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Abstract

and further research on viral pathogenesis.

Background Akabane virus (AKAV) is divided into five genogroups (I to V), and strains of different genogroups
exhibit marked differences in pathogenicity. We isolated a genogroup Il AKAV strain, TJ2016, in China in 2016, but its
virulence remains unknown. The pathogenic potential of other genogroup Il strains isolated in China also remains
uncharacterized. The objectives of this study were to determine the pathogenicity of TJ2016.

Methods Kunming or Balb/c mice at 7 days or 8 weeks of age were inoculated with TJ2016 by intracerebral (IC),
intraperitoneal (IP), subcutaneous (SC), or intramuscular (IM) routes. Clinical signs, pathological alterations, and AKAV
distributions in the inoculated mice were monitored and analyzed.

Results Virus inoculations by the IC route resulted in 75% ~ 100% mortality of the inoculated mice regardless

of the mouse strains or ages. Virus inoculations by the IP route killed 75% to 100% of the suckling mice but killed

no adult mice. All the mice inoculated via SC and IM routes survived until the end of the trial. AKAV was detected
only in the brains of the mice that died or were euthanized before the end of the experiment. The AKAV antigens
were only identifiable within neuronal cells. Brain lesions such as proliferation and infiltration of microglial cells,
perivascular cuffing (PVC) of lymphocytes and macrophages, neuronal degeneration/necrosis, vascular dilatation
and congestion, etc,, were observed only in the mice that died or were euthanized before the end of the experiment.

Conclusions We characterized the virulence of TJ2016 by inoculating suckling and adult mice via different routes
and established experimental mouse models, which holds significant implications for vaccine/drug development
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Introduction

Akabane virus (AKAV) is an arthropod-borne virus
belonging to the genus Orthobunyavirus, family Peribu-
nyaviridae, and order Bumyavirales [1]. The principal
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vectors are Culicoides spp. biting midges, particularly
Culicoides brevitarsis. As the causative agent of Aka-
bane disease, AKAV mainly causes abortions, prema-
ture births, stillbirths, and congenital deformities such
as arthrogryposis-hydranencephaly syndrome in rumi-
nants, including cattle, sheep, goats, etc.

AKAV isolates are divided into five genogroups (I to V),
and genogroup I is further subdivided into subgroups Ia
and Ib [2-4]. Variant AKAV strains with variant patho-
genic properties have been distributed throughout Asia,
Australia, the Middle East and Africa since the prototype
AKAV strain JaGAr39 was first isolated in Japan in 1959
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[5]. AKAV belonging to genogroups I, III, and V pri-
marily cause congenital abnormalities in the fetus, while
strains in genogroup I cause postnatal encephalomyelitis
with neurological disorders [6]. The genogroup Ia strain
Iriki, which was isolated in Japan in 1984, caused non-
suppurative encephalitis and neurological signs in calves
[7]. Since then, AKAV strains that caused encephalomy-
elitis in calves and adult cattle were reported in Japan
[8, 9] and South Korea [10, 11]. The pathogenicity of the
genogroup IV strains isolated in Africa was unknown
[12].

The pathogenicity of the AKAYV strains has been exten-
sively studied in animal models. AKAV-7, one of the fif-
teen strains isolated from the affected cows in a major
outbreak of encephalomyelitis in Korea in 2010, was clas-
sified into genogroup Ia within the Iriki strain. The neu-
ropathogenicity of AKAV-7 causing encephalomyelitis
was verified by experimental infection in six-month-old
female cows [13] and adult goats [14] through various
inoculation routes. Pathogenicity of strains Iriki [7] and
OBE-1 [15], as representative strains from genogroups I
and II, respectively, were frequently analyzed and com-
pared in mouse models [16—18]. In general, Iriki is more
virulent than OBE-1 in mice, as it is in cattle.

