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The MVA-VP2-NS1-2A-NS2-Nt
vaccine candidate provides
heterologous protection in
sheep against bluetongue virus
Luis Jiménez-Cabello1,2, Sergio Utrilla-Trigo1,
Miguel Illescas-Amo1, Karen Rodrı́guez-Sabando1,
Julio Benavides-Silván3, Eva Calvo-Pinilla1* and Javier Ortego1

1Centro de Investigación en Sanidad Animal (CISA), Instituto Nacional de Investigación y Tecnologı́a
Agraria y Alimentaria (INIA), Valdeolmos, Madrid, Spain, 2Universidad Autónoma de Madrid (UAM),
Escuela de doctorado, Madrid, Spain, 3Instituto de Ganaderı́a de Montaña (CSIC-Universidad de
León), León, Spain
Bluetongue (BT) is an important arthropod-borne livestock disease transmitted

by Culicoides midges. The etiological agent, Bluetongue virus (BTV), can lead to

severe economic losses due to reduced productivity and trade restrictions.

Nowadays, classical vaccines based on inactivated viruses are used to control

outbreaks but do not confer multiserotype protection, which reinforces the idea

of pursuing research into developing strategies that enhance the immune

response directed to conserved antigenic regions, aiming broader protection

across multiple serotypes. Recently, we described a vaccine candidate that

confers full protection against a homologous serotype of BTV based on

recombinant Modified Vaccinia Virus Ankara (MVA) co-expressing the highly

conserved BTV nonstructural protein NS1 and the N-terminal end of NS2 along

with protein VP2 of BTV-4. In this work, we evaluated the multiserotype

protective capacity of this recombinant vaccine candidate in sheep after

infection with the heterologous virus BTV-8, achieving a significant blockade

of viral replication and attenuation of the clinical signs induced by BTV. After

infection, vaccinated animals showed more regulated pro-inflammatory

cytokine levels compared to non-vaccinated sheep. In addition, we noticed

the induction of potent T cell immune responses specific to NS1 and NS2-Nt

proteins of BTV, mainly based on CD8+ T cells, which could mediate the

protection against BTV-8. Moreover, stimulated immunized sheep PBMCs with

BTV antigens triggered the secretion of IL-6, IL-1b, IL-1a, IL-17a, IL-10 and IFN-g,
cytokines that play crucial roles in initiating immune responses.
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Jiménez-Cabello et al. 10.3389/fimmu.2025.1566225
1 Introduction

Bluetongue is an arthropod-borne disease of ruminants

transmitted during blood-feeding by some species of biting

midges of the genus Culicoides (Diptera: Ceratopogonidae) (1).

This WOAH-listed disease, caused by Bluetongue virus (BTV),

affects predominantly sheep and cattle, but other domestic and wild

ruminants are sensitive to infection and disease (2). To date, more

than 29 serotypes of BTV have been identified, being recognized by

cross-neutralization and confirmed by phylogenetic analysis of

segment 2 encoding for VP2 protein (3). BTV is worldwide

distributed and new incursions into non-endemic areas are

frequent. Indeed, new introductions of the virus occurs in Europe

each year since 1998, involving eleven distinct BTV serotypes

(BTV-1, 2, 4, 6, 8, 9, 11, 14, 16, 25, and 27) (4). Recently, a novel

BTV serotype 3 strain (BTV-3 NET2023) emerged in northern

Europe for the first time in 2023 from an unknown origin (5). BTV

has been estimated to cause direct and indirect losses of over $3

billion per year worldwide (6, 7). Vaccination strategies against this

disease are based on conventional approaches, such as inactivated

or live attenuated vaccines (LAVs) (8, 9). Despite their crucial role

in BTV control, these vaccines are serotype-specific. The co-

circulation of multiple and new serotypes is becoming more

frequent in many regions, so the development of an effective

multiserotype vaccine remains an important goal for the safe and

cost-effective control of this disease.

BTV belongs to the genus Orbivirus within the family

Sedoreoviridae (10). BTV is a non-enveloped virus composed of

an icosahedral capsid inside of which ten double-stranded RNA

(dsRNA) segments are contained (11, 12). The BTV genome

encodes for seven structural proteins (VP1-VP7) and five/six

nonstructural proteins (NS1, NS2, NS3/3A, NS4 and NS5) (11–

15). Among them, protein VP2 is the main inductor of neutralizing

antibodies (NAbs) although it is highly variable among BTV

serotypes, showing higher sequence variation in specific regions

exposed to antigenic selection pressure (3). As scarce cross-

neutralizing relationships exist between BTV serotypes (16), other

BTV antigens highly conserved among serotypes should be

contemplated for achieving multiserotype protection. In this

sense, two of the most conserved BTV proteins among serotypes,

NS1 and NS2 (or its N-terminal half) elicit cross-reactive cellular

immune responses. However, despite that these antigens provide

partial protective immunity against homologous BTV serotypes in

natural hosts of the disease (17–19), the heterologous protective

potential has only been previously evaluated in IFNAR(-/-) mice.

