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Abstract: Vaccination may be an effective way to reduce turkey arthritis reovirus (TARV)-induced
lameness in turkey flocks. However, there are currently no commercial vaccines available against
TARYV infection. Here, we describe the use of reverse genetics technology to generate a recombinant
Pichinde virus (PICV) that expresses the Sigma C and/or Sigma B proteins of TARV as antigens.
Nine recombinant PICV-based TARV vaccines were developed carrying the wild-type S1 (Sigma C)
and/or S3 (Sigma B) genes from three different TARV strains. In addition, three recombinant PICV-
based TARV vaccines were produced carrying codon-optimized S1 and/or S3 genes of a TARV
strain. The S1 and S3 genes and antigens were found to be expressed in virus-infected cells via
reverse transcriptase polymerase chain reaction (RT-PCR) and the direct fluorescent antibody
(DFA) technique, respectively. Turkey poults inoculated with the recombinant PICV-based TARV
vaccine expressing the bivalent TARV S1 and S3 antigens developed high anti-TARV antibody ti-
ters, indicating the immunogenicity (and safety) of this vaccine. Future in vivo challenge studies
using a turkey reovirus infection model will determine the optimum dose and protective efficacy
of this recombinant virus-vectored candidate vaccine.

Keywords: Pichinde virus; recombinant vaccine; subunit vaccine; viral vectored vaccine; turkey ar-
thritis reovirus; sigma C; sigma B

1. Introduction

Turkey arthritis reoviruses (TARVs) re-emerged in 2011 in Minnesota and other
states in the United States (US) [1-3]. The viral genome consists of 10 segments of dsRNA
grouped into large (L1, L2, L3), medium (M1, M2, M3), and small (51, S2, S3, S4) segments
according to their migration pattern on polyacrylamide gel electrophoresis [4,5]. The ge-
nome has 12 open reading frames (ORFs), which encode for eight structural and four non-
structural proteins. The proteins encoded by L, M, and S genes are lambda (A), mu (m),
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and sigma (o), respectively [5]. The S1 and S3 segments translate into oC (cell attachment)
and oB (outer capsid) proteins, respectively. The oC protein is a minor outer capsid pro-
tein of 326 amino acids, which has been identified as cell attachment protein responsible
for virus entry into the host cell [6]. The oC protein mediates virus entry into the host cell
via the Caveolin-1-mediated and dynamin-2-dependent endocytic pathway [7]. The oC
protein is also known to induce apoptosis [8]. The C-terminal fragment of oC (residues
151-326) contains the receptor-binding globular domain [9]. The oC protein is the main
immunogenic surface protein that possesses both type- and broad-specific epitopes, and
it can elicit reovirus-specific neutralizing antibodies in the infected host [10]. The 0B pro-
tein of 367 amino acids is a major component of the viral outer capsid that contains a
group-specific neutralizing epitope [11]. Subunit vaccines for chicken arthritis reovirus
(CARV) are available that contain either a partial fragment of oC protein [12] or a full-
length oC protein alone [13] or in combination with 0B protein [14]. The recombinant cC
protein as a subunit vaccine has been used against duck reovirus [15]. Hence, cC and 0B
proteins have been commonly used in the development of subunit vaccines against avian
reovirus infection in different avian species. Since TARVs are similar to CARVs in terms
of their genomic structure, segment sizes, and open reading frames, the cC and oB of
TARV should be considered in the development of mono- or multivalent virus vectored
vaccines against TARV.

TARV-infected turkeys display clinical lameness due to tenosynovitis and arthritis,
resulting in huge economic losses mainly due to culling. No commercial vaccine is avail-
able to protect turkey flocks from the emerging TARYV strains. Some turkey producers rely
on the use of autogenous vaccines. However, the evolving nature of the virus creating
new divergent strains poses a challenge for regular update of the vaccines. Additionally,
there is no live vaccine available that can be used for priming before boosting breeder
turkeys with injectable killed vaccines.