In 2016, an AKAYV strain defined as TJ2016 was first
isolated from bovine sera in China [19]. The cattle in the
herd showed no symptoms at that time and were likely
just virus carriers. However, the T]J2016 strain was closely
related to the AKAYV strain JaGAr39, which was classified
into genogroup II and was found to be fatally virulent to
suckling and adult mice [5]. The goal of this work was to
determine the pathogenicity of the TJ2016 strain to give
insight into the virulence of genogroup II AKAV strains
isolated in China.

Materials and methods

Cells, antibodies, and virus

BHK-21 cells were stored in our laboratory (the Institute
of Animal Inspection and Quarantine, Chinese Academy
of Quality and Inspection & Testing) and maintained at
37°C in 5% CO, in Dulbecco’s minimal essential medium
(DMEM; Gibco) containing 10% heat-inactivated fetal
bovine serum (FBS; Gibco).

The mouse monoclonal antibody (mAb) 2D3 specific
to AKAV N protein and the rabbit polyclonal antibody
(pAb) specific to AKAV were both prepared in our lab-
oratory previously [20]. FITC-labeled goat anti-mouse
IgG and HRP-conjugated goat anti-mouse IgG were pur-
chased from SolarbioLife Sciences (Beijing, China).

The TJ2016 strain of AKAV (GenBank accession
no. MT761689, MT761688, and MT755621) was iso-
lated and stored by our lab [19]. T]J2016-F6 was derived
from TJ2016 by serial passaging in BHK-21 cells for six
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rounds. The virus titers were determined by a microtitra-
tion infectivity assay in BHK-21 cells after removal of cell
debris by centrifugation and recorded as 50% tissue cul-
ture infective doses (TCIDg,) per milliliter.

Animals

Eight-week-old female Balb/c mice and Kunming mice,
as well as 7-day-old Balb/c mice and Kunming mice, were
purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. All the mice used in this experiment
were specific pathogen-free (SPF).

Animal trials

To analyze the pathogenicity of TJ2016 in suckling Kun-
ming mice, 7-day-old Kunming mice were inoculated
with 10* TCIDs, to 10° TCID, of TJ2016 or an equal vol-
ume of DMEM containing 2% FBS by intracerebral (IC),
intraperitoneal (IP), subcutaneous (SC), or intramuscu-
lar (IM) routes, respectively. Details of the experiments
are summarized in Table 1. Clinical signs, body weight,
and survival of each mouse were monitored for 7 days,
and the surviving mice were euthanized at the end of the
experiment. A clinical sign scoring system was estab-
lished in this study (Table 2), and a score of clinical signs
was given to each mouse. Six organs, including the brain,
heart, liver, spleen, lung, and kidney, were collected from
each mouse for further analysis.

The pathogenicity of TJ2016 was also evaluated using
the same processes in 8-week-old female Kunming mice,
7-day-old Balb/c mice, and 8-week-old female Balb/c
mice. In this part of the animal trail, the mice were chal-
lenged via IC and IP routes, and only brain tissue sam-
ples were collected from each mouse. Four mice were
used in each AKAV-inoculated group, and two mice were
used in each negative group. The challenge dose for adult

Table 1 Inoculation of the 7-day-old Kunming mice by different

routes

Inoculation ~ Groupname  Inoculum  Numberof TCIDs,

route mice per

mouse

IC KM-7d-IC AKAV 6 10*
DMEM-IC 2% DMEM 3 /

P KM-7d-IP AKAV 6 10°
DMEM-IP 2% DMEM 3 /

SC KM-7d-SC AKAV 6 10°
DMEM-SC 2% DMEM 3 /

IM KM-7d-IM AKAV 6 10°
DMEM-IM 2% DMEM 3 /

IC intracerebral, IP intraperitoneal, SC subcutaneous, IM intramuscular, KM
Kunming mice, 7d 7-day-old, 2% DMEM DMEM with 2% FBS and penicillin (50 U/
mL)-streptomycin (50 mg/mL)
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Table 2 Clinical sign scoring system used for the mice
inoculated with AKAV