Viral vector vaccines platforms are potential DIVA and safe

vaccines, as the lack of infectious BTV is guaranteed (8). Different

viruses have been explored as vectors for the development of

vaccines expressing one or more BTV proteins intracellularly

(20). The combination of both arms of the adaptive immune

response, virus NAbs and cytotoxic T lymphocytes (CTLs), is

crucial for the development of long lasting immunity against BTV

(21, 22), which should guide BTV vaccine development. Following

this rationale, we have recently developed a MVA-based vaccine

candidate against BTV co-expressing the structural protein VP2 of
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BTV-4 along with nonstructural proteins NS1 and NS2-Nt, highly

conserved among serotypes. This vaccine candidate showed high

efficacy of protection against the homologous and virulent BTV-4

Morocco strain (BTV-4M) in sheep, blocking viral replication and

the progression of disease after challenge (23). However, the

multiserotype potential of this promising recombinant vaccine

candidate has not been evaluated yet in a bluetongue virus

natural host.

In this work, we have evaluated the multiserotype protective

capacity of the MVA co-expressing VP2 along with the

immunogenic NS1 and NS2-Nt proteins of BTV serotype 4

(BTV-4) against a heterologous BTV serotype 8 (BTV-8)

infection in sheep. Besides, we characterized the cell-mediated

protective immune response induced by this vaccine candidate in

the BTV natural hosts.
2 Materials and methods

2.1 Cells lines and viruses

Chicken embryo fibroblasts (DF-1) (ATCC, Cat. No. CRL-

12203) were grown in Dulbecco’s Modified Eagle’s medium

(DMEM) (Biowest, Nuaillé, France) supplemented with 2mM

glutamine, 1% penicillin/streptomycin (Gibco, Waltham, MA,

USA) and 10% fetal calf serum (FCS) (Gibco, Waltham, MA,

USA). Green monkey kidney cells (Vero) (ATCC, Cat. No. CCL-

81) were grown in DMEM supplemented with 2mM glutamine, 1%

penicillin/streptomycin and 5% FCS.

BTV serotype 4 Morocco strain (MOR2009/09) (BTV-4M) and

BTV serotype 8 (BEL/2006) were used in the experiments. BTV-4M

strain is a reassortant strain between BTV-1 (segments 1, 4, 5, 7, 9,

10) and BTV-4 (segments 2, 3, 6, 8) isolated from sheep blood in KC

insect cells (24, 25). The MVA-VP2-NS1-2A-NS2-Nt, previously

generated (23), was used for sheep immunization. Virus stocks and

titrations were performed by standard methods previously

described (26, 27).
2.2 Sheep

A total of 8 sheep (SpanishOvis aries “Churra” breed) were used

for the studies. All sheep used were matched for age (4 months).

Sheep were housed under pathogen-free conditions and allowed to

acclimatize to the biosafety level 3 (BSL3) animal facilities at the

Animal Health Research Center (CISA-INIA, CSIC), Madrid,

before use.
2.3 Sheep immunization and challenge

All sheep involved in the experiment were negative to BTV by

ELISA. One group of sheep (n=4) was intramuscularly immunized

following a homologous primer-boost strategy consisting of two

doses of 108 PFU of MVA-VP2-NS1-2A-NS2-Nt administered four
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weeks apart. A group of sheep was left untreated (control). Pre-

challenge blood samples were collected from all animals. Non-

immunized and immunized sheep were subcutaneously challenged

with a dose of 105 PFU of BTV-8 at three weeks post-boost. After

virus challenge, blood collection for virological analyses was

conducted by specialized veterinary personal at 0, 3, 5, 7, 10, 12,

14, and 18 d.p.i. Rectal temperatures measurements were conducted

every day from 4 days prior to challenge until 18 d.p.i. At day 18

post-infection all sheep were euthanized.
2.4 Viraemia and RNAemia analysis by
plaque assay and RT-qPCR, respectively

Blood samples were collected at 0, 3, 5, 7, 10, 12, 14, and 18 d.p.i.

from sheep with EDTA as anti-coagulant. RNA was extracted from

50 µL of blood using TRIzol Reagent (Sigma Aldrich, St. Louis, MO,

USA) following the protocol established by the manufacturer.

RNAemia was analyzed in duplicate by real-time RT-qPCR

specific for BTV segment 5 (encoding NS1). The real-time RT-

qPCR specific for BTV segment 5 was performed using primers and

probe described by Toussaint et al. (28). Only Ct values lower than

38 were considered indicative of RNAemia (positive), according to

the cut-off established by Toussaint et al. (28). “No Ct” values were

considered as a Ct of 45, last cycle of the RT-qPCR.

For the analysis of viraemia by plaque assay, 50 µL of sheep

blood were washed with 450 µL of PBS and centrifuged at 3000 rpm

for 10 minutes. Thereafter, supernatant was removed, and pellet

was lysed in 450 µL of sterile water for 2 minutes. Cell lysis was

stopped by adding 50 µL of PBS10X. Then, samples were inoculated

into 12-well plates containing semi-confluent monolayers of Vero

cells. Following incubation for 1 h, an agar overlay (DMEM-10%-

FBS-0.4%-Noble Agar, Becton Dickinson, MD, USA) was added

and plates were incubated for 5 days at 37°C in 5% CO2. Plaques

were fixed with 10% formaldehyde and visualized with 2%

crystal violet.
2.5 Blood measurements

A multiparameter autohematology analyzer (BC-5300 Vet;

Mindray, China) was used to determine the total and differential

cell counts in sheep blood for each group collected into

EDTA tubes.
2.6 Determination of circulating levels of
cytokines

Sera from immunized and non-immunized sheep were

collected the day before the challenge and at 3 and 5 d.p.i.