Using a live and safe vectored vaccine to deliver TARV antigens is a reasonable al-
ternative to live reovirus vaccines. Recently, a Pichinde virus (PICV) vector was devel-
oped that safely and effectively delivered the model antigens, the influenza viral hemag-
glutinin (HA), and nucleoprotein (NP) [16]. This arenavirus was first isolated from its nat-
ural host Oryzomys albigularis (rice rats) in the Pichinde valley of Colombia, South America
[17]. Arenaviruses are enveloped RNA viruses with a bisegmented genome and are
known to target dendritic cells and macrophages at the early stages of infection, making
them a potentially powerful vaccine vector [18-21].

Using the reverse genetics technique, a live recombinant PICV (strain 18) with a tris-
egmented RNA genome (rP18tri) was developed to carry and express up to two foreign
genes. One of the foreign genes could be the green fluorescent protein (GFP) that can be
used to mark virus-infected cells in cell culture. rP18tri has been shown to be attenuated
both in vitro and in vivo and has the ability to induce cell-mediated and humoral immune
responses. For example, mice immunized with recombinant PICV-hemagglutinin (PICV-
HA), expressing the modeled influenza hemagglutinin protein, developed a strong hu-
moral response against HA that afforded complete protection against a lethal avian influ-
enza virus infection [16].

The present study was undertaken to develop recombinant PICV vaccines expressing
TARYV antigenic Sigma C (0C) and/or Sigma B (0B) proteins. In addition, the vaccines were
administered to turkey poults to determine their safety and efficacy. This is a “proof-of-
concept” study for the development and recovery of recombinant PICV-TARV viruses,
as well as for testing the safety and immunogenic properties of the turkey reovirus oC
and oB protein(s) in vivo.
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2. Materials and Methods
2.1. Cells and Viruses

QT-35 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-
Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum (FBS) and 50 ug/mL pen-
icillin-streptomycin. Baby hamster kidney (BHK-21) cells, BSRT7-5 cells (BHK-21 cells sta-
bly expressing T7 RNA polymerase), and male leghorn chicken (LMH) cells were grown
in Eagle’s minimal essential medium (MEM) (Sigma-Aldrich) that contained 10% FBS, 1
ug/mL gentamicin, and 50 ug/ml penicillin-streptomycin. Media for BSRT7-5 cells was
also supplemented with 1 pug/mL geneticin (Invitrogen-Life Technologies, Carlsbad, CA,
USA). Three strains of turkey arthritis reovirus (SKM73, SKM95, and SKM121) isolated in
QT-35 cells from tendons of lame turkeys were used. These viruses were selected on the
basis of their pathogenicity and genomic characterization.

2.2. Pichinde Virus Plasmids

Three plasmids were used: (i) pP1851-GPC/MCS, which encodes the glycoprotein
GPC and a multiple cloning site (MCS) to clone the gene of interest; (ii) pP1852-MCS/NP,
which encodes the nucleoprotein NP and an MCS; (iii) pP18L plasmid (the L plasmid),
which expresses the full-length antigenomic strand of the rP18L segment under the con-
trol of the T7 promoter and does not contain any specific site to clone foreign genes [16].

