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ABSTRACT Bluetongue, caused by bluetongue virus (BTV), is a widespread arthro-
pod-borne disease of ruminants that entails a recurrent threat to the primary sector
of developed and developing countries. In this work, we report modified vaccinia vi-
rus Ankara (MVA) and ChAdOx1-vectored vaccines designed to simultaneously
express the immunogenic NS1 protein and/or NS2-Nt, the N-terminal half of protein
NS2 (NS21-180). A single dose of MVA or ChAdOx1 expressing NS1-NS2-Nt improved
the protection conferred by NS1 alone in IFNAR(-/-) mice. Moreover, mice immunized
with ChAdOx1/MVA-NS1, ChAdOx1/MVA-NS2-Nt, or ChAdOx1/MVA-NS1-NS2-Nt
developed strong cytotoxic CD81 T-cell responses against NS1, NS2-Nt, or both pro-
teins and were fully protected against a lethal infection with BTV serotypes 1, 4, and
8. Furthermore, although a single immunization with ChAdOx1-NS1-NS2-Nt partially
protected sheep against BTV-4, the administration of a booster dose of MVA-NS1-
NS2-Nt promoted a faster viral clearance, reduction of the period and level of vire-
mia and also protected from the pathology produced by BTV infection.

IMPORTANCE Current BTV vaccines are effective but they do not allow to distinguish
between vaccinated and infected animals (DIVA strategy) and are serotype specific.
In this work we have develop a DIVA multiserotype vaccination strategy based on
adenoviral (ChAdOx1) and MVA vaccine vectors, the most widely used in current
phase I and II clinical trials, and the conserved nonstructural BTV proteins NS1 and
NS2. This immunization strategy solves the major drawbacks of the current marketed
vaccines.

KEYWORDS bluetongue, NS1, NS2, MVA, multiserotype, DIVA, vaccine, CD81 T cell
response, bluetongue virus, orbiviruses, vaccines

Bluetongue (BT) is an arthropod-borne disease of ruminants transmitted during
blood-feeding by some species of biting midges of the genus Culicoides (1). This

World Organization for Animal Health (OIE)-listed disease is characterized by a highly
variable clinical spectrum. Sheep and some species of wild ruminants are the most
affected hosts whereas cattle, goats, and the majority of wild ruminant species are usu-
ally asymptomatic (2). Bluetongue virus (BTV), the etiological agent of this severe live-
stock disease, belongs to the genus Orbivirus, which is included within the family
Reoviridae. This nonenveloped virus presents a structure characterized by its
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icosahedral capsid (;90 nm in diameter), which is divided in three concentric layers
(3). The viral genome (;19.2 kb) consists of 10 linear double-stranded RNA (dsRNA)
segments (S1 to S10) that encode for seven structural proteins (VP1 to VP7) together
with five nonstructural proteins (NS1, NS2, NS3/NS3A, NS4, and the putative protein NS5)
(4, 5). VP2, involved in virus-entry and conforming the outer capsid layer together with
VP5, is the main inductor of neutralizing antibodies (nAbs) and defines the serotype (6). To
date, 29 serotypes of BTV have been identified, being classified as typical (1–24), and atypi-
cal (25–27), with two more putative serotypes, BTV-28 and BTV-29, recently described and
very similar to other typical BTV serotypes (7–9). Despite BT has been historically prevalent
in tropical and subtropical regions located between 35° S and 45° N, serotypes 1, 2, 4, 6, 8,
9, 11, and 16 have invaded Europe and other continents since 1998, leading to a global
economic impact estimated in;$3 billion per year (10).

Due to the lack of therapeutic treatments (11, 12), vaccination against BTV consti-
tutes the most effective prophylactic measure for BT control. Traditionally, vaccination
strategies against this disease are based on conventional approaches, such as inacti-
vated or live attenuated vaccines (LAVs). Notwithstanding their crucial role in BTV con-
trol, these vaccines present several drawbacks, such as their serotype-specificity or the
inability to distinguish between vaccinated and infected animals (differentiating
infected from vaccinated animals [DIVA] strategy). In this sense, experimental
approaches have been implemented with variable success so far. Subunit vaccines, vi-
rus-like particle (VLP)-based vaccines, DNA vaccines, recombinant viral vector vaccines,
and implementation of reverse genetics systems for generation of new attenuated dis-
abled infectious single animal (DISA) or replication-defective (disabled infectious single
cycle [DISC]) vaccines, have targeted proteins located in the outer capsid of the virion,
thereupon inducting nAbs against BTV (13–15). In the majority of cases, despite their
DIVA character, cross-protection is slightly or not achieved due to the highly variable
amino acidic sequence of VP2 among serotypes. The combination of both arms of the
adaptive immune response, virus nAbs and cytotoxic T lymphocytes (CTLs), is crucial
for the development of a long lasting and protective immunity against BTV in animals
(16, 17). The nonstructural protein 1 (NS1), an upregulator of viral protein synthesis (18,
19), is the most expressed viral protein along with NS2 upon infection. In addition,
both proteins are highly conserved among BTV serotypes (20), which fosters their utili-
zation as attractive targets for therapeutic antiviral intervention strategies, although
both proteins do not induce neutralizing activity (21). What is more, it has been identi-
fied the presence of CD81 T cell epitopes within the sequence of NS1 (22, 23) and
some works have pointed out the potential of NS2 to induce cellular immune
responses against BTV (24–26).

The induction of strong T cell responses against multiple intracellular pathogens
has been attained by utilization of viral vaccine vectors, like modified vaccinia virus
Ankara (MVA) (13). For BTV, homologous or heterologous prime-boost immunization
regimes using MVA expressing NS1 or its truncated form NS1-Nt, either individually or
in combination with structural proteins VP2 and VP7, have conferred total protection
against heterologous viral challenges in IFNAR(-/-) mice (22, 27, 28). However, homolo-
gous prime-boost strategies could induce a limited response due to the development
of a specific immune response against the viral vector, diminishing the antigenicity of
the second immunization. Oftentimes, recombinant MVA vectors have been assayed as
boost in combination with recombinant adenovirus vectors, like chimpanzee adenovi-
rus Oxford 1 (ChAdOx1), procuring significantly increased CD81 T cell responses com-
pared to prime-only strategies (29–31). Replication-defective chimpanzee adenoviruses
(ChAd), including ChAdOx1, have been qualified as a safe vaccine platform for a wide
range of infectious diseases, including the emerging SARS-CoV-2 (32–37). Besides, this
vaccine vector possess a huge potentiality because of their lack of pre-existing anti-
vector immunity, thus excluding restrictions in vaccine efficacy (38).

In a previous work, we reported a robust T cell mediated immune response after
application of a prime-only with ChAdOx1 and a heterologous prime-boost strategy
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combining both MVA and ChAdOx1 expressing NS1 in IFNAR(-/-) mice, conferring a full
protection against BTV-4M in the short and long term. Moreover, immunization of
sheep with ChAdOx1/MVA-NS1 cushioned the rise of fever and prevented the upsurge
of viremia (39). Here, MVA and ChAdOx1-vectored vaccines were designed to simulta-
neously express the immunogenic NS1 protein and/or NS2-Nt, the N-terminal half of
protein NS2 (NS21-180). We evaluated the immunogenicity of NS2-Nt and we showed
that the combination of NS1 and NS2-Nt increases the protection elicited by NS1 alone
in both the murine model and sheep, one of the BTV natural hosts. Additionally, the
multiserotype character of the vaccine candidates was confirmed in mice. Finally, stud-
ies of humoral and T cell mediated immune responses were conducted in mice and
sheep to spot the basis of the conferred protection.

RESULTS
Protein NS2 and its N-terminal half induce antigen-specific cellular immune

responses. The nonstructural protein NS2 is one of the most conserved proteins
among BTV serotypes (20), making it a good candidate to be studied as an antigen in a
multiserotype vaccine against BTV. In fact, the percent identity of the amino acid
sequences of the BTV serotypes used in this work is higher than 97% (data not shown).
In order to identify theoretical CD81 T-cell epitopes, NS2 sequence was analyzed using
the prediction algorithms IEDB and SYFPEITHI and considering the major histocompati-
bility complex (MHC) haplotype from the mice used in the study. The combination of
the best score in the two databases showed the presence of theoretical CD81 T-cell
epitopes located in the N-terminal half of the sequence (Table 1).

In the light of the above, we decided to evaluate the cellular immune response eli-
cited by the NS2 BTV protein when it is delivered by the MVA viral vaccine vector in
IFNAR(-/-) mice. For this purpose, recombinant MVAs (rMVAs) expressing NS2 or its N-
or C-terminal half (amino acids 1 to 180 or 178 to 354, respectively) were generated.
The correct expression of NS2, NS2-Nt, or NS2-Ct by these rMVAs was evaluated and
confirmed by immunofluorescence assay (IFA) (Fig. 1A).

In order to assess the antigen-specific cellular immune response induced by NS2 or
its N- or C-terminal half, we immunized IFNAR(-/-) mice following a homologous prime-
boost with MVA-NS2, MVA-NS2-Nt, or MVA-NS2-Ct. Splenocytes were harvested
14 days after boost and a gamma interferon (IFN-g) enzyme-linked immunosorbent
spot (ELISPOT) assay was performed. After restimulation with protein NS2-Nt, spleno-
cytes of mice immunized with MVA-NS2 or MVA-NS2-Nt yielded detectable specific
IFN-g-producing cells (mean spots: 43.25; mean spots: 44.5) (Fig. 1B). The levels of IFN-g
producing cells induced by MVA-NS2-Nt were found significantly higher when

TABLE 1 NS2 peptides identified from the epitope prediction in H-2 Db haplotype

Protein Initial position Length Sequence Score
IEDB
(Immune Epitope Database and
Analysis Resource)

265 9 KTHITKEYI 0.21497
14 9 VLDANAKTL 0.155801
31 9 SQPYCQIKI 0.154732
7 9 RFTKNIFVL 0.126527
107 9 RVQHNGVMV 0.117291
96 9 FEGVSVTPM 0.085757
124 9 GMGIVQPYM 0.07383
71 9 GQDIISLML 0.066846

SYFPEITHY
(Database of MHC Ligands
and Peptide Motifs)

14 9 VLDANAKATL 24
7 9 RFTKNIFVL 18
96 9 FEGVSVTPM 17
296 9 QASGGFDRM 17
31 9 SQPYCQIKI 16
46 9 KPVKNPEPK 16
111 9 NGVMVDAEI 16
293 9 AMPQASGGF 15
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compared with control (mean spots: 1.75) and MVA-NS2-Ct (mean spots: 7.5) immuni-
zation groups, which failed to induce a specific cellular immune response as expected
(Fig. 1B). Besides, restimulation with polypeptide NS2-Ct of splenocytes from mice
immunized with MVA-NS2-Ct did not yield a significant response, as the number of
specific IFN-g-producing cells (mean spots: 11.5) was similar to that of the control
group (mean spots: 4.75) (Fig. 1C), which support the data of the in silico analysis that
indicated the prevailing location of CD81 T cell epitopes in the N-terminal half of the
protein (Table 1). Overall, these results reveal that the NS2-Nt protein delivered by
MVA is able to stimulate a specific cellular immune response in IFNAR(-/-) mice.