Circulating cytokine levels were analyzed using a multiplex

fluorescent bead immunoassay for quantitative detection of sheep

cytokines (Millipore’s MILLIPLEX Mouse Cytokine kit, Burlington,

MA, USA). Samples were analyzed for IL1-a, IL-1b, IL-4, IL-6, IL-
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Austin, TX, USA). Values of blank samples were subtracted from

values of samples.
2.7 ELISpot

ELISpot plates with Immobilon-P membranes (Millipore) were

first permeabilized using 35% ethanol in sterile water, then washed

twice with PBS. They were coated with 50 mg of the capture

antibody, bovine anti-IFN-g (MT17.1, Mabtech) showing sheep

reactivity, at a concentration of 2.5 mg/ml in PBS, and incubated

overnight at 4°C. Afterward, the plates were blocked with complete

medium for 1 hour at 37°C. PMBCs from sheep at three weeks after

boost were seeded at 2x105 cells per well, then stimulated with a

pool of 5 mg/ml NS1 peptides, 5 mg/ml of the NS2-Nt protein,

Phorbol 12-myristate 13-acetate phytohemagglutinin (PHA)

(Sigma) as a nonspecific stimulus (4 mg/ml), or an irrelevant

peptide (protein Gn of Rift Valley Fever virus, RVFV) as the

negative control, for 18h or left untreated in RPMI 1640 medium

supplemented with 10% FCS. Following the 18-hour incubation, the

plates were washed with distilled water to lyse the cells, followed by

five washes with PBS. Next, 50 µL per well of biotin-conjugated

anti-IFN-g antibody (MT307, Mabtech), diluted 1:100 in PBS, was

added and incubated at room temperature for 2 hours in the dark.

This was followed by the addition of 50 µL of streptavidin-HRP

conjugate (BD Biosciences), diluted 1:1,000 in PBS, and incubated

for 1 hour. Finally, 50 µL of TMB developing solution (Mabtech)

was added to each well until spots became visible, followed by a

wash with water. After drying the membranes, the number of spots

in each well was determined using an AID iSpot Reader System

(Autoimmun Diagnostika, Strassberg, Germany).
2.8 Ex-vivo flow cytometric analysis

To evaluate the immunogenicity of the MVA-VP2-NS1-2A-

NS2-Nt in sheep, blood samples of immunized and non-immunized

sheep were harvested for peripheral blood mononuclear cell

(PBMC) isolation and subsequent analysis by intracellular

cytokine staining assays (ICS). Fresh PBMC were isolated from

whole blood using Ficoll-Hypaque density gradient centrifugation.

A total of 106 PMBCs per well were stimulated with 5 mg/ml of a

pool of NS1 peptides (Table 1), 5 mg/ml of the NS2-Nt protein,
TABLE 1 Peptides selected from BTV NS1 protein using the epitope
prediction in H-2 Db haplotype.

Position Sequence IEDB SYFPEITHI BYMAS

125 SALVNSERV 0.2 28 51.480

152 GQIVNPTFI 0.2 28 720.000

14 YANATRTFL 0.7 16 2.600

222 IQLINFLRM 0.2 25 792.000
fr
A combination of three epitope T prediction algorithms (IEDB, SYFPEITHI and BYMAS) was
used to select peptides from NS1 proteins of BTV-4.
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concanavalin A (ConA) as a non-specific stimulus (4 mg/ml) for 18h

or left untreated in RPMI 1640 medium supplemented with 10%

FCS. Six hours before the assay, brefeldin A (5 µg/ml) was added.

After stimulation, cells were washed with PBS-1%-FBS, stained for

the surface markers, fixed with PBS-1%-FBS-1%-Saponine-4%-

PFA, permeabilized with PBS-1%-FBS-1%-Saponine, and stained

intracellularly using the fluorochrome conjugated antibodies anti-

bovine IFN-g mAb (MT307, Mabtech), conjugated to PF647P, and

anti-bovine IL-2 mAb (MT3B3, Mabtech), conjugated to PF647P.

Fluorochrome conjugated antibodies mouse anti-Sheep CD4-FITC,

CD8-PE and Workshop Cluster 1 (WC1)-FITC (MCA2213F,

MCA2216PE, MCA2222F, Biorad) were used for the analysis of

extracellular receptor molecules. Data were acquired for FACS

analysis on a FACS Celesta Sorp platform (Becton Dickinson,

Franklin Lakes, NJ, USA). Analyses of the data were performed

using FlowJo software version x10.9 (Tree Star, Ashland, OR, USA).

The number of lymphocyte-gated events was 5x105. Lymphocytes

were initially gated on the basis of their forward and side scatter

properties. Then, CD4+, CD8+ or WC1+ (gamma delta, gd)
lymphocytes expressing IFN-g or IL-2 were selected for the

analysis. Gating strategies used to identify T-cell populations are

shown in Supplementary Figure S1.
2.8 Plaque reduction neutralization test

Two-fold dilutions (from 1:5) of heat inactivated sheep sera (56°

C for 30 minutes) were incubated with 100 PFU of BTV-4M or

BTV-8, for 1h at 37°C. Then, samples were inoculated into 12-well

plates containing semi-confluent monolayers of Vero cells.

