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Two Akabane virus glycoprotein Gc domains
induce neutralizing antibodies in mice
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ABSTRACT. Akabane virus (AKAV), belonging to the genus Orthobunyavirus and family
Peribunyaviridae, causes reproductive and congenital abnormalities in ruminants. Its envelope
glycoprotein Gc is a neutralizing antigen, on which at least five distinct antigenic regions have

J. Vet. Med. Sci. been identified. We attempted to identify the domains using truncated recombinant AKAV Gc
84(4): 538-542, 2022 proteins expressed in Escherichia coli and monoclonal antibodies (mAbs) with AKAV-neutralizing
activity. Dot blot analysis revealed that amino acid positions 1-97 and 189-397 (Gc;_g; and
GC1g9_397) in the truncated recombinant proteins reacted with the mAbs. Additionally, AKAV was
neutralized by sera from mice immunized with these recombinant proteins. The results suggested
that the two domains contain neutralizing epitopes and could be potential subunit vaccines
against AKAV.
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Akabane virus (AKAV), a member of the Simbu serogroup, genus Orthobunyavirus, and family Peribunyaviridae, is primarily
transmitted by species of biting midges in the genus Culicoides. It is widely distributed throughout Australia, Southeast Asia, East
Asia, the Middle East, and Africa [16]. Prototypical AKAYV, the JaGAr39 strain, was first isolated from Aedes vexans and Culex
tritaeniorhynchus mosquitoes in central Japan in 1959 [10]; however, its pathogenesis was unknown at the time. OBE-1, an AKAV
strain isolated from a naturally infected bovine fetus, was identified during a major outbreak in Japan between 1972 and 1974 [6]
and is currently used in vaccination. Although pregnant cows, ewes, and goats infected with AKAV do not present any clinical
signs by experimental infection, in utero infections result in abortion, premature birth, stillbirth, and congenital deformities such as
arthrogryposis-hydranencephaly syndrome. AKAV has caused heavy economic losses in the Japanese livestock industry. However,
due to the widespread use of a live vaccine based on an attenuated OBE-1 strain, only sporadic cases have been reported [5].

Members of the genus Orthobunyavirus are enveloped, and their genomes consist of three segments of single-stranded
negative-sense RNA: L (large), M (medium), and S (small) [13]. Genetic studies have shown that the L RNA segment encodes an
RNA-dependent RNA polymerase, whereas the S RNA segment encodes a nucleoprotein (N) and a nonstructural protein (NSs).
The M RNA segment encodes two envelope glycoproteins (Gn and Gce) and a nonstructural protein (NSm). Ge is responsible for
viral neutralization and attachment to mammalian cells, whereas Gn may help attachment to insect cells [7]. The NSm protein is
involved in virion assembly [14].

Glycoprotein Ge, the AKAV-neutralizing antigen, has been reported to contain at least five antigenic regions, indicated by a
competitive binding method using neutralizing monoclonal antibodies (mAbs); however, the specific regions containing these
epitopes are unknown [1, 18]. This study aimed to identify the neutralizing domain using dot blot analysis with truncated
recombinant proteins expressed in Escherichia coli and neutralizing mAbs. Furthermore, we examined whether mice immunized
with the identified domain produced neutralizing antibodies.