Symptom type Standard for evaluation Score

GCS Appetite Normal
Inappetence
Mental state Normal

Lethargy/ disorientation/ coma
Normal

Ruffled

Normal

Coat condition

NSS Nervous signs
Tremors
Ataxia

Paddling movements

A wWwN 2 O = O = O — O

Paralysis

GCS gross clinical score, NSS nervous signs score, total score GCS + NSS
If the mouse died, total score=10; 0 <total score <10

Table 3 Mortality of Kunming and Balb/c mice inoculated by

TJ2016

Group TCID;, per mouse
(Mouse-age-route) 10° 10° 10°
KM-7d-SC N/A 0/6 N/A
KM-7d-IM N/A 0/6 N/A
KM-7d-IP N/A 6/6 N/A
KM-7d-IC 6/6 N/A N/A
KM-8w-IP N/A N/A 0/4
KM-8w-IC N/A N/A 3/4
Balb/c-7d-IP-1 N/A 0/4 N/A
Balb/c-7d-IP-2 N/A N/A 3/4
Balb/c-7d-IC 4/4 N/A N/A
Balb/c-8w-IP N/A N/A 0/4
Balb/c-8w-IC N/A N/A 4/4

IC intracerebral, IP intraperitoneal, SC subcutaneous, IM intramuscular, KM
Kunming mice, 7d 7-day-old, 8w 8-week-old, N/A not applicable

mice was set directly at the maximum level (10° TCID,,
per mouse), while the dose for 7-day-old Balb/c mice
was determined based on that used for 7-day-old Kun-
ming mice. Since the 10° TCIDy, per mouse dose did not
cause mortality in Balb/c suckling mice via IP inocula-
tion, an additional challenge group with 10° TCID,, per
mouse was included. Detailed information was summa-
rized in Table 3. Mice with severe paralysis were consid-
ered and recorded as dead and were euthanized.

RNA extraction and RT-PCR amplification

RNA of the collected tissue samples was extracted
using the RNA Easy Fast Tissue/Cell Kit (TianGen Bio-
tech, Beijing, China) according to the manufacturer’s
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instructions. To determine the presence of AKAV RNA
in different organs, we performed RT-PCR assays target-
ing the AKAV N gene using previously published primers
(N-F2: cgatgttccacaacggaatg; N-R2: aagctctagctgcaggt-
gag) [21]. The extracted RNA was amplified by using the
HiScript II One Step RT-PCR Kit (Vazyme, Nanjing,
China) in the following process: 50°C for 30 min; 94°C for
3 min; 35 cycles of denaturation at 94°C for 30 s, anneal-
ing at 55°C for 30 s, and extension at 72°C for 1 min/kb;
72°C for 5 min and hold at 4°C. The RNA extracted from
the AKAV-infected BHK-21 cells and ddH,O served as
the positive control and negative control, respectively. All
the PCR products were examined by gel electrophoresis.

Virus titration and immunofluorescence assay (IFA)

The brain tissues were suspended in DMEM to a con-
centration of 10% and ground thoroughly. Resulting
homogenates were centrifuged at 12,000 rpm for 15 min
at 4°C. The supernatant was collected for determina-
tion of viral titers by a microtitration infectivity assay in
BHK-21 cells. Briefly, confluent monolayers of BHK-21
cells cultured in 96-well plates were incubated with ten-
fold serially diluted supernatant of the brain homogen-
ate. After absorption for 2 h at 37 °C with 5% CO,, the
supernatant was removed and changed with DMEM
supplemented with 2% FBS and 200 U/mL of penicillin—
streptomycin. The plates were incubated for an additional
48 h at 37 °C with 5% CO,. After 48 h of incubation, the
supernatant was removed and the cells were fixed with
pre-cooled absolute ethyl alcohol for 30 min. MAb 2D3
was used as the primary antibody, and the FITC-labeled
goat anti-mouse IgG was used as the secondary anti-
body. Fluorescence images were observed and obtained
by the Invitrogen EVOS FL cell fluorescence imaging
system (Thermo Fisher Scientific, Waltham, USA). Viral
titers were determined and recorded as TCIDj, per gram
according to the Reed-Muench method [22].