2.3. Preparation of Vectors and Gene Inserts

Genomic RNA was isolated from three TARV isolates (SKM73, SKM95, and
SKM121). The full-length open reading frames (ORFs) of 51 and S3 genomic segments of
these viruses were amplified. Additionally, the S1 and S3 ORF sequences of SKM121 were
codon-optimized for expression in mammalian cells, commercially custom-synthesized,
and cloned into a pUC vector (Genewiz, South Plainfield, NJ, USA). The primary se-
quences of these genes are provided in Supplementary Materials (Figure S1). The comple-
mentary DNA (cDNA) was synthesized using random primers and SuperScript™ IV
First-Strand Synthesis (Thermo Fisher Scientific, Catalog#18091200, Waltham, MA, USA)
and was PCR-amplified using specific cloning primers (Table 1) and Phusion® High-Fi-
delity PCR Master Mix with HF Buffer (NEB Catalog#MO0531S, Ipswich, MA, USA). The
Nhel and Kozak sequences were added in the forward primer so that these features were
included in the amplified product. Similarly, Xhol and sequence tags (FLAG tag in S1 and
HA tag in S3 gene) were added to the reverse primer. The reaction conditions were as
follows: 98 °C for 30 s (initial denaturation); five cycles of denaturation at 98 °C for 10 s,
annealing at 66 °C for 30 s, and extension at 72 °C for 1 min; 30 cycles of denaturation at
98 °C for 10 s, annealing at 72 °C for 30 s, and extension at 72 °C for 1 min; final extension
at 72 °C for 7 min and held at 4 °C. The PCR-amplified products (S1 and S3 genes of all
three isolates) and the plasmids of the PICV (pP1851-GPC/MCS and pP1852-MCS /NP)
were restriction enzyme-digested (Nhel and Xhol, NEB) and gel-purified using the QI-
Aquick gel extraction kit (Qiagen Catalog#28704, Germantown, MD, USA). The codon-
optimized versions of ORFs were extracted from the pUC vector via restriction double
digestion.
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Table 1. List of primers used for full-length open reading frame (ORF) amplification of S1 and S3 segments of turkey
arthritis reovirus. The bold sequence part is specific and complementary for the turkey reovirus genes. The italicized se-
quence part is a tag sequence. The lowercase sequence part is a restriction enzyme (RE) site. The underlined sequence part
is the Kozak sequence. TARYV, turkey arthritis reovirus; F, forward; R, reverse; HA, hemagglutinin.

Scheme 5.

Name

Sequence (5" to 3')

Number of
Bases

Position
of Primer on
Viral Template
(ORFs)

Expected PCR Product
Size (Including Primer
Sequences)