For transcription, the purified recombinant proteins (100 pg/ml) were blotted onto a nitrocellulose membrane (pore size, 0.45
pm; GE Healthcare, Chicago, IL, USA) using the Mini-PROTEAN II Multiscreen Apparatus (Bio-Rad Laboratories, Hercules, CA,
USA), and a recombinant trigger factor (TF) protein as the negative control. The membrane was immersed in phosphate-buffered
saline (PBS) containing 5% skim milk for blocking. Subsequently, the membrane was rotated 90° and replaced on the blotting
apparatus described above. The supernatant from hybridoma cultures was used as the source of mAbs [1]. Each mAb reacted to a
different antigenic region of the AKAV Gc protein as follows: mAbs 1B3 and 4F9 reacted to antigenic region A; mAb 1D3 reacted
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to antigenic region B; mAb 3AS reacted to antigenic region C; mAbs 4A10, 4D4, 5G4, 5ES, and 2F1 reacted to antigenic region
D; and mAb 9G10 reacted to antigenic region E. All mAbs, except mAb 2F1, exhibited neutralizing activity. The membrane was
immersed in mAb (from hybridoma culture supernatant), diluted 10-fold with PBS containing 5% skim milk, allowed to stand for
1 hr, and then washed three times with PBS. Furthermore, the membrane was incubated with horseradish peroxidase-conjugated
goat antibody against mouse IgG (Invitrogen Corp., Carlsbad, CA, USA) diluted 1,000-fold with PBS containing 5% skim milk
at room temperature for 1 hr, followed by washing with PBS three times. Color was developed using 3,3'-diaminobenzidine
tetrahydrochloride (Fujifilm Wako Pure Chemical Corp., Osaka, Japan) as a substrate.

Eleven truncated recombinant AKAV Gc proteins were expressed using the E. coli expression system to identify the epitope for
viral neutralization (Fig. 1). The expression of histidine (His)- and TF-tagged fusion proteins was performed using the pCold-TF
system (Takara Bio Inc., Kusatsu, Japan). pPRF42/M containing the sequence of the M segment from the OBE-1 strain was used
as a template [8]. DNA fragments were polymerase chain reaction (PCR)-amplified using KOD FX polymerase (TOYOBO Co.,
Ltd., Osaka, Japan) and the primers listed in Supplementary Table 1. The PCR products were purified using the Wizard SV gel
and PCR clean-up system (Promega, Madison, WI, USA). The purified DNA fragments were digested with restriction enzymes
and cloned into a pCold-TF expression vector that had been predigested with the same enzymes (Supplementary Table 1). Gc|_yg9,
Gey9g 397, GCaog 555, and Ges g ggo Were cloned using the internal restriction enzyme sites (HindIIl) within the amplified fragments.
Two PCR fragments were fused using overlap extension PCR to express a fusion protein. The constructs were transformed into E.
coli IM109 cells (TOYOBO), and positive clones were confirmed by sequencing (BigDye Terminator v3.1 cycle sequencing kit
and ABI PRISM 3130XL, Thermo Fisher Scientific Inc., Waltham, MA, USA). Recombinant protein expression was performed
according to the manufacturer’s protocol for the pCold-TF system. His-tagged recombinant proteins were purified using Ni-NTA
agarose (Qiagen Inc., Valencia, CA, USA) according to the manufacturer’s protocol. The fractions containing recombinant protein
were pooled, dialyzed with PBS at 4°C, and subsequently used for dot blot analysis and immunization. The purified protein
concentration was determined using a Pierce BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA). Except for the
transmembrane region, the Ge protein was divided into three regions: the N-terminal, middle, and C-terminal regions. Dot blot
analysis of the three recombinant proteins and mAbs showed that mAbs reacted to those with the N-terminal region (Gc|_5q9)
and middle region (Gc g9 _555), but not the C-terminal region (Gcs9_gg9) (Fig. 2). mAb 1D3, which recognizes the antigenic
region B of AKAV Gec, reacted with the N-terminal region of AKAV Gc. mAbs 4A10, 4D4, 5G4, and 2F1 recognized antigenic
region D, whereas 9G10 recognized antigenic region E; all five mAbs reacted with the middle region of AKAV Gc. mAbs that
recognized antigenic regions A and C did not react with any of the recombinant proteins expressed by E. coli. Next, we divided
the N-terminal and middle regions into five regions (Gc¢;_g7, GC9y_194, GC1g9_318, GCr05 397, and GcC395_s555). MAb 1D3 reacted with
Gc|_g7 recombinant protein. mAbs 4A10, 4D4, 5G4, 2F1, and 9G10 did not react with the five truncated recombinant proteins.
These results suggested that Gc;_o; contains an active domain in the Ge,_,99 region; however, it was not possible to identify the
active domain in the Gcegg 555 region. We generated two recombinant proteins (Gcgg_397 and Ge,ygg_ss5) from the middle region.
mAbs 4A10, 4D4, 5G4, and 9G10 reacted with the Ge,gg_397 recombinant protein, whereas mAb 2F1 did not react with either
recombinant protein. Furthermore, we generated a fusion protein (Gcy g7, 159 397) consisting of two recombinant proteins (Gc; g7
and Gc g9 397). Five mAbs, 1D3, 4A10, 4D4, 5G4, and 9G10, reacted with the fusion protein.