Histopathology examination

Half of the collected brain from each mouse was fixed
in 4% paraformaldehyde for 48 h and then sent to Bioss
(Beijing, China) to be embedded in paraffin wax and
sectioned for hematoxylin and eosin (HE) staining and
immunohistochemistry (IHC) examination. For the IHC
assay, the rabbit pAb (1:1000 dilutions) specific to AKAV
was used as the primary antibody, and the goat anti-rab-
bit IgG H&L (HRP polymer) (Bioss, Beijing, China) was
used as the secondary antibody.

Brain sections stained with HE were evaluated, and
scores from O to 4, which accounted for the distribution
and severity of the microscopic lesions, were recorded.
The indications for the scores were as follows: 0=no
microscopic lesions, 1=mild microscopic lesions,
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2=moderate multifocal microscopic lesions, 3=mod-
erate diffuse microscopic lesions, and 4 =severe micro-
scopic lesions. The detection of the AKAV antigen was
executed through a ranked score of 0 to 4, which was
used to evaluate the number of positive cells per section.
The indications for the scores were as follows: 0=no pos-
itive cells, 1=1-10 positive cells/section, 2=11-30 posi-
tive cells/section, 3=31-100 positive cells/section, and
4= >100 positive cells/section.

Phylogenetic analyses

The open reading frame (ORF) sequences of the S and
M segments of the reference AKAV strains were down-
loaded from GenBank. Detailed information on these
strains was shown in Table 4. The sequences were aligned
using the ClustalW algorithm in MEGA 7.0. A phyloge-
netic tree was then constructed based on the maximum
likelihood method. To assess the robustness of the tree
topology, we performed 100 bootstrap replicates, with
the bootstrap values calculated from the resulting con-
sensus tree.

Statistical analysis

The data were analyzed using GraphPad Prism version
8.0 software (GraphPad Software, USA). Differences
between groups were analyzed by using two-way analysis
of variance (ANOVA) with Geisser-Greenhouse correc-
tion. A two-tailed unpaired t-test with Welch’s correc-
tion was used to estimate the significance of the virus
titers. Error bars represent the standard deviations (SD),
as indicated in the figure legends. Differences were con-
sidered statistically significant at a P value of<0.05 and

Table 4 Information of AKAV reference strains

AKAV Year Country Genogroup Accession No
Strain

SCDS M CDS
Iriki 1984 Japan I AB289321.1  AB297820.1
OBE-1 1974 Japan Il AB000851.1  AB100604.1
Okay- 2001 Japan | AB289319.1  AB289322.1
ama2001
Okay- 2004 Japan Il AB289320.1  AB289323.1
ama2004
AKAV-7/ 2010 Korea | JQ308771.1  JQ308775.1
SKR/2010
CX-01 2019 China | MW194117.1  MW194115.1
JaGAr39 1959 Japan Il AB000852.1  AB297818.1
JaLAB39 1959 Australia |l KR260714.1 KR260715.1
CQ/AKAV- 2023 China Il OR791102.1  OR791103.1
1/2023
TJ2016 2016 China I MT755621.1  MT761688.1

CDS coding sequence
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extremely significant at a P value of<0.01 or<0.001
or <0.0001.