Following incubation for 1h, an agar overlay (DMEM-10%-FBS-

0.4%-Noble Agar (Becton Dickinson, MD, USA)) was added and

plates were incubated for 5 days at 37°C in 5% CO2. Plaques were

fixed with 10% formaldehyde and visualized with 2% crystal violet-

PBS. PRNT50 titer was calculated as the highest dilution of serum

that neutralized 50% of the control virus input.
2.9 Statistical analysis

Data were analyzed using GraphPad Prism version 8.0.1

(GraphPad Software, San Diego, CA, USA). Comparisons of

mean responses between groups for the ICS, cytokine levels,

PRNT50 and ELISA assays as well as data on rectal temperature,

viraemia, RNAemia and hematological values were conducted by

two-way ANOVA with a post hoc Tukey test for multiple

comparisons. A p-value lower than 0.05 was considered

significant in all cases.
2.10 Ethics statement

Animal experimental protocols were approved by the Ethical

Review Committee at the INIA-CISA and Comunidad de Madrid

(Permit number: PROEX 060.7/21) in strict accordance with EU
Frontiers in Immunology 04
guidelines 2010/63/UE about protection of animals used for

experimentation, and other scientific purposes and Spanish

Animal Welfare Act 32/2007.
3 Results

3.1 Protection conferred by MVA-VP2-NS1-
2A-NS2-Nt in sheep against BTV-8

As stated above, the protective capability of the MVA-VP2-

NS1-2A-NS2-Nt vaccine candidate against a homologous BTV-4

infection has been confirmed in sheep (23). To test the

multiserotype protective capacity of the MVA co-expressing

proteins VP2, NS1 and NS2-Nt of BTV-4, we immunized sheep

following a prime-boost strategy consisting of two doses (1x108

PFU) of MVA-VP2-NS1-2A-NS2-Nt, administered in a four-week

interval. Three weeks after the booster, sheep were subcutaneously

challenged with 105 PFU of the heterologous BTV-8 (Figure 1A).

Thereafter, rectal temperatures, viraemia, RNAemia and

hematological parameters were measured at different days

post-infection.

After challenge, three out of four non-immunized control sheep

developed viraemia at 5 d.p.i. (mean virus titer = 512.5 PFU/ml) and

all of them displayed high levels infectious virus in blood at 7 d.p.i.

(mean virus titer = 2200 PFU/ml) (Figure 1B). Besides, one control

sheep was still viremic at 10 d.p.i. Importantly, immunization with

MVA-VP2-NS1-2A-NS2-Nt completely prevented two out of four

sheep from developing viraemia at 5 d.p.i. and the mean virus titer

of the group (87.5 PFU/ml), was considerably lower compared to

the control sheep group. Moreover, the immunized sheep had very

low levels of infectious virus in blood at day 7 post-infection (mean

virus titer = 75 PFU/ml), being significantly (p-value < 0.001) lower

to those of the control group (Figure 1B). Importantly, we did not

detect infectious virus in any immunized sheep at 10 d.p.i. and

onwards (Figure 1B). All non-immunized animals also showed

detectable levels of viral RNA in blood from day 5 post-infection

to the end of the experiment, with peak levels between 7 and 12

d.p.i. (Figure 1C). In contrast, the MVA-VP2-NS1-2A-NS2-Nt just

displayed the RNAemic status at 5 d.p.i. but at the remaining days

post-infection they displayed undetectable (Ct ≥ 38) or nearly

undetectable levels of RNA (Figure 1C).

We also measured changes in rectal temperatures and

hematological parameters in immunized and non-immunized

sheep. After challenge with BTV-8, either the non-immunized or

the MVA-VP2-NS1-2A-NS2-Nt developed a steep rise in their

rectal temperatures between 4 and 6 d.p.i. (Figure 2A). No

statistical differences regarding rectal temperatures were observed

between both groups. However, whereas control animals

maintained elevated rectal temperatures between days 6 and 9

post-infection, animals immunized with MVA-VP2-NS1-2A-NS2-

Nt displayed a noticeable dumping of this temperature increase

(Figure 2A). Similarly, we did not find statistical differences

regarding percentages of neutrophils and lymphocytes in blood of

immunized and non-immunized animals. Nonetheless, some
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FIGURE 2

Changes in rectal temperatures and hematologic parameters in immunized and non-immunized sheep after BTV-8 challenge. (A) Rectal
temperatures recorded before and after challenge. The day of challenge (0 d.p.i.) is indicated. Points represent mean rectal temperature value for
each group and error bars represent SD. (B, C) Percentages of lymphocytes and neutrophils in blood from immunized sheep after challenge with
BTV-8. Blood of non-immunized and immunized sheep were analyzed in an autohematology analyzer (BC-5300 Vet; Mindray, China) and the
percentage of lymphocytes (B) and neutrophils (C) based on the total white blood cells were analyzed at days 0, 3, 5, 7, 10 and 12 post-infection.
Points indicate the individual value of each animal and lines represent the mean value of each group. No statistical differences were found by two-
way ANOVA (post hoc Tukey test for multiple comparisons).
FIGURE 1