Evaluation of BTV-4 NS1 and NS2-Nt expression from recombinant MVA and
ChAdOx1. Recent data from our laboratory has shown that the cloning of heterol-
ogous antigens in the F13L and TK loci of the MVA genome induced a strong immune
response against these antigens in immunized animals (40). Following this rationale,
we generated rMVAs that express a single BTV gene cloned in the F13L locus (MVA-
NS1 or MVA-NS2-Nt) and one rMVA that expresses these two BTV genes cloned in the
F13L and TK loci (MVA-NS1-NS2-Nt). Considering the results of the previous section
regarding the immunogenicity of NS2-Nt and also contemplating the constraints
related with the cargo capacity of ChAdOx1 (, 5 Kb) (38), we decided to formulate the
N-terminus half of NS2 in both recombinant MVA and ChAdOx1 (rChAdOx1) viral
vectors.

The correct expression of the heterologous BTV antigens cloned in the recombinant
MVA and ChAdOx1 was confirmed by IFA and immunoblot. DF-1 cells were infected
with the rMVAs and the characteristic spotted pattern of NS1 was observed in DF-1
cells infected with MVA-NS1 and MVA-NS1-NS2-Nt (Fig. 2A). Expression of NS2-Nt by
rMVAs was also revealed in infected DF-1 cells (Fig. 2A). Noninfected cells did not show

FIG 1 Cellular immune responses against BTV in mice immunized with MVA-NS2, MVA-NS2-Nt, and MVA-NS2-Ct. (A) Indirect
immunofluorescence of DF-1 cells infected with MVA-NS2, MVA-NS2-Nt, MVA-NS2-Ct, or noninfected (control). NS2, NS2-Nt, and
NS2-Ct (red) were detected using MAb 23H6 a-NS2. Nuclei were stained with DAPI. Scale bars 20 mm. (B, C) Interferon gamma
ELISPOT assay. Splenocytes of IFNAR(-/-) mice immunized with MVA-NS2, MVA-NS2-Nt, or MVA-NS2-Ct were stimulated with the
recombinant proteins NS2-Nt (B) or NS2-Ct (C). Points represent individual values for each mouse, bars represent the mean values
of each group and errors bars represent SD. Asterisks denote significant differences between stimulated splenocytes (P , 0.05)
(The Mann–Whitney U test).
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evidences of a specific signal of NS1 or NS2-Nt in any case. Immunoblotting also showed
expression of the heterologous BTV antigens by rMVAs in DF-1-infected cells, with the use
of a sheep hyperimmune serum against BTV that enabled detection of the presence of
both NS1 and NS2-Nt proteins with the expected molecular mass (Fig. 2B).

Similarly, IFA was performed in HEK293 cells infected with rChAdOx1 expressing
NS1 and/or NS2-Nt to assess the appropriate expression of these BTV antigens.
Expression of NS1 and NS2-Nt proteins was observed with the characteristic spotted
pattern of NS1 in infected HEK293 cells (Fig. 2C). NS1 and NS2-Nt proteins were cloned
in the rChAdOx1 as a fusion protein including the foot-and-mouth disease virus
(FMDV) 2A “ribosomal skipping” linker (2A) into the fusing point. Colocalization of NS1
and NS2-Nt was exhibited by cells infected with ChAdOx1-NS1-NS2-Nt. This overlap-
ping signal may be caused by the expression of the polyprotein NS1-2A-NS2-Nt
although it cannot be ruled out a likely interaction between NS1 and NS2-Nt. To con-
firm the expression and “cleavage” of the NS1-2A-NS2-Nt polyprotein, the infected cell
extracts were analyzed by immunoblot at 18-h postinfection (h.p.i.). The monoclonal
Ab 23H6 specific of NS2 allowed the detection of the fused NS1-2A-NS2-Nt insert and
the protein NS2-Nt (Fig. 2D, lane d) with the expected molecular masses, confirming
the presence of both cleaved and uncleaved forms of the polyprotein NS1-2A-NS2-Nt
in the infected cells.

Altogether, these data confirm the efficient expression of these proteins from BTV-4
cloned in the rMVA and rChAdOx1 vaccine vectors to be used for immunization assays
in IFNAR(-/-) mice and sheep.

FIG 2 Expression analysis of heterologous BTV proteins by rMVA and rChAdOx1. (A) Indirect immunofluorescence of DF-1 cells
infected (MOI = 1) with MVA-NS1, MVA-NS2-Nt, MVA-NS1-NS2-Nt, or noninfected (control). NS1 protein (red) was detected using
a mouse polyclonal hyperimmune serum against ChAdOx1-NS1. NS2-Nt (green) was detected using MAb 23H6 a-NS2. Nuclei
were stained with DAPI. Scale bars 20 mm. (B) Immunoblot analysis of noninfected DF-1 cells (lane a) or infected with MVA-NS1
(lane b), MVA-NS2-Nt (lane c) or MVA-NS1-NS2-Nt (lane d) at 18 h.p.i. using a mouse hyperimmune serum against BTV-4. (C)
Indirect immunofluorescence of HEK293 cells infected (MOI = 0.5) with ChAdOx1-NS1, ChAdOx1-NS2-Nt, ChAdOx1-NS1-NS2-Nt,
or noninfected (control). NS1 (red) was detected using a sheep polyclonal hyperimmune serum against MVA-NS1. NS2-Nt was
detected using MAb 23H6 specific of NS2-Nt. Nuclei were stained with DAPI. Scale bars 50 mm. (D) Immunoblot analysis of
HEK293 cells noninfected (lane a) or infected with ChAdOx1-NS1 (lane b), ChAdOx1-NS2-Nt (lane c) or ChAdOx1-NS1-NS2-Nt (lane
d) at 18 h.p.i. using a MAb 23H6 a-NS2. Numbers indicate relative molecular mass in Kilodaltons (kDa).
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The combined expression of NS1 and NS2-Nt of BTV improves the protection
conferred against BTV-4M in IFNAR(-/-) mice. Considering the immunogenicity of
NS2-Nt, we decided to assess the potentiality to confer protection against BTV of NS2-
Nt protein, individually or combined with NS1. Adult IFNAR(-/-) mice were immunized
with a single dose of rMVA (MVA-NS1, MVA-NS2-Nt, or MVA-NS1-NS2-Nt) or rChAdOx1
(ChAdOx1-NS1, ChAdOx1-NS2-Nt, or ChAdOx1-NS1-NS2-Nt) by intraperitoneal or intra-
muscular route, respectively. Two (rMVA) or four (rChAdOx1) weeks after immuniza-
tion, mice were subcutaneously challenged with a lethal dose of BTV-4M. Survival and
viremia were subsequently analyzed.

Mice immunized with MVA-NS2-Nt (Fig. 3A) experimented a delay in appearance of
clinical signs and death compared with the control group, which succumbed to infec-
tion with BTV-4M at day 5 postchallenge, in contrast to immunized mice with NS2-Nt

FIG 3 Protection of immunized IFNAR(-/-) mice against a lethal challenge with BTV-4M. Groups of IFNAR(-/-) mice (n = 5) were immunized with (A, B) a
single dose of MVA-NS1, MVA-NS2-Nt, or MVA-NS1-NS2-Nt; (C, D) a single dose of ChAdOx1-NS1, ChAdOx1-NS2-Nt, or ChAdOx1-NS1-NS2-Nt; or (E, F)
following a heterologous prime-boost regimen consisting of an initial dose of rChAdOx1 (prime) followed by a second dose of rMVA (boost). In all cases, a
group was left untreated (control). Immunized and nonimmunized mice were challenged with a lethal dose of BTV-4M. (A, C, E) Survival rates after
infection. Curves were found statistically significant compared with nonimmunized survival curve as calculated by Log-rank test (P value , 0.05). (B, D, F)
Viremia analyzed by RT-qPCR of nonimmunized and immunized IFNAR(-/-) mice after viral challenge. Expression of mRNA of segment 5 (encoding NS1
protein) was quantified at 3, 5, 7, 10, and 15 d.p.i. Results were expressed as Ct (left y axis) and PFU/mL equivalents (right y axis and dotted horizontal
lines). The real-time RT-qPCR specific for BTV segment 5 was performed as described by Toussaint et al. (83) and mouse blood containing different
concentrations of virus were titrated and used as standards (22, 39). Cut-off Ct $ 38 (dotted pink line). Points represent individual Ct for each mouse and
lines of the corresponding color represent the mean Ct value of each group. Differences between groups were calculated by multiple t test analysis using
the Sidak–Bonferroni method. ** P value , 0.002; *** P value , 0.001.
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that died after 10 days postinfection (d.p.i.). A similar pattern was observed for those
mice immunized with MVA-NS1 although these animals died between 7 and 15 d.p.i.
(Fig. 3A). Interestingly, 80% of the mice immunized with MVA-NS1-NS2-Nt survived to
the infection with BTV-4M (Fig. 3A). All animals immunized with the different rMVAs
showed similar levels of viremia at 3 d.p.i., being significantly lower compared with
nonimmunized mice (Ct value mean: 28.868). Nevertheless, although mice immunized
with MVA-NS1, MVA-NS2-Nt, and MVA-NS1-NS2-Nt (Fig. 3B) were viremic at 5 d.p.i., vi-
remia was completely abrogated in subsequent days in mice immunized with MVA-
NS1-NS2-Nt, the only group of animals that survived the challenge with BTV-4M, reach-
ing the aviremic status (Ct value $ 38) at 10 d.p.i. (Ct value mean: 42.807).

A similar outcome was observed after immunization with rChAdOx1. IFNAR(-/-)
mice immunized with a single dose of ChAdOx1-NS1 survived to infection (Fig. 3C).
These animals were viremic after infection but the presence of virus in blood was
undetectable at day 15 postinfection (Ct value mean: 40.86) (Fig. 3D). Animals immu-
nized with a single dose of ChAdOx1-NS2-Nt were viremic (Ct value mean: 34.755) and
60% of them succumbed to the infection at 15 d.p.i. (Fig. 3C and D). In contrast, all
mice immunized with the rChAdOx1 simultaneously expressing NS1 and NS2-Nt sur-
vived to infection with BTV-4M (Fig. 3C), showing an aviremic status (Ct value $ 38)
throughout the experiment (Fig. 3D).

Thereafter, we aimed to evaluate the protective efficacy of a prime-boost strategy
combining both recombinant viral vectors ChAdOx1 and MVA expressing NS1 and/or
NS2-Nt. We applied a heterologous prime-boost regimen with rChAdOx1 (ChAdOx1-
NS1, ChAdOx1-NS2-Nt, or ChAdOx1-NS1-NS2-Nt) followed by a dose of rMVA (MVA-
NS1, MVA-NS2-Nt, or MVA-NS1-NS2-Nt) in IFNAR(-/-) mice 4 weeks apart. Two weeks af-
ter immunization with rMVAs, mice were challenged with a lethal dose of BTV-4M, and
survival and viremia were analyzed. All control mice died by day 5 postinfection. In
contrast, none of the mice belonging to ChAdOx1/MVA-NS1 and ChAdOx1/MVA-NS2-
Nt immunization groups died after infection (Fig. 3E). Some of these animals displayed
low but detectable levels of viremia, although they became aviremic (Ct value $ 38)
at day 15 postinfection (Fig. 3F). In addition, all mice immunized with ChAdOx1/MVA-
NS1-NS2-Nt neither succumbed to infection (Fig. 3E) nor showed viremia at any day af-
ter challenge (Fig. 3F).

These data mostly indicate that the joint expression of NS1 and NS2-Nt by either
rMVA or rChAdOx1 optimizes the protection elicited by NS1 against BTV-4M. Moreover,
the prime-boost strategy turned out to be more efficacious in protection against BTV
infection than prime-only strategies in IFNAR(-/-) mice.

