovine cells underscores its potential for further
in vivo evaluation.

Finally, it is important to acknowledge the limitations of this study. First, the assess-
ment of innate immune activation was primarily based on transcriptional profiling. While
the robust upregulation of mRNA provides strong evidence of pathway induction, correlat-
ing these results with protein-level quantification via ELISA or Western blot would offer
a more comprehensive functional validation of cytokine secretion. Second, although our
in vitro models demonstrated significant antiviral activity and immune stimulation, these
systems cannot fully recapitulate the systemic complexity of the host immune response.
Consequently, in vivo challenge studies in the natural host are essential and are currently
required to definitively establish the safety, immunogenicity, and protective efficacy of the
rSeV-GFP-059 vector against ORFV infection.

5. Conclusions
In conclusion, this study demonstrates the feasibility of using recombinant SeV vectors

as a versatile vaccine platform against ORFV. Notably, rSeV-GFP-059 achieved significant
transgene expression, robust RIG-I upregulation, and induction of IFN-β and OBST2. These
responses correlated with a marked reduction in ORFV DNA copies, a slight decrease
in RNA replication and the prevention of cytopathic effects. These findings suggest that
ORFV 059 may confer intrinsic immunostimulatory advantages, enhancing the antiviral
state beyond ORFV-specific immunity. Furthermore, the secretion of soluble antiviral
factors that are capable of inhibiting heterologous viruses such as SRLV highlights the
broader immunomodulatory potential of SeV vectors. Collectively, our results establish
rSeV-GFP-059 as a promising candidate for further in vivo evaluation in sheep and goats,
supporting the development of novel SeV-based vaccines for veterinary applications and
expanding their potential as platforms for delivering heterologous antigens.
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Abbreviations
The following abbreviations are used in this manuscript:

A3Z1 Apolipoprotein B mRNA editing enzyme catalytic subunit 3Z1
ANOVA One-way analysis of variance
ASR Adjusted standardized residuals
CE Contagious ecthyma
CPE Cytopathic effect
DMEM Dulbecco’s modified Eagle’s medium
DNA Deoxyribonucleic acid
dpi Days post-infection
dsDNA Double-stranded deoxyribonucleic acid
dsRNA Double-stranded ribonucleic acid
ELISA Enzyme-linked immunosorbent assay
FBS Fetal bovine serum
GFP Green fluorescent protein
hpi Hours post-infection
hpt Hours post-transduction
ITRs Inverted terminal repeats
IFN Interferon
IFN-β Interferon beta
ISGs Interferon-stimulated genes
KOP-R Bovine esophagus cells
MOI Multiplicity of infection
mRNA Messenger ribonucleic acid
MyD88 Myeloid differentiation primary response 88
OBST2 (BST2) Ovine bone marrow stromal antigen 2 (Tetherin)
ORFV Orf virus
OSF Ovine skin fibroblasts
PCR Polymerase chain reaction
PRRs Pattern recognition receptors
qPCR Quantitative polymerase chain reaction
RIG-I Retinoic acid-inducible gene I
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SAMHD1 SAM and HD domain-containing protein 1
SD Standard deviation
SeV Sendai virus
SRLV Small ruminant lentiviruses
ssRNA Single-stranded ribonucleic acid
TCID50/mL 50% tissue culture infectious dose per milliliter
TLR Toll-like receptor
TLR2, TLR3, TLR4, etc. Toll-like receptor 2, 3, 4. . . (as indicated)
5′ppp 5′-triphosphate

References
1. Spyrou, V.; Valiakos, G. Orf Virus Infection in Sheep or Goats. Vet. Microbiol. 2015, 181, 178–182. [CrossRef] [PubMed]
2. Kassa, T. A Review on Human Orf: A Neglected Viral Zoonosis. Res. Rep. Trop. Med. 2021, 12, 153–160. [CrossRef] [PubMed]
3. Calvo, Á.G.; Rodríguez-Largo, A.; Reina, R.; Luján, L. Orf Virus Infection in Small Ruminants. In Encyclopedia of Livestock Medicine

for Large Animal and Poultry Production; Springer: Cham, Switzerland, 2024; pp. 1–6. [CrossRef]
4. Gumbrell, R.C.; McGregor, D.A. Outbreak of Severe Fatal Orf in Lambs. Vet. Rec. 1997, 141, 150–151. [CrossRef] [PubMed]
5. Lovatt, F.M.; Barker, W.J.W.; Brown, D.; Spooner, R.K. Case-Control Study of Orf in Preweaned Lambs and an Assessment of the