Site

Tag

1 TARV-S1 F

CGATgctagcGCCAC
CATGGCCGCTCT
AACTCCGTC

36

1-20

2 TARV-S51 R

ATCGctcgagTTACT

TGTCGTCATCGTCT

TTGTAGTCGGTGT

CGATGCCCGTAC
GCA

57

978-959

1031 bp

Nhel

Xhol

FLAG

3 TARV-S3 F

CGATgctagcGCCAC

CATGGAGGTACG

TGTGCCAAACTT
TC

41

1-25

4 TARV-S3 R

ATCGctcgagTTAAG
CGTAATCTGGAAC
ATCGTATGGGTAC
CAACCACACTCC

64

1101-1078

1157 bp

Nhel

Xhol

HA

ATAAAAGTCAG

2.4. Cloning and Transfection

The S1 and S3 gene inserts were ligated in the MCS region of plasmids pP1852-
MCS/NP and pP1851-GPC/MCS, respectively, using 5 U/uL of T4 DNA ligase (Ther-
moFisher Scientific, Catalog#EL0011). The ligation reaction mix was used to transform
competent bacterial cells (DH5a) followed by selection using ampicillin antibiotic. All
plasmids (plasmid pP18L, pP1851-GPC/GFP, pP1852-GFP/NP, and recombinant plasmids
pP1851-GPC/S3 and pP1852-51/NP) were isolated using the plasmid midi prep kit (Sigma-
Aldrich). Recombinant plasmids were PCR-confirmed for reovirus genes and sequence-
confirmed for correct orientation and reading frame. The recombinant plasmids were
used to transfect BSRT7-5 cells in various combinations (Table 2) using Lipofectamine™
3000 transfection reagent (ThermoFisher, Catalog#L3000008) following the manufac-
turer’s instruction with minor modifications. Briefly, BSRT7-5 cells were grown in six-well
plates to 80% confluency. Four hours before transfection, the cells were washed, and fresh
antibiotic-free medium was added. For transfection, 8 pL of P3000 reagent, 2 pig of L plas-
mid and 1 pg each of S1 and S2 plasmids were diluted in 250 pL of Opti-MEM (Invitrogen-
Life Technologies) and incubated for 15 min at room temperature. In another tube, 10 uL
of lipofectamine was diluted in 250 uL of Opti-MEM. Both mixtures were combined, fol-
lowed by incubation at room temperature for 20 min to prepare DNA-lipid complexes.
The cells were transfected with the resultant mixture, and MEM was changed after 4 h to
remove the toxic lipofectamine. Then, at 48, 72, and 96 h post transfection, cell superna-
tants were collected and stored at —80 °C. Different monovalent and bivalent vector vi-
ruses were generated as detailed in Table 2. The resultant viral recovery was confirmed
by observing the green fluorescence of GFP in inoculated cell culture. The rescued virus
was then grown in BHK-21 cells, and the GFP green fluorescence was observed. The ex-
pression of reovirus genes by the recombinant PICV vaccine virus was verified by RT-
PCR assay.
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Table 2. Pichinde virus (PICV) recombinant plasmids used to generate PICV-based TARV vac-
cines. GPC, glycoprotein; MCS, multiple cloning site; NP, nucleoprotein.

Insert in Insert in
Serial Number of Recombinant Strains of Turkey Recombinant PICV-Based  Plasmid 1 Plasmid 2
PICV-Based TARV Vaccines Arthritis Reovirus ~ TARV Vaccine Type pP18S1- pP18S2-
GPC/MCS MCS/NP
1 Monovalent GFP 2 51 wild-
SKM?73 * fype
2 Monovalent 53 * wild-type GFP
3 Bivalent 53 wild-type S1 wild-type
4 Monovalent GFP S1 wild-type
5 SKM95 * Monovalent 53 wild-type GFP
6 Bivalent 53 wild-type S1 wild-type
7 Monovalent GFP S1 wild-type
8 SKM121 * Monovalent S3 wild-type GFP
9 Bivalent S3 wild-type  S1 wild-type
10 Monovalent GFP 51 ?o§on—
optimized
11 SKM121 * Monovalent 53 codon- GFP
optimized
1 Bivalent S3 codon- S1 codon-

optimized optimized
13 Control GFP GFP

aGFP = green fluorescence protein. * S1 and S3 are genes inserted into PICV plasmids. * SKM73,
SKM95, and SKM121 are designations of turkey arthritis reoviruses whose S1 and S3 genes were
inserted into PICV plasmids.

2.5. Detection of Reovirus Antigenic Proteins

The expression of cC and 0B proteins by recombinant trisegmented PICV vaccine
viruses in BHK-21 cells was verified using a direct fluorescence antibody (DFA) assay.
The BHK-21 cells were inoculated with the recombinant PICVs and at 96 h post infection
(hpi); then, the cells were harvested, plated on 12-chamber slides, and dried for 2 h. Cells
were then fixed in acetone for 2 h followed by the addition of polyclonal Fluorescein
isothiocyanate (FITC)-conjugated anti-avian reovirus antibodies (National Veterinary Ser-
vices Laboratory, Ames, 1A, USA, Reagent#680-ADV). After incubation at 37 °C in a COz
incubator for 2 h, counterstaining was done using 0.1% Evan’s blue biological stain
(EBBS). The slides were then mounted and examined under a fluorescent microscope to
observe FITC green fluorescence, which was indicative of avian reovirus protein expres-
sion by the vaccine viruses.