The animal experiments in this study were approved by the Animal Ethics Committee of the National Institute of Animal
Health, Tsukuba, Ibaraki, Japan (12-097). Four groups of three 5-week-old female BALB/c mice (Japan SLC, Inc., Hamamatsu,
Japan) were immunized with each recombinant protein to examine the immunogenicity of the recombinant proteins. Each mouse
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Fig. 1. Schematic representation of recombinant proteins. Black and gray boxes indicate transmembrane regions and
cytoplasmic domain, respectively. Numbers indicate positions of amino acids in glycoprotein Ge. The reactivity to mAb
is shown on the right: + (positive), —(negative), NT (not tested). mAb: monoclonal antibodies
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was injected subcutaneously with 100 ul (100 pg) of each recombinant protein sample emulsified in Freund’s complete adjuvant
(Difco Laboratories Inc., Franklin Lakes, NJ, USA). Three mice were injected with recombinant TF protein containing the adjuvant
as a control. At two and four weeks, the mice were boosted at the same injection sites with the same dose of the same protein
sample emulsified in Freund’s incomplete adjuvant (Difco Laboratories Inc.). One week after final boosting, blood was collected
from each mouse, and the sera were assessed for an antibody response against TF protein using ELISA; anti-TF antibodies were
detected. ELISA plate wells (MaxiSorp Nunc-Immuno plate; Thermo Fisher Scientific, Roskilde, Denmark) were coated with

10 pg/ml recombinant TF protein. After incubation and washing with PBS containing 0.1% Tween 20, the wells were blocked
with 5% bovine serum albumin in PBS (pH 7.4; blocking buffer). The plates were washed, and 100 pl serum, diluted 1:100

with a dilution buffer (blocking buffer containing 0.1% Tween 20), was applied to each well. After incubation and washing, the
bound antibodies were detected using horseradish peroxidase-conjugated secondary immunoglobulin G antibody and visualized
with 3,3',5,5'- tramethylbenzidine substrate (SeraCare Life Sciences, Inc., Milford, MA, USA). The mice were immunized with
two recombinant proteins (Gc;_g; and Geygg 397) and one fusion protein (Ge;_g7. 189 397); the mice immunized with TF were the
negative control. Antibodies against TF were confirmed by ELISA, and neutralization tests against the AKAV OBE-1 strain [2]
were subsequently performed using sera from the immunized mice. Serial two-fold dilutions of murine serum were mixed with an
equal volume of maintenance medium containing 200 TCID5,/0.05 ml AKAV OBE-1 strain and incubated at 37°C for 1 hr. The
virus—serum mixtures were inoculated in 0.1 ml volumes of HmLu-1 cells in a 96-well plate [9], incubated at 37°C for five days,
and then examined for cytopathic effects (CPEs). All samples were tested in quadruplicate, and the antibody titer was expressed
as the reciprocal of the highest serum dilution showing complete CPE inhibition. Neutralization tests showed that the neutralizing
antibody titers of murine sera immunized with the recombinant proteins, including the N-terminal and middle regions, were
42.7-fold and 74.7-fold, respectively (Fig. 3). Sera from mice immunized with the fusion protein showed a 42.7-fold increase in
neutralizing activity. In contrast, the neutralizing antibody titer of the serum from mice immunized with the TF recombinant protein
(control) was four-fold.