Financial Impact of the Disease. Vet. Rec. 2012, 170, 673. [CrossRef] [PubMed]
6. Windsor, P.A.; Nampanya, S.; Tagger, A.; Keonam, K.; Gerasimova, M.; Putthana, V.; Bush, R.D.; Khounsy, S. Is Orf Infection a Risk to

Expanding Goat Production in Developing Countries? A Study from Lao PDR. Small Rumin. Res. 2017, 154, 123–128. [CrossRef]
7. Lacasta, D.; Cuadra, M.; Gómez, A.; Ortín, A.; Ruiz de Arcaute, M.; Ramos, J.J.; Villanueva-Saz, S.; Tejedor, M.T.; Ruiz, H.;

Verde, M.; et al. Comparative Study of Three Different Routes of Experimental Inoculation of the Orf Virus. Small Rumin. Res.
2024, 233, 107248. [CrossRef]

8. Hosamani, M.; Scagliarini, A.; Bhanuprakash, V.; McInnes, C.J.; Singh, R.K. Orf: An Update on Current Research and Future
Perspectives. Expert Rev. Anti. Infect. Ther. 2009, 7, 879–893. [CrossRef]

9. Bergqvist, C.; Kurban, M.; Abbas, O. Orf Virus Infection. Rev. Med. Virol. 2017, 27, e1932. [CrossRef]
10. Fleming, S.B.; Wise, L.M.; Mercer, A.A. Molecular Genetic Analysis of Orf Virus: A Poxvirus That Has Adapted to Skin. Viruses

2015, 7, 1505–1539. [CrossRef]
11. Jia, H.; Zhan, L.; Wang, X.; He, X.; Chen, G.; Zhang, Y.; Feng, Y.; Wei, Y.; Zhang, Y.; Jing, Z. Transcriptome Analysis of Sheep Oral

Mucosa Response to Orf Virus Infection. PLoS ONE 2017, 12, e0186681. [CrossRef]
12. Fleming, S.B.; Blok, J.; Fraser, K.M.; Mercer, A.A.; Robinson, A.J. Conservation of Gene Structure and Arrangement between

Vaccinia Virus and Orf Virus. Virology 1993, 195, 175–184. [CrossRef]
13. Robinson, A.J.; Barns, G.; Fraser, K.; Carpenter, E.; Mercer, A.A. Conservation and Variation in Orf Virus Genomes. Virology 1987,

157, 13–23. [CrossRef]
14. Sullivan, J.T.; Fraser, K.M.; Fleming, S.B.; Robinson, A.J.; Mercer, A.A. Sequence and Transcriptional Analysis of an Orf Virus

Gene Encoding Ankyrin-like Repeat Sequences. Virus Genes 1995, 9, 277–282. [CrossRef]
15. Lloyd, J.B.; Gill, H.S.; Haig, D.M.; Husband, A.J. In Vivo T-Cell Subset Depletion Suggests That CD4+ T-Cells and a Humoral

Immune Response Are Important for the Elimination of Orf Virus from the Skin of Sheep. Vet. Immunol. Immunopathol. 2000,
74, 249–262. [CrossRef]

16. Haig, D.M. Orf Virus Infection and Host Immunity. Curr. Opin. Infect. Dis. 2006, 19, 127–131. [CrossRef]
17. Rohde, J.; Emschermann, F.; Knittler, M.R.; Rziha, H.J. Orf Virus Interferes with MHC Class I Surface Expression by Targeting

Vesicular Transport and Golgi. BMC Vet. Res. 2012, 8, 114. [CrossRef]
18. Bukar, A.M.; Jesse, F.F.A.; Abdullah, C.A.C.; Noordin, M.M.; Lawan, Z.; Mangga, H.K.; Balakrishnan, K.N.; Azmi, M.L.M.