2.6. Vaccination Experiment

Four groups of turkey poults (five birds/group) were inoculated with 0.3 mL of the
following recombinant PICVs containing codon-optimized gene segments of TARV-
SKM121: PICV-based monovalent TARV-S1, monovalent TARV-S3, bivalent TARV-51/S3,
and PICV-control without any TARV segment insertion, having 3 x 10° plaque forming
unit/mL (PFU/mL) via oral route at 1 week of age. Birds in all groups were given a booster
dose (0.3 mL, 3 x 10° PFU/mL) with respective vaccine viruses at 3 weeks of age via in-
tranasal (I/N) route. Blood samples were collected at 3 and 5 weeks of age. The birds were
examined daily for any overt clinical signs or mortality. Birds displaying signs of severe
illness were euthanized according to the guidelines laid by the Institutional Animal Care
and Use Committee (IACUC) and research animal resources (RAR), University of Minne-
sota. At the end of the experiment, all birds were euthanized, and necropsy was done to
detect the development of any gross lesions.
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2.7. Serum Neutralization Assay

Sera were separated from the collected blood samples and subjected to serum neu-
tralization assay against virus strain TARV-SKM121. Briefly, the heat-inactivated serum
samples were fourfold serially diluted in a 96-well plate, and 25 uL of reovirus prepara-
tion (100 Median Tissue Culture Infectious Dose (TCID50)) was added to all wells except
negative control wells. Subsequently, the virus—serum mixture was incubated at 37 °C for
1 h before adding it onto a freshly seeded primary hepatocellular carcinoma epithelial cell
from a male leghorn chicken (LMH) (5 x 105 cells/well) with 10% fetal calf serum and in-
cubated for 4-5 days. Virus-infected and uninfected cells were used as positive and nega-
tive controls, respectively. Virus controls, cell controls, and serum controls were included
in each plate. The plates were observed daily for the appearance of cytopathic effects
(CPEs). When a cytopathic effect was observed, the medium was removed, and the cells
were stained with a 1% crystal violet solution prepared in 10% buffered formalin for 2-3
min, followed by two to three gentle washes with warm tap water. Plates were allowed
to dry, and the titer was recorded as the reciprocal of the highest dilution of serum that
inhibited at least 50% cell destruction. Serum neutralization titers among different groups
were subjected to statistical analysis using nonparametric Kruskal-Wallis test followed
by Mann-Whitney U test for testing statistical significance at p <0.05.

3. Results
3.1. Cloning of Reovirus Genes into PICV Plasmids

The RT-PCR amplification of S1 (Sigma C) and S3 (Sigma B) ORFs yielded the ex-
pected product sizes of 1031 bp and 1157 bp, respectively (Figure 1A). These products
were gel-purified and cloned into pP1852-MCS /NP and pP1851-GPC/MCS, respectively.
Restriction enzyme double digestion confirmed the presence of reovirus genes in recom-
binant PICV plasmids (Figure 1B). Sanger sequencing confirmed the absence of unin-
tended mutations in the cloned viral gene, as well as their correct reading frame and cor-
rect orientation in the vector backbones (data not shown).

Figure 1. Confirmation of turkey arthritis reovirus genes (51 and S3) in the recombinant PICV vec-
tor by restriction enzyme (RE) double digestion: (A) RT-PCR amplification of full-length S1 (cC)
and S3 (0B) open reading frames of turkey arthritis reovirus. Lanes 1, 2, and 3: S1 gene of TARV
strains SKM73, SKM95, and SKM121, respectively (1,031 bp); M: Marker; Lanes 4, 5, and 6: S3 gene
of TARV strains SKM73, SKM95, and SKM121, respectively (1,157 bp); (B) Restriction enzyme (RE)
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double digestion confirms the presence of S1 and S3 genes of TARV in recombinant PICV plas-
mids. Lanes 1, 2, and 3: RE double digestion of recombinant pP1852-S1/NP plasmid yielding plas-
mid backbone and codon-optimized insert of 1031 bp of S1 (¢C); Lanes 4, 5, and 6: RE double di-
gestion of recombinant pP1851-GPC/S3 plasmid yielding plasmid backbone and codon-optimized
insert of 1157 bp of S3 (0B); M: Marker.