Protection of immunized sheep against a heterologous virulent challenge with BTV-8. (A) A group of sheep (n=4) was immunized following a
homologous prime-boost regimen consisting of two doses of MVA-VP2-NS1-2A-NS2-Nt. A second group was left untreated (Control). Immunized
and non-immunized sheep were challenged with BTV-8. (B) Titers of BTV-8 recovered in blood of sheep after viral inoculation. Points represent
individual PFU/ml values and lines represent mean Log PFU/ml of each group. (C) RNAemia analyzed by RT-qPCR of non-immunized and
immunized sheep after viral challenge. Presence of virus in blood and expression of mRNA of segment 5 (encoding NS1 protein) was quantified.
Results were expressed as Ct (left y-axis). The real-time RT-qPCR specific for BTV segment 5 was performed as described by Toussaint et al. (28).
Cut-off Ct ≥ 38 (dotted black line). Points represent individual Ct values and lines represent mean Ct of each group. *P value < 0.05, **P value <
0.002, ***P value < 0.001, ****P value < 0.0001 using two-way ANOVA (post hoc Tukey test for multiple comparisons).
Frontiers in Immunology frontiersin.org05
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control animals (sheep 2 and 4) showed elevated levels of

neutrophils and reduced levels of lymphocytes at 3, 5 and 7 d.p.i.

(Figures 2B, C). On the contrary, all animals immunized with

MVA-VP2-NS1-2A-NS2-Nt presented steady levels of neutrophils

and lymphocytes throughout the experiment (Figures 2B, C), which

indicated the absence of neutrophilia and lymphopenia in these

immunized sheep.

In addition, the dynamics of circulating pro and anti-

inflammatory cytokines in serum at 3 and 5 days after challenge

was studied. Extensive changes in the profile of several of these

cytokines were detected between vaccinated and non-vaccinated

sheep at day 5 post-infection (Figure 3). At this day, increased levels

of IL-1a, IL-1b, IL-4 and TNF were observed in non-vaccinated

sheep compared with vaccinated animals. For IL-4, these differences

were significant at 5 d.p.i. The excessive pro-inflammatory cytokine

production seen in non-immunized sheep could contribute to the

severity of disease. In contrast, immunized sheep downregulated

these cytokine levels leading to a more balanced immune response.

Interestingly, IL-10 was upregulated in vaccinated sheep after

challenge at 3 and 5 d.p.i. (Figure 3). This cytokine play

important roles as a regulatory cytokine and, in the context of an

infectious disease, as IL-10 helps to prevent tissue damage caused by

the immune response (29). In the case of IL-6, a cytokine with a

pleiotropic effect, its levels were significant higher in vaccinated

sheep just at 3 d.p.i., going down again at 5 d.p.i.

Overall, all these data reflect that immunization with MVA-

VP2-NS1-2A-NS2-Nt can induce a high degree of heterologous

protection against BTV, impeding viral replication to a high extent.
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Besides, this vaccine candidate may attenuate the severity of disease

a l though i t shou ld be fur the r confi rmed in fu ture

histopathological studies.
3.2 Immunogenicity of the MVA-VP2-NS1-
2A-NS2-Nt vaccine candidate in sheep

Thereafter, we aimed to characterize the immunogenicity of the

MVA-VP2-NS1-2A-NS2-Nt in sheep. To that end, PBMCs and sera

from immunized and non-immunized animals were harvested at 3

weeks post-boost.

First, we analyzed the induction of a neutralizing humoral

immune response against BTV. As we observed in a previous

study (23), immunization with MVA-VP2-NS1-2A-NS2-Nt

induces a homologous neutralizing response against BTV-4 after

two doses of the vaccine candidate (Figure 4A). We did not detect

virus-neutralizing activity against the heterologous virus challenge

BTV-8 (Figure 4B), which reflects that virus NAbs do not mediate

protection against BTV-8 in immunized sheep. In contrast with the

non-immunized control group, challenge with BTV-8 did not

translate into a boost of NAbs levels against BTV-8 in the MVA-

VP2-NS1-2A-NS2-Nt immunized animals (Figure 4B), which may

be related to the attenuation of viral replication induced by

the vaccine.

In order to determine the ability of the proteins NS1 and NS2-

Nt expressed by the MVA-VP2-NS1-2A-NS2-Nt to elicit specific T-

cell protective immune responses in immunized sheep, we
FIGURE 3

Levels of cytokines in serum samples from non-immunized and immunized sheep after challenge with BTV-8. Sheep sera were collected at 3 and 5
d.p.i. and analyzed in Luminex immunoas-says. Points represent individual values for each sheep, bars represent mean values of each group, and
error bars represent SD. Asterisks denote significant differences between immunized and non-immunized control. * P value < 0.05, using two-way
ANOVA (post hoc Tukey test for multiple comparisons).
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performed ELISpot and intracellular cytokine staining assays. At 3

weeks post-boost (w.p.b.), PBMCs from immunized and non-

immunized sheep were restimulated for 18 h with a pool of NS1-

specific T-cell peptides (Table 1), with baculovirus-expressed

recombinant protein NS2-Nt, or with an irrelevant (off target)