Immunomodulatory Strategies for Parapoxvirus: Current Status and Future Approaches for the Development of Vaccines against
Orf Virus Infection. Vaccines 2021, 9, 1341. [CrossRef] [PubMed]

19. Bala, J.A.; Balakrishnan, K.N.; Abdullah, A.A.; Mohamed, R.; Haron, A.W.; Jesse, F.F.A.; Noordin, M.M.; Mohd-Azmi, M.L. The
Re-Emerging of Orf Virus Infection: A Call for Surveillance, Vaccination and Effective Control Measures. Microb. Pathog. 2018,
120, 55–63. [CrossRef]

20. Musser, J.M.B.; Taylor, C.A.; Guo, J.; Tizard, I.R.; Walker, J.W. Development of a Contagious Ecthyma Vaccine for Goats. Am. J. Vet.
Res. 2008, 69, 1366–1370. [CrossRef] [PubMed]

21. Musser, J.M.B.; Waldron, D.F.; Taylor, C.A. Evaluation of Homologous and Heterologous Protection Induced by a Virulent Field
Strain of Orf Virus and an Orf Vaccine in Goats. Am. J. Vet. Res. 2012, 73, 86–90. [CrossRef] [PubMed]

22. Pye, D. Vaccination of Sheep with Cell Culture Grown Orf Virus. Aust. Vet. J. 1990, 67, 182–186. [CrossRef] [PubMed]

https://doi.org/10.3390/v18040462

https://doi.org/10.1016/j.vetmic.2015.08.010
https://www.ncbi.nlm.nih.gov/pubmed/26315771
https://doi.org/10.2147/RRTM.S306446
https://www.ncbi.nlm.nih.gov/pubmed/34267574
https://doi.org/10.1007/978-3-031-52133-1_219-1
https://doi.org/10.1136/vr.141.6.150
https://www.ncbi.nlm.nih.gov/pubmed/9280044
https://doi.org/10.1136/vr.100646
https://www.ncbi.nlm.nih.gov/pubmed/22562099
https://doi.org/10.1016/j.smallrumres.2017.08.003
https://doi.org/10.1016/j.smallrumres.2024.107248
https://doi.org/10.1586/eri.09.64
https://doi.org/10.1002/rmv.1932
https://doi.org/10.3390/v7031505
https://doi.org/10.1371/journal.pone.0186681
https://doi.org/10.1006/viro.1993.1358
https://doi.org/10.1016/0042-6822(87)90308-4
https://doi.org/10.1007/BF01702883
https://doi.org/10.1016/S0165-2427(00)00178-1
https://doi.org/10.1097/01.qco.0000216622.75326.ef
https://doi.org/10.1186/1746-6148-8-114
https://doi.org/10.3390/vaccines9111341
https://www.ncbi.nlm.nih.gov/pubmed/34835272
https://doi.org/10.1016/j.micpath.2018.04.057
https://doi.org/10.2460/ajvr.69.10.1366
https://www.ncbi.nlm.nih.gov/pubmed/18828697
https://doi.org/10.2460/ajvr.73.1.86
https://www.ncbi.nlm.nih.gov/pubmed/22204292
https://doi.org/10.1111/j.1751-0813.1990.tb07751.x
https://www.ncbi.nlm.nih.gov/pubmed/2378601
https://doi.org/10.3390/v18040462


Viruses 2026, 18, 462 15 of 17

23. Bhanuprakash, V.; Hosamani, M.; Venkatesan, G.; Balamurugan, V.; Yogisharadhya, R.; Singh, R.K. Animal Poxvirus Vaccines:
A Comprehensive Review. Expert Rev. Vaccines 2012, 11, 1355–1374. [CrossRef]

24. Kumar, R.; Trivedi, R.N.; Bhatt, P.; Khan, S.U.H.; Khurana, S.K.; Tiwari, R.; Karthik, K.; Malik, Y.S.; Dhama, K.; Chandra, R.
Contagious Pustular Dermatitis (Orf Disease)—Epidemiology, Diagnosis, Control and Public Health Concerns. Adv. Anim. Vet.
Sci. 2015, 3, 649–676. [CrossRef]

25. Buddle, B.M.; Pulford, H.D. Effect of Passively-Acquired Antibodies and Vaccination on the Immune Response to Contagious
Ecthyma Virus. Vet. Microbiol. 1984, 9, 515–552. [CrossRef]

26. Asín, J.; Hilbe, M.; de Miguel, R.; Rodríguez-Largo, A.; Lanau, A.; Akerman, A.; Stalder, H.; Schweizer, M.; Luján, L. An Out-
break of Abortions, Stillbirths and Malformations in a Spanish Sheep Flock Associated with a Bovine Viral Diarrhoea Virus
2-Contaminated Orf Vaccine. Transbound. Emerg. Dis. 2021, 68, 233–239. [CrossRef] [PubMed]