Results

The TJ2016 strain exhibits lethal virulence in Kunming
suckling mice through both IC and IP routes of inoculation
To study the pathogenicity of AKAV strain T]J2016, we
inoculated the 7-day-old Kunming mice by IC, IP, SC,
and IM routes (Table 1). The inoculated mice in the KM-
7d-IM group, KM-7d-SC group, and the control groups
all survived during the 7-day observation period and
presented no clinical symptoms. The six mice inoculated
by the IC route all died at 3 days post inoculation (dpi).
In the KM-7d-IP group, one mouse died at 3 dpi, four
mice died at 4 dpi, and one mouse died at 6 dpi (Fig. 1A).
Neurological symptoms such as tremors, ataxia, pad-
dling movements, or paralysis were observed in the mice
inoculated via IC and IP routes before death (Fig. 1B).
The average daily weight gain (ADWG) of mice in each
group was calculated. As Fig. 1C showed, weight loss was
observed in mice of both the KM-7d-IC group and the
KM-7d-IP group, which is consistent with the mortality.
The ADWG of the mice inoculated by IC route at 1~3
dpi and the ADWG@G of the mice inoculated by IP route at
3 ~4 dpi were significantly reduced compared to those of
the control groups (Fig. 1C).

Distribution of AKAV in the inoculated mice

To determine the viral tissue tropism of AKAV in the
inoculated mice, the AKAV N gene in organs including
the brain, heart, liver, spleen, lung, and kidney of each
mouse was detected by the RT-PCR method. As a result,
positive bands with 649 bp were only observed in the
brains of the mice from the KM-7d-IC and KM-7d-IP
groups (Fig. 2). The genome of AKAV was not detected in
any organs of the mice in the KM-7d-SC and KM-7d-IM
groups, which indicated that the AKAV strain TJ2016
failed to infect the 7-day-old Kunming mice by SC or IM
routes.

Brain lesions and IHC examinations

Gross tissue lesion examinations were carried out imme-
diately after the mice died or at the end of the experi-
ment. The brains of the mice that died or were euthanized
before the end of the experiment in the KM-7d-IC group
exhibited severe edema, hemorrhage, and liquefaction
(Fig. 3A). Mild brain lesions, such as localized hemor-
rhage and brain tissue softening, were observed in the
mice that died or were euthanized before the end of the
experiment in the KM-7d-IP group (Fig. 3A). All the
brains of the mice in the other two inoculated groups
(data not shown) and the control groups display no gross
lesions (Fig. 3A).
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Fig. 1 Survival curve of the 7-day-old Kunming mice inoculated with TJ2016 by different routes. A Survival curves of the mice in different
groups. B Average clinical scores of the mice in different groups. C ADWG of the mice in different groups. The data are shown as means+SD
(error bars). Statistical differences are labeled according to two-way analysis of variance with Geisser-Greenhouse correction. Asterisks (¥) indicate
a significant difference between the KM-7d-IC and DMEM-IC groups (¥, P<0.05; ***, P<0.001; ****, P<0.0001). Pounds (#) indicate a significant
difference between the KM-7d-IP and DMEM-IP groups (###, P<0.001; ####, P<0.0001). IC, intracerebral; IP, intraperitoneal; SC, subcutaneous; IM,

intramuscular; KM, Kunming mice; 7d, 7-day-old; DPI, days post inoculation

According to the PCR result, the AKAV antigen distri-
bution in the AKAV-positive brains was further exam-
ined by IHC analysis, and the microscopic brain lesions
were further observed after HE staining. Brains of mice
in the control group were used as the negative control.
Immunohistochemical staining showed that viral anti-
gens were present in the neurons throughout the brains
of the mice that died or were euthanized before the end
of the experiment, and the scores of the antigens in both
groups were equal (Fig. 3B, Table 5). The brains of the
mice inoculated by the IC route exhibited severe histo-
pathological changes characterized by perivascular cuff-
ing (PVC) of lymphocytes and macrophages, neuronal
degeneration and necrosis, glial nodules (GN) consisting
of microglial cells (gliosis), and tissue liquefaction with
loose structure. Meanwhile, PVC of lymphocytes and
macrophages and GN consisting of microglial cells were
also observed in the brains of the mice inoculated by the
IP route. Overall severity of the microscopic brain lesions
in the KM-7d-IC group was greater than that in the KM-
7d-IP group (Fig. 3C, Table 5).