peptide from RVFV. Analysis of sheep PBMCs responses by IFN-

g ELISpot assay showed the induction of statistically significant

BTV NS1 and NS2-Nt specific cellular immune responses in MVA-

VP2-NS1-2A-NS2-Nt vaccinated animals (Figure 5A). By ICS, we

observed that restimulation of sheep PBMCs with the NS1 peptide

pool augmented CD4+IFN-g+ T cell levels and significantly

increased (p < 0.05) the expression of IFN-g by CD8+ T cells

from MVA-VP2-NS1-2A-NS2-Nt vaccinated sheep compared to

controls (Figures 5B, C). After restimulation with protein NS2-Nt,

we also observed increased levels of CD4+ and CD8+ T cells

secreting IFN-g compared to the non-immunized control group

(Figures 5B, C). We also measured the levels of gd T cells after

restimulation of sheep PBMCs. gd T-cells are a subset of non-

conventional T cells highly present in ruminants and important in

pathogen-infected cell clearance due to their potent cytotoxic and

cytolytic functions as well as their capacity to modulate the adaptive

immune response (30). Previous works have pointed out that WC1

+ gd T cells immunomodulates the adaptive immune response to a

T-helper 1 (Th1)-like immune response (31). Considering that IL-2

is a strong immunoregulatory Th1 cytokine (32, 33), we gated these

cells by expression of WC1 and IL-2 expression to identify gd T cells

that could potentially immunomodulate this kind of immune

response. Restimulation of sheep PBMCs with the pool of NS1

peptides increased levels of WC1+IL-2+ T cells (Figure 5D).

Similarly, a significant increase of gd T-cells expressing IL-2

occurred after restimulation with protein NS2-Nt of PBMCs from

MVA-VP2-NS1-2A-NS2-Nt vaccinated sheep (Figure 5D).

On the other hand, PBMCs from sheep before challenge with

BTV-8 were also used to study levels of cytokines released upon

antigenic stimulation (NS1 or NS2-Nt) by luminex assay. Cells from

vaccinated animals showed an increase in the secretion of several
Frontiers in Immunology 07
cytokines compared to controls. There was a specific induction of

IFN-g, IL-1a, IL-1b, IL-6, IL-10 and IL-17a (Figure 6) in response to
NS1 peptides or NS2-Nt protein. These findings, together with the

activation of lymphocytes previously seen in cytometry

experiments, suggest that the vaccine successfully primes PBMCs

for an enhanced immune response, which could be critical for

effective protection against the targeted pathogen.

Overall, these results indicate that NS1 and NS2-Nt antigens,

highly conserved among serotypes, expressed by the MVA-VP2-

NS1-2A-NS2-Nt vaccine can induce strong T-cell responses in

natural hosts of BTV, which eventually highlights the importance

of the non-neutralizing adaptive immune response to provide

protection against BTV.
4 Discussion

Inactivated and live-attenuated vaccines are the unique available

prophylactic measures for effective control of BTV (8, 34). However,

important drawbacks related to low immunogenicity and safety

concerns restrict their use and raise an important need for

recombinant vaccine development (8, 35). Moreover, vaccination

against BTV implies to face two important aspects, e.g., the need for

broad protective responses against the wide range of BTV serotypes

and the implementation of a DIVA strategy. A high diversity of

recombinant candidate vaccines have been developed for BTV (8, 20,

35, 36). However, the induction of broad protective responses elicited

by these DIVA vaccines mostly rely on formulation of a set of

components specific of each targeted serotype (37–40), which may

impact vaccine affordability.

Recently, we have developed a recombinant MVA viral vector

that co-expresses three BTV antigens, including the homologous

NAbs-inducer protein VP2 and the highly conserved nonstructural

proteins NS1 and NS2-Nt, responsible of the induction of potent T-

cell responses (23). Previously, we observed that sheep

immunization with MVA-VP2-NS1-2A-NS2-Nt induces a full
FIGURE 4

Neutralizing antibodies titers against (A) BTV-4M and (B) BTV-8 in immunized and non-immunized sheep by PRNT50 assay. NAbs titers were
measured in sera collected at 3 w.p.b. and 18 d.p.i. after challenge with BTV-8. Points represent individual values for each sheep, bars represent the
mean values of each group, points indicate the mean value of each group and error bars represent SD. **P value < 0.005, using two-way ANOVA
(post hoc Tukey test for multiple comparisons).
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degree of protection against a homologous serotype of BTV. It is

important to note that we hypothesized that this high degree of

protection was mainly mediated by the VP2-specific NAbs, without

diminishing the role of the other two BTV antigens (23). The

inclusion of NS1 and NS2-Nt, highly conserved proteins among

serotypes, pursued both the reinforcement of the adaptive immune

response induced by the vaccine and the elicitation of broad

protective responses against multiple BTV serotypes. Now, we

evaluated the capacity of this vaccine candidate to provide cross-

protective responses against BTV. As we observed, immunization

with MVA-VP2-NS1-2A-NS2-Nt partially protected against the

heterologous BTV-8. It is understandable that, due to genomic

diversity and the non-induction of NAbs specific of serotype 8, this

vaccine candidate did not provide a level of protection against BTV-

8 as high as it did against the homologous serotype, although it was

still noteworthy, causing a significant reduction in the viremia in the

immunized sheep. It is worth note that, alike NAbs-dependent

protection, protection against BTV mediated by a T-cell response is

usually related with detectable viral replication and mild disease (22,
Frontiers in Immunology 08
41). Nonetheless, we observed that viral replication was significantly

reduced after the challenge with BTV-8 in immunized animals.