27. Onyango, J.; Mata, F.; McCormick, W.; Chapman, S. Prevalence, Risk Factors and Vaccination Efficacy of Contagious Ovine
Ecthyma (Orf) in England. Vet. Rec. 2014, 175, 326. [CrossRef] [PubMed]

28. Mayr, A.; Herlyn, M.; Mahnel, H.; Danco, A.; Zach, A.; Bostedt, H.; Herlyn, U. Control of Ecthyma Contagiosum (Pustular Dermatitis)
of Sheep with a New Parenteral Cell Culture Live Vaccine. Zentralblatt Fuer Veterinaermedizin Reihe B 1981, 28, 535–552. [CrossRef]

29. Nettleton, P.F.; Brebner, J.; Pow, I.; Gilray, J.A.; Bell, G.D.; Reid, H.W. Tissue Culture-Propagated Orf Virus Vaccine Protects Lambs
from Orf Virus Challenge. Vet. Rec. 1996, 138, 184–186. [CrossRef]

30. Bath, G.F.; Van Wyk, J.A.; Pettey, K.P. Control Measures for Some Important and Unusual Goat Diseases in Southern Africa. Small
Rumin. Res. 2005, 60, 127–140. [CrossRef]

31. Zhang, J.; Xin, R.; Zhao, J.; Wu, R.; Su, D.; Li, M.; Zhu, Y.; Chen, X.; Zhu, Z. Construction and Biological Characteristics of
a Quadruple Gene-Deleted Strain of Orf Virus as a Vaccine Candidate. Viruses 2025, 17, 760. [CrossRef] [PubMed]

32. Zhu, Z.; Qu, G.; Du, J.; Wang, C.; Chen, Y.; Shen, Z.; Zhou, Z.; Yin, C.; Chen, X. Construction and Characterization of a Contagious
Ecthyma Virus Double-Gene Deletion Strain and Evaluation of Its Potential as a Live-Attenuated Vaccine in Goat. Front. Immunol.
2022, 13, 961287. [CrossRef]

33. Shen, Z.; Liu, B.; Zhu, Z.; Du, J.; Zhou, Z.; Pan, C.; Chen, Y.; Yin, C.; Luo, Y.; Li, H.; et al. Construction of a Triple-Gene Deletion
Mutant of Orf Virus and Evaluation of Its Safety, Immunogenicity and Protective Efficacy. Vaccines 2023, 11, 909. [CrossRef]

34. Schmidt, C.; Cargnelutti, J.F.; Brum, M.C.S.; Traesel, C.K.; Weiblen, R.; Flores, E.F. Partial Sequence Analysis of B2L Gene of
Brazilian Orf Viruses from Sheep and Goats. Vet. Microbiol. 2013, 162, 245–253. [CrossRef]

35. Mangga, H.K.; Bala, J.A.; Balakrishnan, K.N.; Bukar, A.M.; Lawan, Z.; Gambo, A.; Jesse, F.F.A.; Noordin, M.M.; Mohd-Azmi, M.L.
Genome-Wide Analysis and Molecular Characterization of Orf Virus Strain UPM/HSN-20 Isolated from Goat in Malaysia. Front.
Microbiol. 2022, 13, 877149. [CrossRef]

36. Hosamani, M.; Bhanuprakash, V.; Scagliarini, A.; Singh, R.K. Comparative Sequence Analysis of Major Envelope Protein Gene
(B2L) of Indian Orf Viruses Isolated from Sheep and Goats. Vet. Microbiol. 2006, 116, 317–324. [CrossRef]

37. Yogisharadhya, R.; Bhanuprakash, V.; Kumar, A.; Mondal, M.; Shivachandra, S.B. Comparative Sequence and Structural Analysis
of Indian Orf Viruses Based on Major Envelope Immuno-Dominant Protein (F1L), a Homologue of Pox Viral P35/H3 Protein.
Gene 2018, 663, 72–82. [CrossRef] [PubMed]

38. Housawi, F.M.T.; Roberts, G.M.; Gilray, J.A.; Pow, I.; Reid, H.W.; Nettleton, P.F.; Sumption, K.J.; Hibma, M.H.; Mercer, A.A.
The Reactivity of Monoclonal Antibodies against Orf Virus with Other Parapoxviruses and the Identification of a 39 kDa
Immunodominant Protein. Arch. Virol. 1998, 143, 2289–2303. [CrossRef] [PubMed]