Virus load in the infected mice

In order to detect infectious AKAV virions in the brain
tissue and quantify the viral load, the tissue was homog-
enized, followed by IFA and microtitration infectivity
assay on the homogenate. The results showed that AKAV
virus particles with infectious activity could be detected
in both the IC and the IP groups (Fig. 4A). The average
virus titers in brains of the IC group (1082 TCID,/g)
were higher than those of the IP group (10%° TCID,/g)
with no significant difference (Fig. 4B).

The effects of mouse strain and age on the pathogenicity
of TJ2016
To investigate the effects of mouse strain and age on
the pathogenicity of the TJ2016 strain, we inoculated
8-week-old Kunming mice, 7-day-old Balb/c mice, and
8-week-old Balb/c mice with the TJ2016 strain by IC and
IP routes (Table 3).

All the 7-day-old Balb/c mice inoculated by the IC
route died before the end of the experiment (Table 3,
Fig. 5A). While for the 7-day-old Balb/c mice inoculated
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by IP route, all the mice survived when the inocula-
tion dose was 10°> TCIDy, per mouse, and 75% (3/4) of
the mice died when the inoculation dose was raised to
10° TCID,, per mouse (Table 3, Fig. 5A). Through the
whole duration of the experiment, all the 8-week-old
mice inoculated by the IP route survived regardless of the
mouse strain (Kunming or Balb/c) (Table 3, Fig. 5B and
C). While for the 8-week-old mice inoculated by the IC
route, a 75% (3/4) mortality rate was found in the Kun-
ming mice and a 100% (4/4) mortality rate was found
in the Balb/c mice (Table 3, Fig. 5B and C). Neurologi-
cal symptoms such as tremors, ataxia, paddling move-
ments, or paralysis were observed in all the mice that
died or were euthanized before the end of the experi-
ment (Fig. 5D, E, and F). Obvious negative ADWG was
observed in groups Balb/c-7d-IC (3~4 dpi), Balb/c-
8w-IC (0~5 dpi), and KM-8w-IC (0~3 dpi). While the
ADWG of the other groups showed no significant differ-
ence with that of the control groups (Fig. 5G, H, and I).
The brains of each mouse from all the groups were col-
lected for AKAV detection. RT-PCR results showed an
interesting pattern—all the mice that died or were eutha-
nized before the end of the experiment in each group had
the AKAV genome in their brains (Fig. 6A), whereas all
the mice surviving until the end of the experiment were
negative (Fig. 6B). The viral loads of these AKAV-positive

Fig. 2 RT-PCR detection of the AKAV N gene in organs collected from the inoculated mice. RT-PCR testing was performed on all collected

tissues from each inoculated mouse, but only the results from one mouse of each group are shown as representative. The RNA extracted

from the AKAV-infected BHK-21 cells was used as the positive control, and the ddH,O was used as the negative control. IC, intracerebral; IP,
intraperitoneal; SC, subcutaneous; IM, intramuscular; C, control. For example, IC-heart indicates the heart tissue from the mouse inoculated by the IC
route, and C-brain indicates the brain tissue from the mouse in the control group