ChAdOx1/MVA-NS1-NS2-Nt provides total multiserotype protection in IFNAR
(-/-) mice. In preceding works, we confirmed that homologous prime-boost immuniza-
tion with MVA-NS1 or heterologous prime-boost immunization with ChAdOx1/MVA-
NS1 provides protection against several BTV serotypes (22, 39). With a view to prove
the multiserotype character of the prime-boost ChAdOx1/MVA-NS1-NS2-Nt, groups of
IFNAR(-/-) mice were immunized and challenged 2 weeks postboost with a lethal dose
of BTV-1 or BTV-8 (Fig. 4).

By day 7 postchallenge, all control mice had succumbed to infection with either
BTV-1 or BTV-8 (Fig. 4A and C). In both cases, these nonimmunized animals were vire-
mic from day 3 postinfection, with the highest Ct values at 5 d.p.i. (Fig. 4B and D).
Contrariwise, mice immunized with ChAdOx1/MVA-NS1-NS2-Nt were fully protected
from viral infection with BTV-1 or BTV-8. Indeed, after challenge with BTV-1, immunized
mice displayed significantly lower and almost undetectable levels of viremia at 3 and 5
d.p.i. (Fig. 4B), with mean Ct values of 37.56 and 35.45, respectively, followed by a
reduction in their levels of viremia from then on. Similarly, immunized mice challenged
with BTV-8 also displayed some detectable levels of viremia at day 3 (Ct value mean:
38.99), day 5 (Ct value mean: 36.16), and day 7 (Ct value mean = 35.472) p.i., but sig-
nificantly lower compared with those of the control group in any case, and no virus
was detected in blood of these immunized mice from 10 d.p.i. (Fig. 4D). All these data
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confirm the capability of this vaccine candidate to protect against different BTV sero-
types in the murine model.

The multiserotype protection elicited by the heterologous ChAdOx1/MVA
immunization largely depends on a BTV-specific cellular immune response. Lately,
we demonstrated that the multiserotype protection promoted by NS1 is built upon
the induction of CTLs (22, 39). Conversely, the importance of the nonstructural protein
NS2 in CD81 T cell-mediated protection against BTV needs to be further characterized,
although NS2-specific lymphocyte proliferative responses have been described (24). In
consequence, Intracellular Cytokine Staining (ICS) was performed to analyze the cellu-
lar immune response elicited by the heterologous prime-boost regime ChAdOx1/MVA
expressing both NS1 and NS2-Nt (Fig. 5).

To evaluate the capability of this prime-boost to induce a cellular immune response,
we measured IFN-g production as well as CD107a cytotoxic expression marker in CD81

T cells by ICS after restimulation of splenocytes from immunized and nonimmunized
mice with the NS1 immunodominant peptide p152 (9-mer peptide GQIVNPTFI) or the
purified recombinant protein NS2-Nt. The peptide p152 induced high and significant
levels of CD81IFN-g1T cells as well as CD81CD107a1 T cells after restimulation of
splenocytes from animals immunized with ChAdOx1/MVA-NS1 or ChAdOx1/MVA-NS1-
NS2-Nt (Fig. 5A and B). Similarly, splenocytes of mice immunized with ChAdOx1/MVA-
NS2-Nt or ChAdOx1/MVA-NS1-NS2-Nt displayed significant levels of CD81IFN-g1 and
CD81CD107a1 T cells upon restimulation with NS2-Nt recombinant protein compared

FIG 4 Protection elicited by ChAdOx1/MVA-NS1-NS2-Nt in IFNAR(-/-) mice against a lethal challenge with BTV-1 and
BTV-8. Groups of IFNAR(-/-) mice (n = 5) were immunized following a heterologous prime-boost regimen consisting
of an initial dose of ChAdOx1-NS1-NS2-Nt followed by a second dose of MVA-NS1-NS2-Nt. A group was left untreated
(control). Immunized and nonimmunized mice were challenged with a lethal dose of BTV-1 or BTV-8. (A, C) Survival
rates after infection. Curves were found statistically significant compared with nonimmunized survival curve as
calculated by Log-rank test (P value , 0.05). (B, D) Detection of BTV-1 and BTV-8 by RT-qPCR in blood of
nonimmunized and immunized IFNAR(-/-) mice after viral challenge. Expression of mRNA of segment 5 (encoding NS1
protein) was quantified at 3, 5, 7, 10, and 15 d.p.i. Results were expressed as Ct (left y axis) and PFU/mL equivalents
(right y axis and dotted horizontal lines). The real-time RT-qPCR specific for BTV segment 5 was performed as
described by Toussaint et al. (83) and mouse blood containing different concentrations of virus were titrated and used
as standards (22, 39). Cut-off Ct $ 38 (dotted pink line). Points represent individual Ct for each mouse and lines of
the corresponding color represent the mean Ct value of each group. Differences between groups were calculated by
multiple t test analysis using the Sidak–Bonferroni method. ** P value , 0.002; *** P value , 0.001.
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with nonimmunized animals, although the levels of the ChAdOx1/MVA-NS1-NS2-Nt
immunized mice were lower than those from the ChAdOx1/MVA-NS2-Nt immunization
group. In any case, the nonimmunized group did not display a perceivable response to
these stimuli.

Moreover, we also determined the phenotype of the BTV-specific CD81 T cells by
evaluating the presence of CD127 and CD62L surface markers, which define memory
subpopulations such as T central memory (TCM; CD1271/CD62L1), T effector memory
(TEM; CD1271/CD62L2), and T effector (TE; CD1272/CD62L2) T cells. Restimulation
with p152 predominantly led to high levels of TEM and TE in groups immunized with
ChAdOx1/MVA-NS1 (68.67% and 29.24%, respectively) and ChAdOx1/MVA-NS1-NS2-Nt
(71.95% and 26.55%, respectively) (Fig. 5C). Likewise, a predominant TEM and TE
response was observed after NS2-Nt restimulation in ChAdOx1/MVA-NS2-Nt (46.21%
and 33.41%, respectively) and ChAdOx1/MVA-NS1-NS2-Nt immunization groups
(63.61% and 31.89%, respectively) (Fig. 5D). However, restimulation with NS2-Nt of
groups immunized with ChAdOx1/MVA-NS2-Nt and ChAdOx1/MVA-NS1-NS2-Nt led to
a more pronounced TCM response, specially the group immunized with ChAdOx1/
MVA-NS2-Nt (17.70%), whereas the induced TCM phenotype was residual after NS1
restimulation, which highlights differences between the phenotype of the CD81 T
memory subpopulations induced by NS1 or NS2-Nt.

Virus neutralization tests (VNT) and enzyme-linked immunosorbent assays (ELISA)
specifically for NS1 and NS2-Nt antibodies were also conducted to analyze the humoral
immune response induced by this heterologous prime-boost strategy. The presence of
specific antibodies to NS1 or NS2-Nt was analyzed 2 weeks postboost. Levels of anti-
bodies specific to NS1 were not significant in all cases except for those mice

FIG 5 Cellular immune responses against BTV in ChAdOx1/MVA immunized mice. Percentage of CD81IFN-g1T cells (A) and CD81CD107a1 T cells (B) after
stimulation with peptide 152 (NS1) and NS2-Nt. Points represent individual values for each mouse, bars represent the mean values of each group and error
bars represent SD. Asterisks denote significant differences between immunized and control mice (P , 0.05) (The Mann–Whitney U test). * P value ,
0.05. (C, D) Pie charts represents the phenotypic profile of BTV-specific CD81 T cells of immunized mice. CD127 and CD62L expression was used to identify
naive, TCM, TEM, and TE subpopulations. Each slice corresponds to the proportion of each BTV-specific CD81 T cell subpopulations within the total NS1 (C)
or NS2-Nt (D) specific CD81 T cells producing IFN-g.
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immunized with ChAdOx1/MVA-NS1-NS2-Nt (P = 0.0285; mean optical density at 450
nm (OD450) = 1.449) (Fig. 6A). In the case of antibodies specific to NS2-Nt, mice immu-
nized with ChAdOx1/MVA-NS2-Nt (P = 0.0285; mean OD450 = 2.478) or ChAdOx1/
MVA-NS1-NS2-Nt (P = 0.0285; mean OD450 = 2.310) showed significantly higher levels
of antibodies compared with the control group (nonimmunized) (Fig. 6B). As expected,
none of the individual sera analyzed showed neutralizing activity against BTV-4M as
determined by VNT assay (Fig. 6C), which upholds that the protection observed in
mice is based on a protective cytotoxic CD81 T cell response.

ChAdOx1/MVA-NS1-NS2-Nt confers protection in sheep upon BTV-4M challenge.
Data on protection in the mouse model encouraged us to evaluate the protective efficacy
of different immunization strategies in sheep, one of the most affected BTV natural hosts.
To do so, we immunized sheep with a single dose of rChAdOx1 (ChAdOx1-NS1,
ChAdOx1-NS2-Nt, or ChAdOx1-NS1-NS2-Nt) (Fig. 7A to C) or a prime-boost strategy
ChAdOx1/MVA-NS1-NS2-Nt (Fig. 6D) in a 4-week interval. Six (prime-boost) or 8 (prime-
only) weeks after last immunization, sheep were subcutaneously challenged with 105 PFU
of BTV-4M strain (isolated from sheep blood in KC insect cells and not previously passed
through mammalian cell lines, retaining its high virulence in sheep). All control and
immunized sheep displayed a steep rise in their levels of viremia between days 1 and 4
after challenge. Immunization with a single dose of ChAdOx1-NS2-Nt led to an analogous
viremia profile to that of the control group, although one immunized sheep (sheep 15)
was nearly aviremic (Ct value = 37.43) at 13 d.p.i. (Fig. 7B). In contrast, immunization
with ChAdOx1-NS1 provided a better protection compared to ChAdOx1-NS2-Nt, as sheep
76 and 19 displayed lower viremia levels between days 4 and 6 postinfection, and
two out of four immunized sheep (sheep 5 and 19) were aviremic (Ct value = 39.66; Ct
value = 39.01) from 13 d.p.i. (Fig. 7A), meanwhile three control sheep remained viremic
at day 13 postchallenge and even sheep 4 was viremic at 18 d.p.i. In any case, differences
of viremia levels observed between ChAdOx1-NS1 or ChAdOx1-NS2-Nt immunization
group and nonimmunized sheep were nonsignificant. Combination of NS1 and NS2-Nt
resulted in more prominent results. Despite ChAdOx1-NS1-NS2-Nt immunized sheep
showed very similar viremia levels to those of the nonimmunized group until 11 d.p.i.,
immunization with a single dose of ChAdOx1-NS1-NS2-Nt led to significantly (P value ,

0.001) lower viremia levels compared with the nonimmunized control group and the
aviremic status of all immunized sheep at day 13 postinfection (Ct value mean =
41.8775) (Fig. 7C). Remarkably, the heterologous prime-boost ChAdOx1/MVA-NS1-NS2-Nt
cushioned the early rise of viremia in sheep 9 as well as sheep 7 exhibited an intense
reduction from day 4 postinfection. Moreover, despite sheep 2 and 13 presented a

FIG 6 Humoral responses against BTV elicited by MVA and ChAdOx1 in IFNAR(-/-) mice. (A, B) Induction of IgG NS1 and NS2 antibodies, respectively, by
indirect ELISA in vaccinated animals. Sera dilution 1:50. (C) Neutralizing antibodies titers against BTV in immunized animals by plaque reduction
neutralization assay. Cut-off: 0.69 (log 5). Hyperimmune serum: serum from mice infected with BTV-4M. Results were expressed as optical densities (ODs)
measured at 450 nm. Bars represent the mean values of each group and error bars represent SD. Asterisks denote significant differences between
immunized and control mice (P , 0.05) (The Mann–Whitney U test). * P value , 0.05.
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viremia profile identical to that of the control group until day 8 postinfection, four out of
four sheep subjected to the prime-boost ChAdOx1/MVA-NS1-NS2-Nt displayed signifi-
cantly (P value , 0.002) lower viremia levels at 11 d.p.i. (Ct value mean = 33.8825) com-
pared with the control group (Ct value mean = 29.7725), reaching the aviremic status (P
value , 0.001; Ct value mean = 39.6575) at day 13 postinfection (Fig. 7D). These data
indicate that the immunization with ChAdOx1 expressing the combination of NS1 and
NS2-Nt reduces the period of viremia after challenge with BTV-4M. Furthermore, the het-
erologous prime-boost with ChAdOx1/MVA-NS1-NS2-Nt improves the protection in
sheep, significantly reducing the level and period of viremia in immunized animals after
BTV challenge.