39. Scagliarini, A.; Ciulli, S.; Battilani, M.; Jacoboni, I.; Montesi, F.; Casadio, R.; Prosperi, S. Characterisation of Immunodominant
Protein Encoded by the F1L Gene of Orf Virus Strains Isolated in Italy. Arch. Virol. 2002, 147, 1989–1995. [CrossRef]

40. Czerny, C.P.; Waldmann, R.; Scheubeck, T. Identification of Three Distinct Antigenic Sites in Parapoxviruses. Arch. Virol. 1997,
142, 807–821. [CrossRef] [PubMed]

41. Gallina, L.; Dal Pozzo, F.; McInnes, C.J.; Cardeti, G.; Guercio, A.; Battilani, M.; Ciulli, S.; Scagliarini, A. A Real Time PCR Assay for
the Detection and Quantification of Orf Virus. J. Virol. Methods 2006, 134, 140–145. [CrossRef]

42. Zhao, K.; He, W.; Gao, W.; Lu, H.; Han, T.; Li, J.; Zhang, X.; Zhang, B.; Wang, G.; Su, G.; et al. Orf Virus DNA Vaccines Expressing
ORFV011 and ORFV059 Chimeric Protein Enhance Immunogenicity. Virol. J. 2011, 8, 562. [CrossRef]

43. Yogisharadhya, R.; Kumar, A.; Ramappa, R.; Venkatesan, G.; Bhanuprakash, V.; Shivachandra, S.B. Functional Characterization of
Recombinant Major Envelope Protein (RB2L) of Orf Virus. Arch. Virol. 2017, 162, 953–962. [CrossRef]

44. Wassie, T.; Fanmei, Z.; Jiang, X.; Liu, G.; Girmay, S.; Min, Z.; Chenhui, L.; Bo, D.D.; Ahmed, S. Recombinant B2L and Kisspeptin-54
DNA Vaccine Induces Immunity against Orf Virus and Inhibits Spermatogenesis in Rats. Sci. Rep. 2019, 9, 52744. [CrossRef]

45. Wang, Y.; Sun, S.; Zhao, K.; Du, L.; Wang, X.; He, W.; Gao, F.; Song, D.; Guan, J. Orf Virus DNA Prime–Protein Boost Strategy Is
Superior to Adenovirus-Based Vaccination in Mice and Sheep. Front. Immunol. 2023, 14, 1077938. [CrossRef]

46. Bitzer, M.; Armeanu, S.; Lauer, U.M.; Neubert, W.J. Sendai Virus Vectors as an Emerging Negative-Strand RNA Viral Vector
System. J. Gene Med. 2003, 5, 543–553. [CrossRef]

https://doi.org/10.3390/v18040462

https://doi.org/10.1586/erv.12.116
https://doi.org/10.14737/journal.aavs/2015/3.12.649.676
https://doi.org/10.1016/0378-1135(84)90013-0
https://doi.org/10.1111/tbed.13619
https://www.ncbi.nlm.nih.gov/pubmed/32386079
https://doi.org/10.1136/vr.102353
https://www.ncbi.nlm.nih.gov/pubmed/24996900
https://doi.org/10.1111/j.1439-0450.1981.tb01772.x
https://doi.org/10.1136/vr.138.8.184
https://doi.org/10.1016/j.smallrumres.2005.06.007
https://doi.org/10.3390/v17060760
https://www.ncbi.nlm.nih.gov/pubmed/40573351
https://doi.org/10.3389/fimmu.2022.961287
https://doi.org/10.3390/vaccines11050909
https://doi.org/10.1016/j.vetmic.2012.10.031
https://doi.org/10.3389/fmicb.2022.877149
https://doi.org/10.1016/j.vetmic.2006.04.028
https://doi.org/10.1016/j.gene.2018.04.026
https://www.ncbi.nlm.nih.gov/pubmed/29655893
https://doi.org/10.1007/s007050050461
https://www.ncbi.nlm.nih.gov/pubmed/9930187
https://doi.org/10.1007/s00705-002-0850-2
https://doi.org/10.1007/s007050050120
https://www.ncbi.nlm.nih.gov/pubmed/9170506
https://doi.org/10.1016/j.jviromet.2005.12.014
https://doi.org/10.1186/1743-422X-8-562
https://doi.org/10.1007/s00705-016-3178-z
https://doi.org/10.1038/s41598-019-52744-y
https://doi.org/10.3389/fimmu.2023.1077938
https://doi.org/10.1002/jgm.426
https://doi.org/10.3390/v18040462