Besides, MVA-VP2-NS1-2A-NS2-Nt immunization seems to curb

the pathology induced by BTV-8 in inoculated sheep, as reflected by

suppression of IL-4 expression, a cytokine that may lead to a

exacerbated inflammation and deleterious effects on virus

clearance (42), as well as increased expression levels of IL-10,

described as a central mediator of immune balance, helping to

control excessive inflammation, preventing tissue damage, and

limiting immune-related pathology (29, 43). The early and

temporary up-regulation of IL-6 in vaccinated group at 5 d.p.i.,

could be related with its role in immune regulation. This cytokine

has a pleiotropic effect and influences the differentiation and

function of T helper (Th) cell subsets, regulating adaptive

immune responses during infections (44). Therefore, the MVA-

VP2-NS1-2A-NS2-Nt vaccine candidate is also efficacious against

disease progression after infection with heterologous serotypes.

Importantly, we hypothesized that this vaccine candidate can

block virus transmission to the insect vector as seen by the absence
frontiersin.or
FIGURE 5

Cellular immune responses against BTV in MVA-VP2-NS1-2A-NS2-Nt immunized sheep. (A) ELISpot assay measuring IFN-g-secreting cells after
isolation of PBMCs of immunized and non-immunized sheep and stimulation with a pool of peptides of NS1, a recombinant protein NS2-Nt and an
irrelevant peptide (neg). (B–D) Flow cytometry analysis. Percentage of CD4+IFN-g+ (B), CD8+ IFN-g+ (C) and WC+IL-2+ (D) cells after stimulation of
sheep PBMCs with a pool of peptides of NS1, a recombinant protein NS2-Nt and an irrelevant peptide. Points represent individual values for each
sheep, bars represent mean values of each group and error bars represent the SD. *P value < 0.05, P value < 0.002, *P value < 0.0002 using two-
way ANOVA (post hoc Tukey test for multiple comparisons). Neg: negative, irrelevant peptide from Gn RVFV.
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of viraemia or RNAemia in sheep after challenge with the

homologous BTV-4M (23). In this sense, vaccination with MVA-

VP2-NS1-2A-NS2-Nt also induced a significant impairment of viral

replication after challenge with the heterologous BTV-8, which

could also lead to impairment of the BTV transmission cycle. In this

sense, Culicoides infection rates are low and dose-dependent (45–

47), with an estimated 50% midge alimentary infective dose

(MAID50) that far exceeds the highest titer of infectious virus

observed in systemic blood of the MVA-VP2-NS1-2A-NS2-Nt

immunized sheep. Besides, BTV virus titers in skin periphery

seem to be much lower compared to those found in systemic

blood after the beginning of infection (47). Thus, this

recombinant vaccine candidate is potentially efficacious on

blocking onward transmission to insect vector of both

homologous and heterologous BTV serotypes.

Previous vaccination studies showed that heterologous

combination of ChAdOx1 and MVA co-expressing proteins NS1

and NS2-Nt induces partial protection in sheep against a virulent

challenge with BTV-4M (17). Despite that clinical disease is

mitigated, viral replication still occurs at high level at early stages

of infection followed by a faster viral clearance induced by the

vaccine. In a following study, immunization with an MVA co-

expressing proteins VP7, NS1 and NS2-Nt also led to similar results

on protection against the same virulent strain (23). Now, we observe

that protection mediated by nonstructural proteins NS1 and NS2-

Nt delivered by the MVA-VP2-NS1-2A-NS2-Nt was significantly

better against BTV-8 compared to those previous candidates.

Considering the superior immunogenicity of heterologous prime-
Frontiers in Immunology 09
boost immunization strategies (48) or the potentially added

immune response against protein VP7 (41, 49, 50), our results

may be questionable. However, differences on virulence between

strains and serotypes is a common feature of orbiviruses (2, 51–53).

Therefore, the differential virulence between BTV-4M and BTV-8

could explain the greater protective response against BTV-8

induced by the non-structural proteins NS1 and NS2-Nt delivered

by the MVA-VP2-NS1-2A-NS2-Nt. Nevertheless, the strain of

BTV-8 (BEL/2006) used in these experiments was described as

virulent in sheep during a major epidemic of BT in North-West

Europe in 2006 (54, 55). However, absence or mild BT-related

disease can occur in experimental infection with BTV isolates

observed as virulent in the field (56). Other virulence

determinants related to the mammalian host breed/age,

immunological status and/or a possible attenuation due to virus

isolation in cell culture may be also a reasonable explanation (2, 57).

In this sense, animal breed used in the present study may be

different from local breeds in North-West Europe.

Cytotoxic T lymphocytes play a key role in protection against

BTV infection (22). Non-structural proteins of BTV are the main

source of T cell epitopes (58). For NS1, lymphoproliferative

responses in cattle already indicated the potential of this BTV-

antigen to stimulate cytotoxic T responses (59), which coincide with

data regarding the immunogenicity of the MVA-VP2-NS1-2A-

NS2-Nt in sheep. In mice and cattle, the capacity of protein NS2

to induce T-cell mediated responses is also known (59–61).