Regarding the evolution of temperatures and clinical signs, the animals in the non-
immunized control group showed an increase in temperature from 5 d.p.i. that lasted
around 5 days. All animals reached temperatures above 40.5°C, with peaks up to
41.5°C (sheep 4). From 4 d.p.i., animals also displayed a progressive onset of mild clini-
cal signs (conjunctivitis with mild serous ocular discharge, seromucous nasal discharge
and subcutaneous edema on lips). Clinical signs became more severe as disease pro-
gressed and peaked between 8 and 9 d.p.i., also appearing other clinical signs such as
apathy, reluctance to move, hyperaemia and swelling of the coronary band at the top
of the hooves, hyperaemia in gums, cyanotic oral mucosa, subcutaneous edema in
submandibular areas, respiratory rales, and cough. Sheep 4 and 75 displayed the high-
est clinical scores. Clinical signs progressively disappeared and temperatures decreased

FIG 7 Levels of viremia in immunized sheep after challenge with BTV-4M. Groups of sheep (n = 4) were immunized with a single dose of (A) ChAdOx1-
NS1, (B) ChAdOx1-NS2-Nt, (C) ChAdOx1-NS1-NS2-Nt, or (D) following a heterologous prime-boost regimen consisting of a prime dose of ChAdOx1-NS1-NS2-
Nt followed by a boost of MVA-NS1-NS2-Nt. A group was left untreated (control). Immunized and nonimmunized sheep were challenged with BTV-4M.
Detection of BTV-4M was performed by RT-qPCR in blood of nonimmunized and immunized sheep after viral challenge. Expression of mRNA of segment 5
(encoding NS1 protein) was quantified at 0, 1, 4, 6, 8, 11, 13, and 18 d.p.i. Results were expressed as Ct (left y axis) and PFU/mL equivalents (right y axis
and dotted horizontal lines). The real-time RT-qPCR specific for BTV segment 5 was performed as described by Toussaint et al. (83) and sheep blood
containing different concentrations of virus were titrated and used as standards. Cut-off Ct $ 38 (dotted pink line). Points represent individual Ct for each
sheep and lines represent the mean values of each group. Differences between groups were calculated by multiple t test analysis using the Sidak–
Bonferroni method. ** P value , 0.002; *** P value , 0.001.
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until reaching normal values in all animals from 11 d.p.i. onwards. In the group of
sheep immunized with single dose of ChAdOx1-NS1, three animals displayed an
increase in temperature from 4 d.p.i. that lasted between 5 and 8 days, reaching tem-
peratures above 40.5°C with peaks up to 41.8°C (sheep 5), while in one animal (sheep
76) rectal temperature was not increased after challenge. Apart from sheep 76, clinical
scores increased in the other animals from 8 d.p.i. Clinical signs disappeared progres-
sively from 12 d.p.i. onwards at the time that temperatures reached normal values.
After challenge, animals immunized with a single dose of ChAdOx1-NS2-Nt displayed a
progression of temperatures and clinical signs similar to that described in the control
group. Rectal temperatures increased from 5 d.p.i. High temperatures lasted between
4 and 6 days and returned to normal values from 11 d.p.i. onwards. On the other hand,
clinical scores increased from 8 d.p.i. Only occasional mild clinical signs were recorded
at the time that temperatures returned to normal values. In the group of animals
immunized with one dose of ChAdOx1-NS1-NS2-Nt, all animals showed an initial
increase in temperature between 4 and 5 d.p.i. with values of 40.8°C or higher (up to
41.8°C and 41.3°C in sheep 16 and 10, respectively). After that, temperatures of 40.5°C
or higher were recorded for 4 days in a row in three animals (sheep 1, 10, and 16). In
such animals, temperatures returning lasted to normal values from 11 d.p.i. In sheep
16, clinical signs were remarkable from 4 to 5 d.p.i. highlighting the presence of con-
junctivitis, ocular and nasal discharge, hyperaemia and cyanosis in gums, subcutane-
ous edema in submandibular areas, and difficulty breathing and respiratory rales, clini-
cal signs that persisted until 10 d.p.i. In sheep 1 and 10, clinical scores similar to those
described in sheep 16 were increased from 8 d.p.i., persisting until 11 d.p.i. In sheep 20,
apart from a mild increase of clinical scores at 6 d.p.i., clinical signs observed were
mild. Finally, in the group of sheep immunized (prime-boost) with ChAdOx1/MVA-NS1-
NS2-Nt, temperatures were increased in some animals (sheep 7 and 9) from 4 d.p.i. At
day 5 postinfection all animals showed temperatures of 41.2°C or higher (up to 41.9°C
in sheep 9). After the initial increase, temperatures of 40.8°C or higher were recorded
in all animals for a shorter period than the other groups returning later to normal val-
ues. Temperatures decreased until reached normal values in all sheep at 11 d.p.i. This
shorter period of hyperthermia coincides with the shorter period of viremia observed
in this group of animals compare with the previous ones. Along with mild clinical signs
such as conjunctivitis, nasal discharge, hyperaemia in gums, and subcutaneous edema
on lips, between 5 and 7 d.p.i. sheep 9, 7, and 2 started displaying moderate respira-
tory clinical signs characterized by cough, difficult breathing, and respiratory rales
which lasted between 3 days and disappeared progressively, so that all animals were
completely recovered by 11 d.p.i.

To assess the protection conferred by a single immunization with ChAdOx1-NS1-
NS2-Nt or a heterologous prime-boost with ChAdOx1/MVA-NS1-NS2-Nt against BTV,
two animals per group were euthanized at the end of the experiment and gross lesions
were analyzed by postmortem evaluation. During the necropsies carried out at day 18
postinfection, only animals within the nonimmunized control group displayed remark-
able macroscopic lesions, some of them characteristic of BTV infection. Macroscopic
lesion scores were especially high in the nonimmunized sheep 74 (Fig. 8). This animal
showed crusty exudates around the nostrils, hyperemia of oral mucosa and gums, mild
hydropericardium, petechial hemorrhages on the papillary muscles of the left ventricle,
sub-intimal petechial hemorrhages in the pulmonary artery, mild pulmonary conges-
tion with occasional petechiae, mild congestion in liver along with mild edema in gall-
bladder wall, and severe hyperemic splenomegaly with marked bleeding after section-
ing. Most of the lymph nodes (LNs) evaluated displayed mild to moderate
lymphadenopathy in some cases (prescapular, axillary, and submandibular LNs),
accompanied by the presence of hemorrhages in cortex and medulla. Regarding sheep
12, macroscopic score was lower and lesions were occasional, less severe, and unspe-
cific (mild pulmonary congestion and edema, mild lymphadenopathy with occasional
petechial hemorrhages mainly affecting prescapular and submandibular LNs). Sheep
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belonging to the aforementioned immunized groups (ChAdOx1-NS1-NS2-Nt and
ChAdOx1/MVA-NS1-NS2-Nt) displayed scarce, mild, and unspecific macroscopic
lesions, such as mild pulmonary congestion, mild hepatic congestion, mild lymphade-
nopathy without hemorrhages, and mild hyperemic splenomegaly. Some animals
(sheep 10 and 13) also displayed small areas of pulmonary consolidation (chronic
pneumonia) in apical areas of cranial pulmonary lobes, although these chronic lesions
were associated to undetermined secondary pulmonary pathogens.

BTV infection generates hematological changes in animals including lymphopenia
and neutrophilia (41). Nonimmunized sheep suffered lymphocytopenia and neutrophilia
at day 6 postinfection followed by the subsequent re-establishment of the normal per-
centage of lymphocytes (Fig. 9A) and neutrophils (Fig. 9B) in blood thereafter. Sheep
immunized with a single dose of ChAdOx1-NS1 or ChAdOx1-NS2-Nt also experimented
a depletion of lymphocytes as well as a rise in their levels of neutrophils in blood at 6
d.p.i., but lessened when compared with the control group. In parallel, total percentages
of circulating lymphocytes and neutrophils of animals immunized with ChAdOx1-NS1-
NS2-Nt and ChAdOx1/MVA-NS1-NS2-Nt remained steady throughout the experiment,
which indicates that these vaccine candidates prevented sheep from developing lym-
phopenia and neutrophilia. All these data indicate that despite the fact that the immuni-
zation of sheep with a single dose of ChAdOx1-NS1-NS2-Nt improves the protection con-
ferred by ChAdOx1-NS1 against BTV, the heterologous prime-boost strategy ChAdOx1/
MVA-NS1-NS2-Nt confers a better protection against a BTV challenge reducing the level
and period of viremia and the presence of macroscopic lesions induced by BTV infection.

Cell mediated immune responses in sheep. The induction of cellular immune
responses among the different immunized groups was checked at different time points
pre- and postchallenge using an IFN-g capture-ELISA. To determine the capability of these
vaccine candidates to induce a cellular immune response in sheep, we stimulated sheep

FIG 8 Macroscopic lesions score evaluated in nonimmunized control group as well as in immunized sheep (ChAdOx1-
NS1-NS2-Nt and ChAdOx1/MVA-NS1-NS2-Nt immunization groups) after challenge with BTV-4M. Two out of four sheep of
the control (sheep 12 and 74) and ChAdOx1-NS1-NS2-Nt (sheep 10 and 16) and ChAdOx1/MVA-NS1-NS2-Nt (sheep 9 and
13) were euthanized at the end of the experiment (18 d.p.i.) and a macroscopic evaluation was conducted during
necropsies of the bodies. Sheep ID are represented in the x axis. Bars represent the total score of macroscopic lesions for
each sheep. Legend information compiles the characteristic BTV lesions evaluated.
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peripheral blood cells 8 weeks postprime (prime-only strategies) or 6 weeks postboost
(ChAdOx1/MVA-NS1-NS2-Nt) with a pool of NS1 peptides or with the recombinant protein
NS2-Nt for 72 h (Fig. 10A). IFN-g levels were undetectable in nonimmunized animals after
blood stimulation with NS1 peptides or NS2-Nt. In contrast, significant detectable levels of
IFN-g were detected in blood from animals immunized with the prime-only strategies
ChAdOx1-NS1 (P = 0.03; mean; OD450 = 0.155) and ChAdOx1-NS2-Nt (P = 0.03; mean
OD450 = 0.175) after stimulation. Interestingly, although IFN-g was detected in plasma from
sheep immunized with ChAdOx1-NS1-NS2-Nt after blood stimulation with NS1 peptides or
NS2-Nt, it was nonsignificant compared with the nonimmunized animals. In any case, im-
munization with ChAdOx1/MVA-NS1-NS2-Nt lead to significant IFN-g levels in plasma after
stimulation of blood with NS1 peptides (P = 0.03; mean OD450 = 0.1875) or protein NS2-Nt
(P = 0.03; mean OD450 = 0.2125), which highlights the capability of the vaccine candidate
to prompt a cellular immune response specific of both BTV antigens.