Viruses 2026, 18, 462 16 of 17

47. Strahle, L.; Garcin, D.; Kolakofsky, D. Sendai Virus Defective-Interfering Genomes and the Activation of Interferon-Beta. Virology
2006, 351, 101–111. [CrossRef] [PubMed]

48. Gómez, Á.; Reina, R. Recombinant Sendai Virus Vectors as Novel Vaccine Candidates against Animal Viruses. Viruses 2025,
17, 737. [CrossRef] [PubMed]

49. Griesenbach, U.; McLachlan, G.; Owaki, T.; Somerton, L.; Shu, T.; Baker, A.; Tennant, P.; Gordon, C.; Vrettou, C.; Baker, E.; et al.
Validation of Recombinant Sendai Virus in a Non-Natural Host Model. Gene Ther. 2011, 18, 182–188. [CrossRef]

50. Gómez, Á.; Glaria, I.; Moncayola, I.; Echeverría, I.; Arrizabalaga, J.; Rodríguez-Largo, A.; de Blas, I.; Lacasta, D.; Pérez, E.; Pérez,
M.; et al. Characterization of a Recombinant Sendai Virus Vector Encoding the Small Ruminant Lentivirus Gag-P25: Antiviral
Properties in Vitro and Transgene Expression in Sheep. Vet. Res. 2025, 56, 14. [CrossRef]

51. Mercer, A.A.; Yirrell, D.L.; Whelan, E.M.; Nettleton, P.F.; Pow, I.; Gilray, J.A.; Reid, H.W.; Robinson, A.J. A Novel Strategy for
Determining Protective Antigens of the Parapoxvirus, Orf Virus. Virology 1997, 229, 193–200. [CrossRef] [PubMed]

52. Zhang, G.G.; Chen, X.Y.; Qian, P.; Chen, H.C.; Li, X.M. Immunogenicity of a Recombinant Sendai Virus Expressing the Capsid
Precursor Polypeptide of Foot-and-Mouth Disease Virus. Res. Vet. Sci. 2016, 104, 181–187. [CrossRef]

53. Russell, C.J.; Hurwitz, J.L. Sendai Virus-Vectored Vaccines That Express Envelope Glycoproteins of Respiratory Viruses. Viruses
2021, 13, 1023. [CrossRef]

54. De Pablo-Maiso, L.; Echeverría, I.; Rius-Rocabert, S.; Luján, L.; Garcin, D.; De Andrés, D.; Nistal-Villán, E.; Reina, R. Sendai Virus,
a Strong Inducer of Anti-Lentiviral State in Ovine Cells. Vaccines 2020, 8, 206. [CrossRef]

55. Gómez, Á.; Glaria, I.; Moncayola, I.; Echeverría, I.; Rodríguez-Largo, A.; de Blas, I.; Pérez, E.; Pérez, M.; Villanueva-Saz, S.; Lee, B.;
et al. Immunogenicity, Security and Protection against Small Ruminant Lentivirus (SRLV) Challenge in Sheep, Induced by Intranasal
Immunization with a Recombinant Sendai Virus Vector Expressing SRLV Gag-P25. Vet. Q. 2025, 45, 1–16. [CrossRef] [PubMed]

56. Gómez, Á.; Lacasta, D.; Tejedor, M.T.; Ruiz de Arcaute, M.; Ramos, J.J.; Ruiz, H.; Ortín, A.; Villanueva-Saz, S.; Reina, R.; Quílez, P.;
et al. Use of a Local Anaesthetic and Antiseptic Wound Formulation for the Treatment of Lambs Naturally Infected with Orf
Virus. Vet. Microbiol. 2024, 292, 110037. [CrossRef]

57. Beaty, S.M.; Park, A.; Won, S.T.; Hong, P.; Lyons, M.; Vigant, F.; Freiberg, A.N.; tenOever, B.R.; Duprex, W.P.; Lee, B. Efficient and
Robust Paramyxoviridae Reverse Genetics Systems. mSphere 2017, 2, e00376-16. [CrossRef] [PubMed]