Roman-Sosa ef al. [12] reported that the 234 amino acid residues of the N-terminal of Schmallenberg virus (SBV) Gc (Gc
amino) contained a neutralizing epitope in SBV, which, like AKAYV, belongs to the Simbu serogroup. Similarly, in AKAYV, the
neutralizing mAb 1D3 reacted with the recombinant protein of the N-terminal region (Gc|_y99). Further analysis suggested a
neutralizing epitope at positions 1-97. Although it has been reported that cross-immunity cannot be acquired between SBV and
AKAV [3, 17], the presence of a neutralizing epitope in the N-terminal region of AKAV and SBV suggests that it may be an
important site involved in viral neutralization common to the Simbu serogroup.

Furthermore, neutralizing mAbs recognizing different antigenic regions reacted with the recombinant protein in the middle
(189-555) region, suggesting the existence of a different neutralizing epitope. Different mAbs reacted with recombinant proteins in
the N-terminal (1-299) or middle (189-555) regions, suggesting that the region common to both recombinant proteins (189-299)
lacked an antigenic site. The regions Gegg_315, GCaog_397, and Gce3gy_s555 showed no reactivity with mAbs (Fig. 2). Thus, these
three fragments were restructured to obtain two fragments, Gcgg_397 and Geygg_s55, for further examination. It was observed that
the mAbs reacted with Geg9_397; although the common part of this region does not contain an epitope, it might be necessary for
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Fig. 2. Dot blot analysis. Recombinant proteins are dotted on a
nitrocellulose membrane. The membrane was reacted to mAbs.
Antigenic region of mAbs [1] are indicated above the clone number
of mAbs. mAb: monoclonal antibodies. TF: trigger factor.
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antigen recognition. These results suggested that there were at least two neutralizing epitopes in AKAV. As the mAb has been
reported to react with SBV Aamino [12], it is not specific to AKAV and may be common to the Simbu serogroup.

We produced recombinant proteins using the E. coli expression system; however, Roman-Sosa et al. utilized a mammalian
expression system [12]. Furthermore, mice vaccinated with SBV Gc¢ amino recombinant proteins expressed by E. coli developed
no detectable immune response and were not protected against viral challenge [17]. In this study, mAbs recognized the antigenic
regions A and C of AKAV Ge, but showed no reactivity with any recombinant proteins expressed by E. coli, and mAb SES,
one of the mAbs that recognized antigenic region D, did not show reactivity with them either (Fig. 2). However, the mAbs
might recognize posttranslational modifications and conformation because the two domains we identified contained N-linked
glycosylation sites (positions 23 and 220). However, dot blot analysis indicated that the two recombinant proteins, Gc¢;_g7 and
Gcgg 397, reacted with mAbs. Thus, our results suggested that immunization with recombinant proteins expressed by E. coli
induces neutralizing antibodies in a mouse model. To express the recombinant proteins, we utilized the pCold-TF system [11, 15].
In this system, E. coli expressed recombinant proteins fused to the TF chaperoning protein during culture at low temperatures.
Culturing at low temperatures and fusion with a TF may have affected the stability or folding of the recombinant proteins [4, 11].
As the recombinant protein became shorter, the reactivity between mAb 2F1 and the recombinant protein disappeared (Fig. 2),
suggesting that the epitope of mAb 2F1 was involved in the conformation of the Gc protein.

In this study, two recombinant proteins containing the N-terminal (1-97) and middle (189-397) regions of AKAV glycoprotein
Gc reacted with neutralizing mAbs, and neutralizing antibodies were induced in sera from mice immunized with these recombinant
proteins and their fused protein products. The results suggested that the glycoprotein Gec domains contain AKAV-neutralizing
epitopes. These recombinant proteins could have potential applications as vaccine antigens. Further research is needed to determine
whether the immunity of these recombinant proteins establishes protection against infection in ruminants, such as cattle.
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