We also evaluated the cellular immune response during infection with BTV (Fig.
10B). Postchallenge plasma from nonimmunized sheep displayed stable IFN-g levels
during the first 6 days postinfection followed by an increased at day 8 postinfection
that persisted until day 11 postchallenge. Sheep immunized with a single dose of
rChAdOx1 (ChAdOx1-NS1, ChAdOx1-NS2-Nt, or ChAdOx1-NS1-NS2-Nt) did not exhibit
such increase in IFN-g levels in plasma. On the contrary, they were steady throughout
the experiment. However, IFN-g levels did arise more drastically in plasma from sheep
subjected to the prime-boost immunization with ChAdOx1/MVA-NS1-NS2-Nt com-
pared with the control group, where elevated although not statistically significant plas-
matic levels of IFN-g were detected as early as 4 days postchallenge with a peak at 8
d.p.i. and a sharp drop in subsequent days. Afterwards, in light of the postchallenge
IFN-g levels exhibited by the prime-boost ChAdOx1/MVA-NS1-NS2-Nt immunization
group, we further analyzed plasma samples for the presence of cytokines after chal-
lenge (Fig. 10C). At day 4 postinfection, and coinciding with the peak on viremia levels,
higher (although not statistically significant) levels of IL-1a, IL-1b , IL-6, IL-10, and TNF
were detected in plasma of immunized sheep compared to control sheep, and levels
of IL-4 were steady throughout the experiment in the ChAdOx1/MVA-NS1-NS2-Nt

FIG 9 Percentages of lymphocytes and neutrophils in blood from immunized sheep after challenge with BTV-4M. Blood of nonimmunized and immunized
sheep were analyzed in an autohematology analyzer (BC-5300 Vet; Mindray, China) and the percentage of lymphocytes (A) and neutrophils (B) based on
the total white blood cells were analyzed at days 0, 1, 6, 11, and 13 postinfection. Points indicate the mean value of each group and error bars represent
SD. * P value , 0.05, ** P value , 0.002, using two-way ANOVA (post hoc Tukey test for multiple comparisons).
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FIG 10 Immunogenicity of vaccine candidates in sheep. (A) IFN-g levels measured in prechallenge sheep plasma by capture ELISA. Sera
from immunized sheep were stimulated for 72 h 4 weeks postprime (prime-only) or 4 weeks postboost (ChAdOx1/MVA-NS1-NS2-Nt) with

(Continued on next page)
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immunized sheep (Fig. 10C), suggesting an imbalance toward a Th1 phenotype T cell
response influenced by this prime-boost.

To confirm that the protection observed in the immunized sheep against BTV was
not due to the induction of neutralizing antibodies, the presence of antibodies specific
of NS1 and NS2-Nt in prechallenge immunized sheep sera and their ability to neutralize
the virus was analyzed. As expected, we observed that antibodies specific of protein
NS1 or NS2-Nt were consistently higher in sheep immunized with the prime-boost
ChAdOx1/MVA-NS1-NS2-Nt when compared with control and prime-only groups (Fig.
10D), reflecting the superior immunogenicity of the prime-boost compared with
prime-only strategies. Besides, no serum showed neutralizing activity against BTV-4
(Fig. 10E), confirming that the protective capability of the vaccine candidates was not
due to the induction of neutralizing antibodies.

DISCUSSION

The control of bluetongue disease through timely and relevant vaccination is
achievable. Although current vaccines are effective, they have significant drawbacks
that should be addressed such as their inability to distinguish between vaccinated and
infected animals (DIVA strategy), their lack of broad protective immunity against multi-
ple BTV serotypes and the necessity for booster doses.

Recent work in our laboratory focused on the generation of vaccines capable of
inducing cross-protective cellular immune responses against multiple BTV serotypes
and showed that the BTV antigen NS1 singly expressed by a MVA vector, following a
homologous prime-boost immunization, can induce significant protective efficacy
against the infection with different BTV serotypes (1, 4, 8, and 16) (22). Furthermore,
we showed that a robust T cell mediated immune response was elicited after a single
immunization with ChAdOx1 or a heterologous prime-boost combining MVA and
ChAdOx1 expressing NS1 or the N-terminus region of NS1 (NS1-Nt) in IFNAR(-/-) mice
and sheep, conferring a durable full protection in mice against BTV-8 and BTV-4M and
partial protection in sheep against the virulent reassortant BTV-4M (39).

To improve the efficacy of the cellular immune response elicited by NS1 delivered
by MVA or ChAdOx1 viral vectors, we included the N-terminal half of protein NS2 (NS2-
Nt), highly conserved among BTV serotypes, in the vaccine composition. NS2 has been
reported to induce cross-serotype helper T cell and cytotoxic T cell responses in cattle
(42, 43). The in silico study conducted here showed the presence of theoretical CD81 T-
cell epitopes in the N-terminal half of the NS2 protein. In this sense, we confirmed that
the proteins NS2 and NS2-Nt but not NS2-Ct delivered by MVA were able to stimulate
a specific cellular immune response in IFNAR(-/-) mice. When we analyzed the protec-
tion induced by NS2-Nt delivered by MVA or ChAdOx1, we observed that a single dose
partially protected against a lethal dose of BTV-4M and full protection was achieved af-
ter the prime-boost ChAdOx1/MVA only expressing NS2-Nt, bearing out its potential
protective role against BTV. Furthermore, a single dose of MVA-NS1-NS2-Nt or
ChAdOx1-NS1-NS2-Nt improved the protection elicited by MVA-NS1 or ChAdOx1-NS1,
preventing viremia after infection with BTV-4M. Importantly, the immunization of
IFNAR(-/-) mice with the heterologous prime-boost ChAdOx1/MVA-NS1-NS2-Nt con-

FIG 10 Legend (Continued)
10 mg/mL of a pool of NS1 peptides, 10 mg/mL of NS2-Nt or left untreated. Points represent individual values for each sheep, bars
represent the mean values of each group and error bars represent SD. Asterisks denote significant differences between stimulated samples
of immunized and nonimmunized control mice (P , 0.05) (The Mann–Whitney U test). (B) IFN-g levels measured in postchallenge sheep
plasma by capture ELISA. Points represent individual values for each sheep and lines represent the mean values of each group. Data were
analyzed by two-way ANOVA (post hoc Tukey test for multiple comparisons). (C) Cytokine presence in plasma from ChAdOx1/MVA-NS1-NS2-
Nt immunized sheep and nonimmunized sheep after challenge. Points represent individual values for each sheep and lines represent
the mean values of each group. Data were analyzed by two-way ANOVA (post hoc Tukey test for multiple comparisons). (D) Induction
of IgG NS1 and NS2-Nt antibodies by indirect ELISA in vaccinated animals. Sera dilutions are indicated in the x axis. Points represent the
mean values of each group and error bars represent SD. Asterisks denote significant differences between immunized and control sheep.
* P value , 0.05, *** P value , 0.001, using two-way ANOVA (post hoc Tukey test for multiple comparisons). (E) Neutralizing antibodies
titers against BTV-4M in immunized sheep by plaque reduction neutralization assay. Cut-off: 0.69 (log10 5). Hyperimmune serum: serum from
sheep infected with BTV-4M. Bars represent the mean values of each group. Data were analyzed by the Mann–Whitney U test.
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ferred protection not only against a homologous lethal challenge with BTV-4M, but
also against the heterologous infections with BTV-1 and BTV-8.

Apart from neutralizing antibodies, it is well known the importance of cytotoxic T
cells in protection against BTV and they are assumed to be involved in cross-serotype
protection (16). The analysis of sera neutralizing activity induced by these two BTV anti-
gens showed that neither NS1 nor NS2-Nt triggered neutralizing antibodies. Instead, ani-
mals immunized with ChAdOx1/MVA-NS1, ChAdOx1/MVA-NS2-Nt, or ChAdOx1/MVA-
NS1-NS2-Nt developed strong cytotoxic CD81 T-cell responses against NS1, NS2-Nt, or
both proteins, respectively. This observation suggests that the protection observed in
the immunized mice after challenge relied on the observed CD81 T-cell responses.
Although previous studies showed that cytotoxic CD81 T-cell responses raised against
NS1 protein play a key role in multiserotype protective immunity against BTV (22, 23, 27,
39, 40), here we demonstrate that protein NS2 also elicits a protective CD81 T-cell
response against BTV-4M in IFNAR(-/-) mice after immunization with ChAdOx1/MVA-
NS2-Nt or ChAdOx1/MVA-NS1-NS2-Nt strategies. Despite that both BTV antigens were
able to induce a CD81 T-cell immune response after immunization, the study of the phe-
notype of the memory BTV-specific CD81 T cell subpopulations evinced slight differen-
ces between these two antigens. Restimulation with the NS1 immunodominant peptide
p152 predominantly led to high levels of TEM and TE and very low levels of TCM cells.
Conversely, restimulation of splenocytes with NS2-Nt led to a more pronounced TCM
phenotype, especially in the case of ChAdOx1/MVA-NS2-Nt immunization group. The
aim of T cell vaccines is the generation of durable CD81 T cells with the potential to rec-
ognize and resolve infections. TCM and TEM circulate and provide body wide immune
surveillance (44). TEM can mount faster cytotoxic responses than TCM, which may relate
to superior protection as described in vaccinia virus infection. However, TCMs are finer
resolving viral infections that target the lymph nodes and spleen, such as lymphocytic
choriomeningitis virus (LCMV), probably due to their higher proliferative potential (45,
46). Furthermore, central memory cells are needed to reestablish the population
required for virus clearance (47). Because BTV infects lymphoid tissues, the increase in
the TCM subpopulation due to the inclusion of NS2-Nt in the vaccine composition would
improve the protection induced by NS1 alone. The kinetics of viral replication or the
spread of the infection influence the relative importance of TEM and TCM in mediating
protective immunity (44). Although more studies will be necessary to confirm it, the
diversification of the antigen-specific memory CD81 T cells subpopulations elicited by
NS2-Nt suggests a likely improvement in the long lasting protection previously observed
in animals immunized with ChAdOx1/MVA-NS1 (39).

ChAdOx1 is a chimpanzee adenovirus vector platform that has been employed in
the development of vaccine candidates for several pathogens. A single dose of
ChAdOx1-vectored vaccine fully protects against Rift Valley fever virus, Middle East re-
spiratory syndrome coronavirus, Lassa virus, or Zika virus in animal models of infection
(35, 48–51). In the same vein, we also observed the efficacy of a single dose of the
recombinant ChAdOx1 as IFNAR(-/-) mice immunized with a single dose of ChAdOx1-
NS1-NS2-Nt were fully protected against BTV-4M, showing an aviremic status through-
out the experiment. Similarly, sheep immunized with a single dose of ChAdOx1-NS1-
NS2-Nt exhibited a shorter viremic status after BTV challenge compared with sheep
immunized with ChAdOx1-NS1, ChAdOx1-NS2-Nt, or nonimmunized. Despite the fact
that ChAdOx1-NS1-NS2-Nt immunized sheep did display detectable levels of viremia
during the first days of infection, postmortem evaluation showed only mild and unspe-
cific lesions whereas nonimmunized control sheep presented specific lesions of BTV
infection such as hyperaemia of oral mucosa and gums, petechial hemorrhages on the
papillary muscles of the left ventricle, sub-intimal petechial hemorrhages in the pulmo-
nary artery, or mild pulmonary congestion (52–54). Additionally, ChAdOx1-NS1-NS2-Nt
also prevented sheep from developing hematological changes characteristic of BTV
infection, including lymphopenia and neutrophilia (41).