58. Hou, X.; Suquilanda, E.; Zeledon, A.; Kacsinta, A.; Moore, A.; Seto, J.; McQueen, N. Mutations in Sendai Virus Variant F1-R That
Correlate with Plaque Formation in the Absence of Trypsin. Med. Microbiol. Immunol. 2005, 194, 129–136. [CrossRef]

59. Zwartouw, H.T.; Westwood, J.C.; Appleyard, G. Purification of Pox Viruses by Density Gradient Centrifugation. J. Gen. Microbiol.
1962, 29, 523–529. [CrossRef] [PubMed]

60. Reed, L.J.; Muench, H. A Simple Method of Estimating Fifty per Cent Endpoints. Am. J. Epidemiol. 1938, 27, 493–497. [CrossRef]
61. Sargan, D.R.; Bennet, I.D.; Cousens, C.; Roy, D.J.; Blacklaws, B.A.; Dalziel Watt, R.G.N.J.; McConnell, I. Nucleotide Sequence of

EV1, a British Isolate of Maedi-Visna Virus. J. Gen. Virol. 1991, 72, 1893–1903. [CrossRef]
62. Murawski, M.R.; Bowen, G.N.; Cerny, A.M.; Anderson, L.J.; Haynes, L.M.; Tripp, R.A.; Kurt-Jones, E.A.; Finberg, R.W. Respiratory

Syncytial Virus Activates Innate Immunity through Toll-Like Receptor 2. J. Virol. 2009, 83, 1492–1500. [CrossRef]
63. Barbalat, R.; Lau, L.; Locksley, R.M.; Barton, G.M. Toll-like Receptor 2 on Inflammatory Monocytes Induces Type I Interferon in

Response to Viral but Not Bacterial Ligands. Nat. Immunol. 2009, 10, 1200–1207. [CrossRef] [PubMed]
64. Lester, S.N.; Li, K. Toll-Like Receptors in Antiviral Innate Immunity. J. Mol. Biol. 2014, 426, 1246–1264. [CrossRef]
65. Zhu, J.; Martinez, J.; Huang, X.; Yang, Y. Innate Immunity against Vaccinia Virus Is Mediated by TLR2 and Requires TLR-

Independent Production of IFN-β. Blood 2007, 109, 619–625. [CrossRef] [PubMed]
66. Friebe, A.; Siegling, A.; Friederichs, S.; Volk, H.-D.; Weber, O. Immunomodulatory Effects of Inactivated Parapoxvirus Ovis (Orf

Virus) on Human Peripheral Immune Cells: Induction of Cytokine Secretion in Monocytes and Th1-Like Cells. J. Virol. 2004,
78, 9400–9411. [CrossRef] [PubMed]

67. Thonur, L.; Haig, D.M.; Thomson, J.; Russell, G.C. Toll-like Receptor Gene Expression in Fresh and Archived Ovine Pseudoafferent
Lymph DEC205+ Dendritic Cells. J. Comp. Pathol. 2012, 147, 296–304. [CrossRef]

68. Von Buttlar, H.; Siegemund, S.; Büttner, M.; Alber, G. Identification of Toll-Like Receptor 9 as Parapoxvirus Ovis-Sensing Receptor
in Plasmacytoid Dendritic Cells. PLoS ONE 2014, 9, e106188. [CrossRef]

69. Kalali, B.N.; Köllisch, G.; Mages, J.; Müller, T.; Bauer, S.; Wagner, H.; Ring, J.; Lang, R.; Mempel, M.; Ollert, M. Double-Stranded
RNA Induces an Antiviral Defense Status in Epidermal Keratinocytes through TLR3-, PKR-, and MDA5/RIG-I-Mediated
Differential Signaling. J. Immunol. 2008, 181, 2694–2704. [CrossRef]

70. Miettinen, M.; Sareneva, T.; Julkunen, I.; Matikainen, S. IFNs Activate Toll-like Receptor Gene Expression in Viral Infections.
Genes Immun. 2001, 2, 349–355. [CrossRef]