3.2. Plasmid Transfection and Virus Rescue

Viable recombinant PICVs were rescued successfully following transfection of
BSRT7-5 cells with the three plasmids in various combinations, as shown in Table 2. The
GFP expression was observed at 48-72 h post transfection in cells transfected with at least
one GFP-containing plasmid (Figure 2A) (all monovalent vaccines in Table 2). The GFP-
expressing foci increased in size over the time course of transfection. The supernatants
were collected from transfected BSRT7-5 cells and were used to infect BHK?21 cells. Strong
GFP expression was detected in infected BHK21 cells at 24-48 hpi using fluorescence mi-
croscopy (Figure 2B), indicating the rescue of viable PICV-based TARV vaccines (viruses).
At every rescue attempt, we obtained infectious viruses at 48-72 h post transfection. The
recombinant viruses showed minor GFP fluorescence in QT-35 and LMH cells at 96 hpi.
As expected, the bivalent PICV-based TARV vaccines carrying two TARV genes on both
PICV plasmids did not produce any green fluorescence (Figure 2C).

2C

Figure 2. Transfection and infection of cells with plasmids and recombinant PICV-based TARV
vaccine viruses, respectively. (A) GFP expression in BSRT7-5 cells was observed under a fluores-
cence microscope following transfection of cells with pP1851-GPC/GFP and pP1852- S1/NP having
a codon-optimized S1 gene insert, as shown in Table 2, to generate a recombinant PICV-based
TARV vaccine number 10. (B) GFP expression in BHK-21 cells infected with supernatant of recom-
binant monovalent PICV-based TARV vaccine number 10 at 96 hours post infection. (C) BSRT7-5
cells transfected with pP18S1-GPC/S3 and pP1852- S1/NP having codon-optimized S1 and S3 gene
inserts to generate a recombinant bivalent PICV-based TARV vaccine (recombinant vector virus
number 12 of Table 2) that lacks the green fluorescence.

3.3. Recombinant PICVs Expressing Reovirus Antigens

Strong GFP expression by infected BHK21 cells indicated the successful rescue of re-
combinant PICV-based TRAV vaccines (viruses). The supernatant from infected BHK21
cells (passages P1, P2, and up to P3) was used to detect reovirus genes by RT-PCR. The
results confirmed the presence of both viral genes in bivalent PICV-based TARV vaccines
and either S1 or S3 gene in the monovalent vaccine viruses. The RT-PCR amplification
indicated TARV antigen expression at the messenger RNA (mRNA) level, where the su-
pernatant harvested at 48 h post infection showed significantly higher amplification than
the supernatant harvested at 24 h post infection (Figure 3). To verify the expression of
reovirus antigenic proteins (cC and oB) by the recombinant PICVs, we infected BHK21
cells with transfection supernatant and, then, at 96 hpi, conducted a direct fluorescence
assay (DFA) using polyclonal FITC-conjugated anti-avian reovirus antibodies. The PICVs
grown on BHK-21 showed varying degrees of fluorescence (Figure 4). The monovalent
and bivalent PICV-based TARV vaccines that contained S1 and/or S3 showed fluorescence
in BHK-21 cells (Figure 4A-E). Although we did not quantify the amount of fluorescence,
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PICVs containing SKM121 gene segments showed a remarkably higher degree of fluores-
cence, particularly the bivalent PICV-based TARV vaccine that contained codon-opti-
mized S1 and S3 segments (Figure 4B). Minimal fluorescence was observed in negative
controls (cells that contained rescued PICV without any TARV segment) (Figure 4F).

Figure 3. RT-PCR assay indicating the expression of turkey reovirus antigens at the messenger
RNA (mRNA) level by recombinant PICV-based TARV vaccines. Lanes: M, marker; A, recombi-
nant PICV carrying only GFP gene; B, recombinant PICV carrying oC gene; C, recombinant PICV
carrying oB gene; D, recombinant PICV carrying oC and oB genes (after 24 h of infection); E, re-
combinant PICV carrying oC and oB genes (after 48 h of infection).