Although a single immunization with ChAdOx1-NS1-NS2-Nt partially protected
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sheep against BTV-4M, several studies using the ChAdOx1/MVA prime-boost regimen
have shown an increase in the level of protection against a diverse range of pathogens
such as hepatitis C virus (HCV) (55), Ebola virus (31), and respiratory syncytial virus
(RSV) (56), compared with a single vector prime (57). Besides, it has been reported that
homologous prime-boost strategies with ChAdOx1 failed to boost T cell responses in
recent SARS-CoV-2 field trials and experimental infections in mice (58–60). Conversely,
previous works supported the augmentation of T cell-mediated responses by MVA af-
ter a ChAdOx1 prime when combined in heterologous prime-boost strategies in both
mice and human (55, 61–63). In the present study, the administration of a booster
dose of MVA-NS1-NS2-Nt after a prime of ChAdOx1-NS1-NS2-Nt optimized the protec-
tion conferred in sheep by a single dose of ChAdOx1-NS1-NS2-Nt against BTV-4M.
Particularly, this booster dose led to lower viremia levels during the first days of BTV
infection and was successful to shorten the viremic period after infection when com-
pared with nonimmunized and ChAdOx1-NS1-NS2-Nt immunized sheep. Previous
results showed lower viremia levels in sheep immunized with ChAdOx1/MVA-NS1 after
challenge with BTV-4M but the period of viremia was similar than the nonimmunized
animals (39). The inclusion of NS2-Nt in the vaccine composition improved the protec-
tion speeding up the viral clearance. Additionally, hematological changes due to BTV
infection were not detected nor macroscopic lesions could be identified in postmor-
tem samples of these immunized animals. Besides, the analysis of the histological
lymph node of ChAdOx1/MVA-NS1-NS2-Nt-immunized sheep showed that the LN
architecture (data not shown) was preserved after BTV-4M infection, suggesting that
this prime-boost immunization strategy not only promotes a faster viral clearance and
reduction of the period and level of viremia but also protects from the pathology pro-
duced by a BTV infection in the natural host.

Sheep immunization lead to significant IFN-g levels after stimulation of blood with NS1
peptides or protein NS2-Nt which demonstrates the capability of the vaccine candidate to
elicit a cellular immune response specific of both BTV antigens. Analogous to our observa-
tion in IFNAR(-/-) mice, the protection observed in sheep immunized with ChAdOx1-NS1-
NS2-Nt or ChAdOx1/MVA-NS1-NS2-Nt occurred in the absence of nAbs. Furthermore, after
BTV infection, a faster induction of IL-1a, IL-1b , IL-6, IL-10, and TNF was detected in immu-
nized animals compared with the nonimmunized control sheep, suggesting an imbalance
toward a Th1 phenotype T cell response influenced by this prime-boost.

The ideal BTV vaccine should be broadly protective or tailor-made to anticipate the cir-
culation of multiple serotypes (15). To achieve broad protection, three pentavalent live
attenuated vaccine cocktails are in use in Africa (64). Although this vaccine induces broad
protection against BTV, it can cause clinical disease, reversion to virulence, spreading by
midges, possible reassortment events between different LAVs or with wild-type BTV, and
it is not a DIVA vaccine (15). Recent pentavalent DISA vaccines, based on the in-frame 72-
aa deletion in Seg-10 (NS3/NS3a), overcome some of these weaknesses of pentavalent
LAVs vaccines. This vaccine is safe, DIVA, and protective against multiple BTV serotypes.
Pentavalent DISA12348 vaccine has shown sterile immunity in sheep and cattle for BTV
serotypes 2 and 8 by lack of viremia and protection was achieved for serotypes 1 and 4
based on induction of neutralizing antibodies (65). Although it cannot be ruled out that
part of the protection generated by these vaccines can be due to an induction of cellular
responses, both vaccine approaches base their protection on the induction of high titers
of neutralizing antibodies. In contrast, MVA and ChAdOx1-vectored vaccines designed to
simultaneously express the immunogenic NS1 protein and/or NS2-Nt base their multiser-
otype protective capacity on a strong induction of CD81 T cell responses against these
two BTV proteins highly conserved among serotypes. The heterologous prime-boost vac-
cination strategies using two different viral vector vaccines promotes potent T-cell medi-
ated immunity against the antigens of interest (66). In this way, the heterologous prime-
boost strategy combining both MVA and ChAdOx1 expressing NS1 and/or NS2-Nt
increases the cellular immune response against NS1 and NS2 specifically, something that
does not occur in the context of the natural BTV infection.
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There are many examples in experimental animal models where vaccine-induced
CD81 T cells protect against intracellular pathogens, like LCMV and influenza virus
(67–70). As it has been previously stated, the vaccine strategies ChAdOx1-NS1-NS2-Nt
and ChAdOx1/MVA-NS1-NS2-Nt elicited protection in immunized sheep although they
did not confer sterilizing immunity, which is not abnormal as long as CD81 T cells do not
prevent completely the infection because usually they recognize and respond to infected
cells, but they can eventually outcome rapid virus clearance (71). We observed a reduc-
tion in the levels of viremia and a shortening of the viremic period motivated by
ChAdOx1-NS1-NS2-Nt and ChAdOx1/MVA-NS1-NS2-Nt immunization strategies. It is im-
portant to note that viremia was measured from systemic blood samples after bleeding
of sheep in the jugular vein. As pointed out by Veronesi et al., the viral load found in sys-
temic blood could be dissimilar to that found on skin periphery (72), probably lower if we
attend to the work conducted by Melzi et al., in which the concentration of viral RNA in
systemic blood was between 100 and 1,000 times higher than that found in skin from
day 5 postinfection (73). Experimental infections have shown that Culicoides infection
rates are very low, even when blood-fed on experimentally infected sheep at peak vire-
mia levels (72). If we consider that the efficiency of Culicoides infection is dose-dependent
and the 50% midge alimentary infective dose (MAID50) has been estimated to a blood
meal titer between 105 and 106 TCID50/mL (74–76), immunization with ChAdOx1-NS1-
NS2-Nt or ChAdOx1/MVA-NS1-NS2-Nt probably can contribute to minimize Culicoides
infection rates, thus impairing virus transmission.

In summary, this study demonstrates that NS2-Nt is an applicable antigen in vac-
cines against BTV and its combination with NS1 in a single dose with ChAdOx1 or a
heterologous prime-boost ChAdOx1/MVA induces a potent BTV CD81 T cell immune
response that promotes a faster viral clearance and protects sheep against BTV infec-
tion. Moreover, this safe and adjuvant-free vaccine candidate is compatible with a
DIVA strategy and, more importantly, is able to confer protection against multiple BTV
serotypes, one of the major challenges in vaccination against BTV.

MATERIALS ANDMETHODS
Ethics statement. Animal experimental protocols were approved by the Ethical Review Committee

at the INIA-CISA and Comunidad de Madrid (Permit number: PROEX 172/17) in strict accordance with EU
guidelines 2010/63/UE about protection of animals used for experimentation, and other scientific pur-
poses and Spanish Animal Welfare Act 32/2007.

Cell lines and viruses. Chicken embryo fibroblasts (DF-1) (ATCC, Cat. No. CRL-12203) and human
embryo kidney cells (HEK293) (ATCC, Cat. No. CRL-11268G-1) were grown in Dulbecco’s Modified Eagle’s
medium (DMEM) (Biowest, Nuaillé, France) supplemented with 2 mM glutamine (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 2 mM glutamine and 5% FCS.

BTV serotype 1 (ALG2006/01) (BTV-1), BTV serotype 4 Morocco strain (MOR2009/09) (BTV-4M), and
BTV serotype 8 BEL/2006) (BTV-8) 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
Kenyon (KC) insect cells (77, 78). Virus stocks and titrations were performed by standard methods previ-
ously described (79).

In silico NS2 T-CD8 epitope prediction. Amino acid sequence for the nonstructural NS2 protein
(NCBI accession number: KP821792) was analyzed using two prediction algorithms available on the web:
Immune Epitope DataBase (IEDB Analysis Resource) (www.iedb.org) and SYFPEITHI (http://www.syfpeithi
.de/) for the H-2-Db MHC class I for 129/Sv mice to identify theoretical T-CD8 epitopes that could be
good binders to H-2-Db MHC. Theoretical T-cell epitopes were chosen by a combination of the best
score in these databases.

Generation of recombinant MVA vaccine vectors. The MVA transfer plasmids pSC11 containing
NS2, NS2-Nt, or NS2-Ct were generated and used to produce MVA-NS2, MVA-NS2-Nt, or MVA-NS2-Ct.
Briefly, to generate plasmid pSC11 containing NS2, NS2-Ct, or NS2-Nt, these genes were amplified from
total RNA extracted from BTV-4 (SPA2004/02) infected Vero cells with primers specified in Table 2, as
previously described (80). The restriction site XmaI was introduced at 59 and 39 ends of each PCR prod-
uct. Subsequently, the DNA inserts were digested with XmaI and cloned into the MVA transfer plasmid
pSC11 previously digested with the same restriction enzyme and dephosphorylated. Plasmids pSC11-
NS2, pSC11-NS2-Nt, and pSC11-NS2-Ct were transfected in DF-1 cells infected with MVA-wt at a multi-
plicity of infection (MOI) of 1 using LipofectamineTM 3000 transfection reagent (InvitrogenTM, CA, USA),
following the protocol facilitated by the manufacturer. This allows recombination of the transgene and
the marker LacZ with the MVA genome in the native TK ORF. Cell cultures were harvested at 48 h.p.i.
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and selection of rMVAs was performed by plaque assay in the presence of X-Gal. Complementary, rMVAs
were cloned at least four times by plaque assay for a greater purification.

Thereafter, we generated rMVAs containing NS1 or NS2-Nt placed in the F13L locus, and a rMVA
simultaneously expressing NS1 and NS2-Nt. For this purpose, plasmids pMVA containing NS1 or NS2-Nt
genes from BTV-4 (SPA2004/02) were constructed. Shortly, previously generated plasmid pcDNA3-NS1
(22, 80, 81) was digested with XhoI and BamHI restriction enzymes and the DNA insert was cloned into
the MVA transfer plasmid pMVA-b-Gus (82) previously digested with the same restriction enzymes. In
parallel, NS2-Nt was amplified from plasmid pSC11-NS2-Nt with primers Fw-59-CGGctagCGAGCA
AAAGCAACGTAG-39 and Rs-59-CCGgatcCCTACGCCACGCTTTGAACTTGAAGCCG-39. The restriction sites
NheI and BamHI were introduced at the 59 and 39 ends of the PCR product. The DNA insert was digested
with NheI and BamHI and introduced in the MVA transfer plasmid pMVA-b-Gus previously digested with
the same restriction enzymes. Subsequently, plasmids pMVA-NS1 or pMVA-NS2-Nt were transfected in
DF-1 cells infected with MVADF13L that encodes dsRed marker instead of the native F13L ORF at an MOI
of 1. Cell cultures were harvested at 48 h.p.i. and rMVAs were purified by plaque-picking and fluorescent
selection in a Zeiss Axio fluorescence microscope (Zeiss, Oberkochen, Germany). Complementary, rMVAs
were cloned at least four times by plaque assay for a greater purification.