71. Elco, C.P.; Guenther, J.M.; Williams, B.R.G.; Sen, G.C. Analysis of Genes Induced by Sendai Virus Infection of Mutant Cell Lines
Reveals Essential Roles of Interferon Regulatory Factor 3, NF-κB, and Interferon but Not Toll-Like Receptor 3. J. Virol. 2005,
79, 3920–3929. [CrossRef]

https://doi.org/10.3390/v18040462

https://doi.org/10.1016/j.virol.2006.03.022
https://www.ncbi.nlm.nih.gov/pubmed/16631220
https://doi.org/10.3390/v17050737
https://www.ncbi.nlm.nih.gov/pubmed/40431748
https://doi.org/10.1038/gt.2010.131
https://doi.org/10.1186/s13567-025-01475-2
https://doi.org/10.1006/viro.1996.8433
https://www.ncbi.nlm.nih.gov/pubmed/9123861
https://doi.org/10.1016/j.rvsc.2015.12.009
https://doi.org/10.3390/v13061023
https://doi.org/10.3390/vaccines8020206
https://doi.org/10.1080/01652176.2025.2556492
https://www.ncbi.nlm.nih.gov/pubmed/40959881
https://doi.org/10.1016/j.vetmic.2024.110037
https://doi.org/10.1128/mSphere.00376-16
https://www.ncbi.nlm.nih.gov/pubmed/28405630
https://doi.org/10.1007/s00430-004-0224-3
https://doi.org/10.1099/00221287-29-3-523
https://www.ncbi.nlm.nih.gov/pubmed/14004140
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1099/0022-1317-72-8-1893
https://doi.org/10.1128/JVI.00671-08
https://doi.org/10.1038/ni.1792
https://www.ncbi.nlm.nih.gov/pubmed/19801985
https://doi.org/10.1016/j.jmb.2013.11.024
https://doi.org/10.1182/blood-2006-06-027136
https://www.ncbi.nlm.nih.gov/pubmed/16973959
https://doi.org/10.1128/JVI.78.17.9400-9411.2004
https://www.ncbi.nlm.nih.gov/pubmed/15308734
https://doi.org/10.1016/j.jcpa.2012.01.005
https://doi.org/10.1371/journal.pone.0106188
https://doi.org/10.4049/jimmunol.181.4.2694
https://doi.org/10.1038/sj.gene.6363791
https://doi.org/10.1128/JVI.79.7.3920-3929.2005
https://doi.org/10.3390/v18040462


Viruses 2026, 18, 462 17 of 17

72. López, C.B.; Yount, J.S.; Hermesh, T.; Moran, T.M. Sendai Virus Infection Induces Efficient Adaptive Immunity Independently of
Type I Interferons. J. Virol. 2006, 80, 4538–4545. [CrossRef] [PubMed]

73. Evans, D.T.; Serra-Moreno, R.; Singh, R.K.; Guatelli, J.C. BST-2/Tetherin: A New Component of the Innate Immune Response to
Enveloped Viruses. Trends Microbiol. 2010, 18, 388–396. [CrossRef] [PubMed]

74. Sliva, K.; Resch, T.; Kraus, B.; Goffinet, C.; Keppler, O.T.; Schnierle, B.S. The Cellular Antiviral Restriction Factor Tetherin Does
Not Inhibit Poxviral Replication. J. Virol. 2012, 86, 1893–1896. [CrossRef] [PubMed]

75. Lurie, R.H.; Platanias, L.C. Mechanisms of Type-I- and Type-II-Interferon-Mediated Signalling. Nat. Rev. Immunol. 2005,
5, 375–386. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/v18040462

https://doi.org/10.1128/JVI.80.9.4538-4545.2006
https://www.ncbi.nlm.nih.gov/pubmed/16611914
https://doi.org/10.1016/j.tim.2010.06.010
https://www.ncbi.nlm.nih.gov/pubmed/20688520
https://doi.org/10.1128/JVI.05198-11
https://www.ncbi.nlm.nih.gov/pubmed/22090135
https://doi.org/10.1038/nri1604
https://doi.org/10.3390/v18040462

	Introduction 
	Materials and Methods 
	Cells, Plasmids, and Viruses 
	Construction and Viral Rescue of Recombinant SeV Plasmids 
	Quantification of mRNA Relative Expression in OSF 
	Antiviral Activity Assays 
	Statistical Analysis 

	Results 
	Generation and Titration of Recombinant SeV Vectors 
	Transgene Expression in OSF 
	Stimulation of the Innate Immune Response in OSF 
	Interferon-Stimulated Genes Expression in OSF 
	Antiviral Responses 

	Discussion 
	Conclusions 
	References