brains were determined, and the average titers ranged
from 10>* TCID,y/g to 10’ TCIDs,/g. In general, suck-
ling mice exhibited higher viral loads in brain tissues than
adult mice. Significant or extremely significant differ-
ences were observed in each of the two groups (Fig. 6C).
Consistent with the PCR results, the brain tissues of
the mice that died or were euthanized before the end
of the experiment in groups KM-8w-IC, Balb/c-8w-IC,
Balb/c-7d-IC, and Balb/c-7d-IP-2 showed high levels of
AKAYV antigens (Fig. 7A, B, and C, Table 5) and notable
pathological changes (Fig. 7D, E, and F). It is noteworthy
that there were certain differences in brain tissue lesions
among these mice. The main histopathological feature of
the brain tissues in group KM-8w-IC was proliferation
and infiltration of microglial cells. Occasional vascular
dilatation and congestion and neuronal degeneration/
necrosis were also found in this group (Fig. 7D). The
histopathological changes in group Balb/c-8w-IC were
characterized by multifocal vascular dilation and con-
gestion, localized brain tissue liquefaction, and partial
neuronal necrosis (Fig. 7E). The most severe brain lesion
was observed in mice from groups Balb/c-7d-IC and
Balb/c-7d-1P-2, which exhibited complete disappearance
of brain structure, hemorrhage, and multifocal infiltra-
tion of microglial cells (Fig. 7F). Microscopic brain lesion
scores of the mice in different groups were summarized
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Fig. 3 Brain lesions and IHC examinations of the 7-day-old Kunming mice inoculated with TJ2016. A Gross brain lesions. B IHC examinations

for AKAV antigen. The neuron stained intensely dark brown, representing AKAV antigen-positive cells. Hollow triangles indicate positive signals. C
Microscopic brain lesions stained with HE. Solid arrows indicate PVC of lymphocytes and macrophages. Hollow arrows indicate tissue liquefaction
with loose structure. Solid triangles indicate GN consisting of microglial cells. Hollow triangles indicate neuronal degeneration or necrosis. KM,
Kunming mice; 7d, 7-day-old; IC, intracerebral; IP, intraperitoneal
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Table 5 The histopathology results of the inoculated mice in different groups

Group IHC score Microscopic brain lesion score
(Mouse-age-route)
Dead mice Survived mice Dead mice Survived mice

KM-7d-IP 4 N/A 3 N/A
KM-7d-IC 4 N/A 4 N/A
KM-8w-IP N/A 0 N/A 0
KM-8w-IC 4 N/A 23 N/A
Balb/c-7d-IP-2 4 N/A 4 N/A
Balb/c-7d-IC 4 N/A 4 N/A
Balb/c-8w-IP N/A 0 N/A 0
Balb/c-8w-IC 4 N/A 33 N/A

IHC scores: 0=negative; 1=1-10 positive cells/section; 2=11-30 positive cells/section; 3=31-100 positive cells/section; 4= > 100 positive cells/section

Microscopic brain lesion scores: 0=no microscopic lesions; 1 =mild microscopic lesions; 2=moderate multifocal microscopic lesions; 3=moderate diffuse
microscopic lesions; 4 =severe microscopic lesions. The IHC scores and the microscopic brain lesion scores are both averaged from three tissue sections

IHC immunohistochemistry, Dead mice the mice that died or were euthanized before the end of the experiment; Survived mice, the mice that survived until the end
of the experiment, IC intracerebral, IP intraperitoneal, KM Kunming mice, 7d 7-day-old, 8w 8-week-old, N/A not applicable (no mice were present/analyzed in these

groups)
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Fig. 4 Determination of the infectious AKAV in brains of the 7-day-old Kunming mice inoculated with TJ2016. Virus titers in brain tissue
homogenates from the KM-7d-IC and KM-7d-IP groups were determined by microtitration infectivity assay and IFA assay in BHK-21 cells. A IFA
detection of the AKAV N protein. The fluorescence images were obtained from the wells inoculated by the 10%fold diluted homogenates. B Virus
titers in brains of each group. The data are shown as means+SD (error bars) from three independent experiments. KM, Kunming mice; 7d, 7-day-old;

IC, intracerebral; IP, intraperitoneal

in Table 5. Generally, the mice in the Balb/c-7d-IC and
Balb/c-7d-IP-2 groups showed higher scores than those
in the Balb/c-8w-IC group, which in turn showed higher
scores than those in the KM-8w-IC group (Table 5).
The mice surviving until the end of the experiment in
the other groups showed neither detectable antigens

(Fig. 7A, B, and C) nor any histopathological changes
(Fig. 7D, E, and F).