Consecutively, MVA transfer plasmid pSC11 containing NS2-Nt was used to generate MVA-NS1-NS2-
Nt. Briefly, previously generated plasmid pSC11 containing NS2-Nt was transfected in DF-1 cells infected
with the MVA-NS1 generated in the prior step at an MOI of 1. Cell cultures were harvested at 48 h.p.i.
and selection of rMVAs was performed by plaque assay in the presence of X-Gal. Dual MVAs were cloned
four times by plaque isolation assay.

Generation of recombinant adenoviral vaccine vectors. In order to generate rChAdOx1 express-
ing NS1, NS2-Nt, and NS1-NS2-Nt, a 1990_pENTR4-LPTOS (p1990) adenovirus entry vector containing
NS1 or NS2-Nt genes from BTV-4 (SPA2004/02) were generated. Briefly, previously generated plasmids
pcDNA3-NS1 (22, 80, 81) and HTA-NS2-Nt were digested with EcoRI and NotI, or with BamHI and NotI,
respectively, and the DNA inserts were cloned into the plasmid p1990 previously digested with the
same restriction enzymes. To generate p1990 adenovirus entry vector containing NS1 from BTV-4, along
with 2A picornavirus gene and NS2-Nt gene from BTV-4, previously cloned plasmid p1990-NS1 was
used. 2A gen from plasmid pcDNA3-2A (facilitated by The Jenner Institute Viral Vector Core Facility of
the University of Oxford) was amplified using Fw-2A-NS1 that miss stop codon out of NS1 and Rs-2A-
NS2-Nt primers (Table 2). NS2-Nt gen from plasmid p1990-NS2-Nt was amplified using Fw-2A-NS2-Nt
and Rs-NS2-Nt-p1990 primers (Table 2). Plasmid p1990-NS1 was digested with NotI and dephosphoryl-
ated. In order to generate a single shuttle vector containing NS1-2A-NS2-Nt genes, ligation of pENTR-LP-
NS1, 2A, and NS2-Nt amplification products was conducted by using the NEBuilder HiFi DNA Assembly
mix (New England Biolabs, Ipswich, MA, USA), following manufacturer’s protocol. Plasmids p1990-NS1,
p1990-NS2-Nt, and p1990-NS1-2A-NS2-Nt were sequenced and sent to The Jenner Institute Viral Vector
Core Facility at the University of Oxford for rChAdOx1 generation and purification.

Indirect immunofluorescence microscopy. DF-1 cells were grown in glass coverslips and infected
with MVA-NS1, MVA-NS2, MVA-NS2-Nt, MVA-NS2-Ct, or MVA-NS1-NS2-Nt at an MOI of 1, respectively.
HEK293 cells were grown in a 96-well plaque and infected with ChAdOx1-NS1, ChAdOx1-NS2-Nt, or
ChAdOx1-NS1-NS2-Nt at an MOI of 0.5, respectively. Twenty-four hours (rMVA) or 18 h (rChAdOx1) after
infection, cell monolayers were fixed for 15 min with 40% acetone-methanol. Fixed cells were blocked with
20% phosphate-buffered saline–fetal bovine serum (20% FBS-PBS) (20% blocking solution) for 60 min at
room temperature (RT). DF-1 cells were then incubated overnight at 4°C with a mouse hyperimmune serum
against ChAdOx1-NS1 (obtained from an in vivo infection [39]) (1:500) or the NS2 BTV specific monoclonal
antibody (MAb) 23H6 (Eurofins INGENASA, Madrid, Spain) (1:500), diluted in PBS-FBS 20%. HEK293 cells were

TABLE 2 Primers designed to generate rMVA, rChAdOx1, and rBac

Primer Sequence
Fw-XmaI-NS2-1a 59 CGcccgggATGGAGCAAAAGCAACGTAG 39
Rs-XmaI-NS2-1062* 59 CGcccgggCTAAACGCCGACCGGCAATA 39
Rs-XmaI-NS2-531* 59 CGcccgggCTACGCCACGCTTTGAACTTG 39
Fw-XmaI-NS2-532* 59 CGcccgggATGCCAAGGGAAGAATCACGC 39
Fw-2A-NS1b 59-cttgctgcgcgtatgtctcagatgtggatggaatatGCCCCTGTGAAGCAG-39
Rs-2A-NS2-Ntb 59-gttgcttttgctccatGGGGCCAGGGTTGCTTTCCACGTCGCCGGC-39
Fw-2A-NS2-Ntb 59-GCCGGCGACGTGGAAAGCAACCCTGGCCCCatggagcaaaagcaac-39
Rs-NS2-Nt-p1990b 59-GGGCCCTCTAGATGCATGCTCGAGCGGCCGCctacgccacgctttg-39
Fw-BamHI-NS2 1c 59-CgggatcCGATGGAGCAAAAGCAACGTAG-39
Rs-NotI-NS2-531c 59-CGgcggccgcCTACGCCACGCTTTGAACTTG-39
Fw-BamHI-NS2-532c 59-CgggatcCGATGCCAAGGGAAGAATCACGC-39
Rs-NotI-NS2-1062c 59-CGgcggccgcCTAAACGCCGACCGGCAATA-39
aPrimers designed to generate pSC11-NS2, pSC11-NS2-Nt, and pSC11-NS2-Ct. XmaI restriction site is represented
by lowercase letters.

bPrimers designed to generate rChAdOx1. Complementary sequences are shown in capital letters. Lowercase
letters represent the overlapping sequences.

cPrimers designed to generate BAC-NS2-Nt and BAC-NS2-Ct. BamHI and NotI restriction sites are represented by
lowercase letters.
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incubated overnight at 4°C with a sheep hyperimmune serum against MVA-NS1 (obtained from an in vivo
infection) (1:500) and the NS2 BTV MAb 23H6 (Eurofins INGENASA, Madrid, Spain) (1:500) diluted in PBS-FBS
20%. After three serial washing steps with PBS, DF-1 cells were incubated for 30 min at RT with Alexa Fluor
488 goat conjugated anti-mouse IgG (InvitrogenTM, German Town, MD, USA) (1:1,000) or 594 goat conju-
gated anti-mouse IgG (InvitrogenTM, German Town, MD, USA) (1:500). For HEK293 cells, Alexa Fluor 488 goat
conjugated anti-mouse IgG (InvitrogenTM, German Town, MD, USA) (1:1,000) and 594 goat conjugated anti-
sheep IgG (InvitrogenTM, German Town, MD, USA) (1:500) were incubated for 30 min at RT after three serial
washing steps. Coverslips with infected DF-1 cells and wells with infected HEK293 cells were washed three
times with PBS and once with PBS-DAPI (1:10,000) and visualized in a Zeiss Axio fluorescence microscope
(Zeiss, Oberkochen, Germany). Adobe Photoshop CS5 Extended (Adobe Systems, CA, USA) was used after-
wards for image editing.

Generation of recombinant baculovirus expressing NS2-Nt or NS2-Ct. To obtain recombinant
proteins NS2-Nt and NS2-Ct, recombinant baculoviruses (rBac) Bac-NS2-Nt and Bac-NS2-Ct were gener-
ated using the Bac-to-Bac system (Invitrogen, Barcelona, Spain), following the supplier protocols. Briefly,
plasmid pSC11-NS2 containing the sequence coding for NS2 protein of BTV serotype 4 was used to
amplify the sequence of NS2-Nt and NS2-Ct with specific primers (Table 2). The PCR products were then
cloned into plasmid pFastBac1 (Invitrogen, Barcelona, Spain) digested with BamHI and NotI to obtain
the transfer vectors HTA-NS2-Nt and HTA-NS2-Ct that were used to generate the recombinant baculovi-
ruses that express the NS2-Nt or NS2-Ct BTV proteins in insect high five cells (H5), named Bac-NS2-Nt
and Bac-NS2-Ct. These proteins were purified using the ProBond Purification System (Invitrogen,
Barcelona, Spain) following the procedure indicated by the manufacturer for protein purification under
native (NS2-Ct) or hybrid native-denaturing (NS2-Nt) conditions.

Western blot analysis. DF-1 and HEK293 cells were infected with the previously generated rMVAs
(MOI = 0.1) or rChAdOx1 (MOI = 0.1), respectively, or were mock infected. At 24 h.p.i., cells were har-
vested, washed in PBS containing protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA), and
lysed with RIPA Buffer (Santa Cruz Biotechnology, Dallas, TX, USA). Extracts were then sonicated for 2
min and proteins were resolved in 12% SDS-PAGE and blotted onto a nitrocellulose membrane. After a
blocking step with 5% low fat dry milk in TBS Tween 20 (TBST) (blocking buffer), mouse hyperimmune
serum against BTV (1:500) or a-BTV NS2 MAb 23H6 (1:500) were applied to membranes in TBST-Milk 5%
and incubated overnight at 4°C. Bound antibody was detected with horseradish peroxidase-conjugated
rabbit anti-mouse antibody (Sigma-Aldrich, San Louis, MO, USA) diluted in TBST-Milk 5% (1:10,000) and
the ECL detection system (AmershamTM Pharmacia Biotech, Buckinghamshire, UK).

Mice and sheep. Type I interferon receptor defective mice (IFNAR (-/-)) on a 129 Sv/Ev background
and sheep (Spanish “Churra” sheep breed) were used for the studies. All mice and sheep used were
matched for age (8 weeks, and 6 months, respectively). Mice and 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 (INIA-CISA), Madrid, before use.

Ex vivo IFN-cELISPOT. Groups of IFNAR(-/-) mice (n = 4) were immunized following a homologous
prime-boost regimen with MVA-NS2, MVA-NS2-Nt, or MVA-NS2-Ct (107 PFU per mouse), 2 weeks apart,
or nonimmunized. All animals were sacrificed at 15 days postboost, and their spleens were harvested for
analysis by ELISPOT.

ELISPOT plates containing Immobilon-P membranes (Millipore) were first activated with 70% ethanol
for 30 s, coated with 5 mg/mL of anti-mouse IFN-gMAb AN18 (BD Biosciences, San Jose, CA, USA) in 50mL
of carbonate–bicarbonate buffer, using 100 mL/well and stored overnight at 4°C. Subsequently, plates
were blocked for 1 h at 37°C with cell culture medium. A total of 5 � 105 splenocytes were added to the
well and stimulated with 10 mg/mL of purified NS2-Nt or with 10 mg/mL of purified NS2-Ct. Plates were
incubated at 37°C and 5% CO2 for 18 h to 20 h. As a positive control, phytohemagglutinin (PHA) at 5 mg/
mL was used. Cells were washed six times and incubated for 2 h at RT with 50 mL/well of biotinylated rat
anti-mouse IFN-g R46A2 (BD Biosciences, San Jose, CA, USA) diluted to 1 mg/mL in PBS. This was followed
by incubation with HRP streptavidin (BD Biosciences, San Jose, CA, USA) diluted to 1 mg/mL in PBS for 1 h
at RT. Subsequently, a further incubation for 15 min with 3-amino-9-ethylcarbazole (AEC) (BD Biosciences,
San Jose, CA, USA) was performed at RT in dark conditions. The plates were then washed intensively with
tap water and dried at RT overnight. Once the membranes were dried, the number of spots in each well
was determined using an AID iSpot Reader System (Autoimmun Diagnostika, Strassberg, Germany).