Figure 4. The recombinant PICV-based TARV vaccines expressing turkey arthritis reovirus anti-
gens. Fluorescence in BHK-21 cells (green fluorescent cells) based on direct fluorescent antibody
test indicates TARV protein expression.( A) SKM121 wild-type virus control; (B) PICV-based

TARV vaccine carrying bivalent SKM121 codon-optimized S1 and S3 sequences; (C) PICV-based
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TARV vaccine carrying bivalent SKM121 wild-type S1 and S3 sequences ; (D) PICV-based TARV
vaccine carrying monovalent SKM121 wild-type sequence; (E) PICV-based TARV vaccine carrying
monovalent SKM121 codon-optimized sequence; (F) negative control.

3.4. Clinical Signs and Necropsy

Birds inoculated with the PICV-based TARV vaccines (monovalent and bivalent) did
not show any obvious clinical disease or illness during the study or any gross lesions at
necropsy.

3.5. Serum Neutralization

At 3 weeks of age, three of four sera from birds inoculated with the monovalent
PICV-based TARV-53 vaccine and four of five sera from birds inoculated with the bivalent
PICV-based TARV S51/S3 vaccine showed serum neutralizing (SN) antibody titers of 64,
which were significantly higher (p <0.05) than the other two groups (Figure 5). At5 weeks
of age, only one of three birds inoculated with monovalent PICV-based TARV-S1, mono-
valent PICV-based TARV-53, and PICV-control had an SN antibody titer of 64, while all
five sera from birds inoculated with the bivalent vaccine had high SN antibody titers rang-
ing from 64 to 256, which were significantly higher (p < 0.05) than the other three groups
(Figure 5). Individual bird data show that there was a remarkable increase in the SN anti-
body titers of birds inoculated with the bivalent PICV-based TARV-51/S3 vaccine at 5
weeks of age than the other groups (Figure 5).

300

wdeal HH” .1

A281 A282 A283 A284 A286 A287 A288 A290| A291 A292 A293 A294 A295| A296 A298 A299 A3w

SN titers

8

8

Monovalent S1 Monovalent S3 Bivalent S1/53 Vaccine Control
@3 Weeks B 5 Weeks

Figure 5. SN antibody titers of individual birds of different groups at 3 and 5 weeks of age in dif-
ferent groups. MonovalentS1, PICV-based TARV vaccine carrying monovalent PICV-SKM121 S1
(codon-optimized) sequence; MonovalentS3, PICV-based TARV vaccine carrying monovalent
PICV-SKM121 S3 (codon-optimized) sequence; Bivalent S1/S3, PICV-based TARV vaccine carrying
bivalent PICV-SKM121 S1/S3 (codon-optimized) sequences; Vaccine Control, PICV vaccine with
no insert (control). A281 to A300 represent tags on individual birds. The dotted lines represent the
mean values at 3 weeks old and the solid lines represent the mean values at 5 weeks old. The val-
ues of Monovalent S3 and Bivalent S1/53 groups were significantly higher than the other two
groups at 3 weeks old (+), and the values of the Bivalent S1/S3 group were significantly higher
than the other three groups at 5 weeks old (*) using the Mann-Whitney U test at p <0.05.

4. Discussion

Using PICV as a vector to express TARV antigenic proteins presents an attractive
alternative to the use of live attenuated TARV vaccines that may result in the emergence



Pathogens 2021, 10, 197

10 of 12

of mutant TARV strains. Recombinant PICV expressing the hemagglutinin and nucleo-
protein genes of influenza initiated humoral and cell-mediated immune responses and
provided full protection against lethal influenza in mice [16]. Several subunit vaccines re-
ported against chicken reovirus and duck reovirus involve expression of the oC protein
alone or in combination with oB proteins [12-15]. The purpose of this study was to de-
velop recombinant PICV-based TARV vaccines that carry S1 and/or S3 genes of turkey
arthritis reoviruses. We successfully recovered recombinant PICV after insertion of TARV
genomic segments in the PICV plasmids, detected the inserted genes, and confirmed the
expression of recombinant antigenic proteins.