Recently, we determined that the N-terminal half of NS2, NS2-

Nt, contains the majority of T-cell epitopes of NS2, demonstrating
frontiersin.or
FIGURE 6

Secretion of cytokines after restimulation of PBMCs with NS1 peptides, NS2-Nt recombinant protein or an irrelevant antigen (Gn RVFV). Level of
proteins (pg/ml) in cell supernatants at 18 h post incubation was analyzed by Luminex Multiplex assays. Points represent individual values for each
sheep, bars represent mean values of each group and error bars represent the SD. *P value < 0.05, using two-way ANOVA (post hoc Tukey test for
multiple comparisons) ** P value < 0.005.
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Jiménez-Cabello et al. 10.3389/fimmu.2025.1566225
that the response induced by NS2-Nt is equal to that induced by

NS2 in mice (18). Nonetheless, it was unknown whether the

immunogenicity of NS2-Nt in mice corresponded to a similar

immune response in natural hosts of BTV. Here, we observed

that the NS2-Nt protein promotes BTV-specific CD4+, CD8+ and

gd T cell responses after vaccination of sheep with MVA-VP2-NS1-

2A-NS2-Nt. Therefore, the formulation of the N-terminal half of

NS2 does not impact immunogenicity of this antigen in BTV-

natural hosts.

Cytokine secretion following antigen stimulation is key for

evaluating the efficacy of vaccines. Upon stimulation of

immunized sheep PBMCs with NS1 peptides or recombinant

NS2-Nt antigen, there was an evident production of a variety of

cytokines that play crucial roles in immune responses, such as IFN-

g, IL-1a, IL-1b, IL-6, IL-10 and IL-17a. These cytokines play an

essential role in mounting an effective immune response against

different viruses, as described previously in other studies (62, 63). In

particular, there was a statistically significant up-regulation of IL-6

and IL-17a. Among IL-6 functions, this cytokine have a role in the

differentiation of CD8+ T cells into cytotoxic T lymphocytes (64). In

the case of IL-17a, this is produced by Th17 CD4+ T cells that play a

role in vaccine-induced memory immune responses (65). Overall,

we have confirmed that the highly conserved NS1 and NS2-Nt

antigens co-delivered by the same MVA viral vector are able to

trigger multifunctional multiserotype responses against BTV in a

natural host of the disease, which is a major aspect in recombinant

vaccine research against BTV.

gdT cells are non-conventional T cells that comprise up to 60% of

circulating lymphocytes in young cattle and sheep, and constitute a

comparable proportion of PBMCs to those of CD8+ T cells and CD4

+ T cells in adult animals (66–70). This cell subset actively

participates in protective immunity in mammals against a variety

of pathogens (67). Here, sheep developed a significant gamma-delta

response specific to NS1 and NS2-Nt after vaccination with MVA-

VP2-NS1-2A-NS2-Nt. gd T cells also act as a bridging between innate

and adaptive immunity, resulting in a T h1-biased response (68). In

this sense, gd T cells induced by the MVA-VP2-NS1-2A-NS2-Nt

vaccine also expressed IL-2, a cytokine that promotes a variety of

effector cytotoxic CD8+ (Th1) T cell responses (71). In most

ruminants, gd T cells are prominent in the epithelial tissues

including the skin, where WC1+ gd T cells are predominant (69,

72). Despite that we observed a BTV-specific WC1+ gd T cells

response in PBMCs, it could replicate in other tissues where WC1+

gd T cells are abundant, such as the dermis (73), which may reinforce

the first immunological barrier at the site of infection. gd T cells are

recruited to inflamed areas of the skin (69), which could be a

consequence of midge feeding. Importantly, considering that BTV

can infect this T cell subset, which might increase viral replication at

biting sites (74), further research is warrant to elucidate how

vaccination influences the role of gd T cells during BTV infection.

In summary, here we confirmed the multiserotype protective

capacity of the MVA-VP2-NS1-2A-NS2-Nt DIVA vaccine

candidate in sheep. Importantly, this work suggests the role of the

T-cell responses specific of the nonstructural proteins NS1 and NS2

on mediating broad protection against BTV in the natural host.
Frontiers in Immunology 10
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Ethics statement

Animal experimental protocols were approved by the

Ethical Review Committee at the INIA-CISA and Comunidad

de Madrid (Permit number: PROEX 060.7/21) in strict

accordance with EU guidelines 2010/63/UE about protection of

animals used for experimentation, and other scientific purposes

and Spanish Animal Welfare Act 32/2007. The study was

conducted in accordance with the local legislation and

institutional requirements.
Author contributions

LJ-C: Conceptualization, Formal analysis, Methodology,

Writing – original draft, Writing – review & editing. SU-T:

Investigation, Methodology, Writing – review & editing. MI-A:

Methodology, Writing – original draft. KR-S: Methodology,

Writing – original draft. JB-S: Methodology, Writing – review &

editing. JO: Conceptualization, Funding acquisition, Supervision,

Writing – review & editing. EC-P: Conceptualization, Investigation,

Data curation, Formal analysis, Methodology, Supervision, Writing

– original draft, Writing – review & editing.
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. The work was supported

by grants PID2020-112992RR-I00 and PID2023-147304OR-I00

funded by MCIN/AEI/10.13039/501100011033, as well as grant

101136346 European Partnership Animal health and Welfare

(EUPAHW). SU-T. and LJ-C. were granted by FPI SGIT 2018

and PRE2021 097320 funded by MCIN/AEI/10.13039/

501100011033 and by “ESF Investing in your future”, respectively.
Acknowledgments

We thank the animal facility and the veterinary unit of CISA-

INIA, CSIC for animal handling and technical assistance.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1566225
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
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