Mice immunization and challenge. Three different immunization strategies were evaluated in mice.
First, a set of three groups of mice (n = 5) were immunized with a single dose of 2 � 107 PFU per mouse
of the rMVAs (MVA-NS1, MVA-NS2-Nt, or MVA-NS1-NS2-Nt). A second set of three groups of mice (n = 5)
were immunized with a single dose of 108 IU per mouse of the rChAdOx1 (ChAdOx1-NS1, ChAdOx1-NS2-
Nt, or ChAdOx1-NS1-NS2-Nt). A third set of three groups of mice (n = 5) were immunized following a het-
erologous prime-boost regime consisting of an initial dose of 108 IU per mouse of the ChAdOx1-NS1,
ChAdOx1-NS2-Nt, or ChAdOx1-NS1-NS2-Nt (prime) followed by a second dose of 2 � 107 PFU per mouse of
MVA-NS1, MVA-NS2-Nt, or MVA-NS1-NS2-Nt (boost), respectively, administered 4 weeks apart. An additional
set of two groups of mice (n = 5) were immunized following the heterologous prime-boost ChAdOx1/
MVA-NS1-NS2-Nt to conduct the multiserotype experiment. rMVA vectors were inoculated intraperitoneally
whereas immunization with the corresponding rChAdOx1 was conducted via intramuscular injection on
the right leg of each mouse. For each study, one group of mice (n = 5) was left untreated (control).

Animals were subcutaneously challenged with a lethal dose (10 PFU) of BTV-4M 2 weeks after immu-
nization in the case of those animals given a single dose of rMVA and 4 weeks after immunization in the
case of mice given a single dose of rChAdOx1. Animals subjected to the heterologous prime-boost
ChAdOx1/MVA-NS1-NS2-Nt strategy were challenged with a lethal dose of BTV-4M (10 PFU), BTV-1 (100
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PFU), or BTV-8 (100 PFU), 2 weeks postboost with rMVAs. In all cases, submandibular blood collection
was carried out in mice after virus challenge at 3, 5, 7, 10, and 15 d.p.i. for the analysis of viremia.

Sheep immunization and challenge. A total of 20 naive healthy sheep (Spanish “Churra” sheep
breed), aged 6 months, were acclimated for 7 days at the BSL3 animal facility of the Animal Health
Research Center (INIA-CISA) before starting the experiment. All sheep involved in the experiment were
negative to BTV by ELISA. Briefly, a set of three groups of sheep (n = 4) was subcutaneously immunized
with a single dose of 109 IU of rChAdOx1 (ChAdOx1-NS1, ChAdOx1-NS2-Nt, or ChAdOx1-NS1-NS2-Nt).
An additional group of four sheep was immunized following a heterologous primer-boost strategy con-
sisting of an initial dose of 109 of ChAdOx1-NS1-NS2-Nt (prime) followed by a second subcutaneous
dose of 108 PFU of MVA-NS1-NS2-Nt (boost) 4 weeks later. A group of sheep was left untreated (control).

Prechallenge blood samples were collected from all animals. Nonimmunized and immunized sheep
were subcutaneously challenged with a dose of 105 PFU of BTV-4M 8 weeks after immunization (prime-
only) or 6 weeks postbooster (prime-boost). After virus challenge, blood collection for virological analy-
ses was conducted by specialized veterinary personal at 0, 1, 4, 6, 8, 11, 13, and 18 d.p.i. At day 18 postin-
fection all sheep were euthanized.

Viremia analysis by RT-qPCR. Blood samples were collected at 3, 5, 7, 10, and 15 d.p.i. from the sub-
mandibular plexus of mice and at 0, 1, 4, 6, 8, 11, 13, and 18 d.p.i. from sheep with EDTA as anti-coagulant.
RNA was extracted from 50 mL of blood using TRIzol Reagent (Sigma-Aldrich, St. Louis, MO, USA) following
the protocol established by the manufacturer. Viremia was analyzed in duplicate by real-time RT-qPCR specific
for BTV segment 5 (encoding for NS1). The real-time RT-qPCR specific for BTV segment 5 was performed using
primers and probe described by Toussaint et al. (83). Only Ct values lower than 38 were considered indicative
of viremia (positive), according to the cut-off established by Toussaint et al. (83). Sheep and mice blood con-
taining different concentrations of virus were titrated and used as internal standards of the experiment (22).

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 and collected
into EDTA tubes.

Evaluation of clinical signs and macroscopic lesions. After challenge, rectal temperatures and clin-
ical signs were monitored daily. The clinical score used was based on previous protocols (84).

Macroscopic and histopathological evaluation. Sheep 12 and 74 (nonimmunized control group),
10 and 16 (ChAdOx1-NS1-NS2-Nt), and 9 and 13 (ChAdOx1/MVA-NS1-NS2-Nt) were euthanized at day 18
postchallenge. Macroscopic lesions were evaluated during necropsies of the bodies using scores based
on previous protocols (52).

Ex vivo flow cytometric analysis. In order to evaluate the cellular immune response in mice, a set
of three groups of IFNAR(-/-) mice (n = 4) was subjected to a heterologous prime-boost regimen
(ChAdOx1/MVA-NS1, ChAdOx1/MVA-NS2-Nt, and ChAdOx1/MVA-NS1-NS2-Nt). rMVA vectors were ino-
culated intraperitoneally 4 weeks after immunization with the corresponding rChAdOx1, which was con-
ducted via intramuscular injection on the right leg of each mouse. For this study, one group of mice
(n = 4) was left untreated (control). All animals were euthanized at 15 days postboost, and their spleens
were harvested for analysis by ICS.

A total of 106 splenocytes per well were stimulated with 5 mg/mL of NS1-152 peptide (9-mer peptide
GQIVNPTFI), 5 mg/mL of the NS2-Nt protein, concanavalin A (ConA) as a nonspecific stimulus (4 mg/mL)
for 5 h (18 h in the case of NS2-Nt protein), or left untreated in RPMI 1640 medium supplemented with
10% FCS. Six hours before the assay, CD107a/LAMP-1-FITC antibody at 1:10 dilution (Miltenyi, Biotec,
Bergisch Gladbach, Germany) and brefeldin A (5 mg/mL) were 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 conju-
gated antibody IFN-g–PE (Miltenyi Biotec, Bergisch Gladbach, Germany). Fluorochrome conjugated anti-
bodies CD8-PerCP-Vio700, CD62L-APC, and CD127-FITC (Miltenyi Biotec, Bergisch Gladbach, Germany)
were used for the analysis of extracellular receptor molecules. Data were acquired by FACS analysis on a
FACSCalibur platform (Becton Dickinson, Franklin Lakes, NJ, USA). Analyses of the data were performed
using FlowJo software version x0.7 (Tree Star, Ashland, OR, USA). The number of lymphocyte-gated
events was 5 � 105. Lymphocytes were initially gated on the basis of their forward and side scatter prop-
erties. Then, CD81 lymphocytes expressing IFN-g or CD107a were selected for the analysis. Gating strat-
egies used to identify CD81 T-cell populations are showed in the Fig. S1.

Detection of IFN-c in plasma samples by capture ELISA. Immunized and nonimmunized sheep
were bled 8 weeks after the prime dose of rChAdOx1 or 6 weeks after the boost with rMVA. Blood from
immunized and nonimmunized sheep were stimulated for 72 h with 10 mg/mL of a pool of NS1 peptides
(9-mer peptides GQIVNPTFI, SALVNSERV, and IQLINFLRM), with 10 mg/mL of recombinant NS2-Nt, or left
untreated in RPMI 1640 supplemented with 10% FCS. Consecutively, blood plasma was extracted.
Complementary, sheep were bled at day 0, 4, 6, 8, 11, 13, and 18 postchallenge and blood plasma was
extracted. Supernatant IFN-g levels in pre- and postchallenge plasma samples were analyzed by ELISA.
Also, 96-well Costar plates (Sigma-Aldrich, St. Louis, MO, USA) were coated with 2 mg/mL of MAb anti-bo-
vine interferon-gamma (clone MT17.1, Mabtech) and incubated overnight at 4°C. Next day, unspecific
binding sites were blocked with PBS-0.05% Tween 20-0.1%-BSA for 1 h at RT. After five washes in PBS-
0.05% Tween 20, 50mL of plasma from each time point sample were incubated for 1 h at 37°C. After wash-
ing steps, biotinylated anti bovine IFN-g (clone MT307, Mabtech) was added at 0.25 mg/mL. Plates were
then washed and streptavidin-HRPO (Becton Dickinson, Franklin Lakes, NJ, USA) was used at a 1:1,000 dilu-
tion for 1 h at RT. For detection of immunocomplexes, substrate solution 3,39, 5,59–tetramethylbencidine
liquidsupersensitive (TMB) was added to plates (Sigma-Aldrich, St. Louis, MO, USA). Absorbance values
were determined at 450 nm by an automated reader (BMG, Labtech, Victoria, Australia).
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Cytokine analysis. Nonimmunized and ChAdOx1/MVA-NS1-NS2-Nt blood plasma samples from day
0, 4, 6, 8, and 11 postchallenge were used to analyze supernatant cytokine levels using a multiplex fluo-
rescent bead immunoassay for quantitative detection of sheep cytokines (Millipore’s MILLIPLEX Sheep
Cytokine kit, Burlington, MA, USA). Samples were analyzed with a MAGPIX system (Luminex Corporation,
Austin, TX, USA). Values of nonstimulated samples were subtracted from values of stimulated samples.

Detection of antibodies specific of NS1 and NS2-Nt by ELISA. MaxiSorp plates (Nunc) (Thermo
Fisher Scientific, NY, USA) were coated with NS1 (250 ng per well) or NS2-Nt (200 ng per well) purified
baculovirus expressed proteins in PBS and incubated overnight at 4°C. Plates were saturated with block-
ing buffer (PBS-0.05%-Tween 20-5% skim milk). Individual mice or sheep sera diluted in blocking buffer
were added and incubated for 2 h at 37°C. After three washes in PBS-0.05% Tween 20, plates were incu-
bated for 1 h at 37°C with an anti-mouse-HRP secondary antibody (Bio-Rad, Hercules, CA, USA) (1:2,000)
or with an anti-sheep-HRP secondary antibody (Sigma-Aldrich, San Louis, MO, USA) (1:7,500) in blocking
buffer. Finally, after three washes in PBS-0.05% Tween 20, the reaction was developed with 50 mL of
TMB (Thermo Fisher Scientific, MD, USA) and stopped by adding 50 mL of 3 N H2SO4 (Merck, Darmstadt,
Germany). Results were expressed as optical densities (ODs) measured at 450 nm.

Plaque reduction neutralization test. Two-fold dilutions (from 1:5) of heat inactivated mice or
sheep sera (56°C for 30 min) were incubated with 100 PFU of BTV-4 for 1 h at 37°C. 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-PBS. A 50% plaque reduction neutralization test (PRNT50) titer was calcu-
lated as the reciprocal (log10) of the highest dilution of serum that neutralized 50% of the control virus
input. The cutoff is 0.69, log of the reciprocal of the first dilution 1:5.

Statistical analysis. Data were analyzed using GraphPad Prism version 8.0.1 (GraphPad Software,
San Diego, CA, USA). Survival curves for each immunized group were compared with those of nonimmu-
nized mice in search of statistical differences using log-rank test. Comparisons of mean responses
between groups in the viremia analyses were performed using an independent-samples Student's t test.
Data from the ELISPOT, ICCS, NS1, and NS2-Nt ELISA of mice sera, and PRNT50 assays were analyzed
using Mann-Whitney non-parametric test. Comparisons of mean responses between groups in the he-
matology, IFN-g ELISA, Multiplex cytokine assay, and NS1 and NS2-Nt ELISA of sheep sera assays 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.

Data availability. All data generated or analyzed during this study are included in the main text and
supplementary information. All relevant data are also available upon request from the corresponding authors.
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