A total of 12 different recombinant PICVs were developed. We used the wild-type
genes from three different TARYV isolates in addition to codon-optimized genes from one
TARYV isolate in an effort to find an optimum TARYV candidate to be used in developing a
vaccine. The recovered PICV recombinants grew well in BHK-21 cells but showed mini-
mal growth on QT-35 and LMH cells as determined by the expression of GFP in recombi-
nant PICV that contained each of the TARV genes and the GFP gene. No GFP gene was
inserted in the bivalent recombinant PICV (containing both S1 and S3 genes of TARV)
and, hence, they could not be subjected to the green fluorescence test. We assume that
these viruses grew the same way as the monovalent viruses because their plasmids and
transfection were done under the same conditions. The detection of the inserted genes and
the protein expression was helpful in determining the successful rescue and growth of the
bivalent PICV-based TARV vaccines. The use of RT-PCR to detect the inserted TARV ge-
nome in recovered viruses helped in determining the success of recovering recombinant
PICV-based TARYV vaccines that contained TARV S1 and/or S3 genes.

To confirm the expression of reoviral antigenic proteins by the recombinant PICV-
based TARV vaccines, we used the direct fluorescent antibody technique (DFA) using
FITC-conjugated anti-avian reovirus antibodies. The FA procedure included dehydration
and long fixation with acetone. These two steps helped eliminate GFP fluorescence and
increased permeabilization of the cell membrane. The permeabilization of the cell mem-
brane enabled the entrance of the FITC-conjugated antibody to reach the intracellular re-
combinant viral proteins. Although we did not have a quantitative method to measure the
amount of the expressed protein, we could subjectively observe that the fluorescence pro-
duced by viruses recombined with SKM121 genes was more than that produced by
SKM73 and SKM95. The bivalent PICV-based TARV vaccines that contained codon-opti-
mized S1 and S3 of SKM121 showed the best fluorescence, indicating the growth of these
viruses, which did not have any GFP fluorescence after transfection.

Since codon-optimized PICV-based TARV SKM121 vaccines showed the best expres-
sion of TARV S1 and/or S3 proteins, we used these vaccines for a pilot in vivo experiment.
PICV without an insertion of TARV gene was used as a control. The in vivo experiment
was to determine the safety and humoral response generated by the recombinant vaccines
in turkey poults. Turkey poults were vaccinated with the same dose of vaccine (0.3 mL, 3
x 105 PFU/mL) via oral and intranasal route using a prime-boost strategy. Poults were
primed at 1 week of age because birds are susceptible to avian reovirus infection in the
early days of their life [22,23]; hence, vaccination strategies are designed to provide pas-
sive immunity from maternal antibodies by vaccinating breeders or by actively immuniz-
ing young bids with a live vaccine [24]. Priming at 1 week of age was also considered to
avoid vaccination shock and poor intestinal immunity in day old birds [24]. Booster dose
was given intranasally at 3 weeks of age, targeting the coarse spray administration with
the same vaccine as previously described [25]. The booster vaccination was done after 2
weeks of priming because the recombinant PICV-based vaccine needs 2-3 weeks to pro-
voke the best immune responses. Immunogenicity of the codon-optimized bivalent PICV-
based TARV SKM121 vaccine was demonstrated by the production of high SN antibody
titers. In future in vivo experiments, we plan to further characterize the effect of the dose
of the recombinant PICV-based TARV vaccines on antibody titer and response to reovirus
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challenge in turkeys, as well as to study the efficacy of protection of the PICV-based TARV
vaccines against heterologous and homologous challenge viruses.

Supplementary Materials: The following are available online at www.mdpi.com/2076-
0817/12/2/216/s1, Figure S1: Codon optimized and wild-type sequences of TARV sigma C and sigma
B genes
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