Phylogenetic analysis
The phylogenetic trees were constructed to clarify the
genetic relationships between TJ2016 and the other
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Fig. 5 Survival curve of the inoculated mice of different mouse strains and ages. A, B, and C Survival curves of the mice in different groups. D, E,
and F) Average clinical scores of the mice in different groups. G, H, and 1) ADWG of the mice in different groups. The data are shown as means+SD
(error bars). Asterisks (*) indicate a significant difference between the Balb/c-7d-IC and Balb/c-7d-DMEM groups, or between the Balb/c-8w-IC

and Balb/c-8w-DMEM groups, or between the KM-8w-IC and KM-8w-DMEM groups (**, P<0.01; ***, P<0.001; ****, P<0.0001). Pounds (#) indicate
a significant difference between the Balb/c-7d-IP-2 and Balb/c-7d-DMEM groups (###, P<0.001). IC, intracerebral; IP, intraperitoneal; KM, Kunming
mice; 7d, 7-day-old; 8w, 8-week-old; DPI, days post inoculation
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Fig. 6 Detection of AKAV in brains of the inoculated mice of different mouse strains and ages. RT-PCR testing was performed on all tissues

from the mice that died or were euthanized before the end of the experiment (A) and the mice surviving until the end of the experiment (B). Virus
titers in brains of the mice that died or were euthanized before the end of the experiment were measured (C). The data are shown as means+SD
(error bars) from three independent experiments. Statistical differences are labeled according to a two-tailed untailed t-test with Welch's correction.
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Fig. 7 Microscopic brain lesions and IHC examinations of the inoculated mice of different strains and ages. A, B, and C IHC examinations

for AKAV antigen. The neuron stained intensely dark brown, representing AKAV antigen-positive cells. Hollow triangles indicate positive signals.

D, E, and F Microscopic brain lesions stained with HE. Solid arrows indicate vascular dilatation, congestion, hemorrhage, or PVC of lymphocytes
and macrophages. Hollow arrows indicate brain tissue liquefaction with loose structure or disappearance of brain structure. Solid triangles indicate
proliferation and infiltration of microglial cells. Hollow triangles indicate neuronal degeneration or necrosis. IC, intracerebral; IP, intraperitoneal; KM,

Kunming mice; 7d, 7-day-old; 8w, 8-week-old

reference AKAK strains. The reference strains CQ/
AKAV-1/2023, JaGAr39, and JaLAB39 show high simi-
larity to TJ2016 in genetics. The other reference strains
were selected for the reason that their pathogenicity has

been studied in animal models. According to the phy-
logenetic trees, whether based on the coding sequence
(CDS) of S segment N protein (Fig. 8A) or M segment
(Fig. 8B), all the selected reference strains are segregated
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Fig. 8 Molecular phylogenetic analysis by maximum likelihood method. Phylogenetic trees of AKAV based on the coding sequence (CDS) of the S
segment of N protein (A) and M (B) segments. Branch lengths are proportional to the number of nucleotide substitutions per site. Bootstrap values
were determined from 1000 bootstrap iterations, and only the values higher than 0.7 were shown. The TJ2016 strain used in this study was indicated

by red triangles

into genogroup I and genogroup II, and TJ2016 is classi-
fied within genogroup II. The phylogenetic analysis of the
N protein (Fig. 8A) showed that the TJ2016 is clustering
closely with strains JaGAr39 (isolated in Japan, 1959) and
JaLAB39 (isolated in Australia, 1959). While TJ2016 is
most closely related to strains JaLAB39 and CQ/AKAV-
1/2023 (isolated in China, 2023) when the M segment
was phylogenetically analyzed (Fig. 8B).

Discussion

Most of the AKAV strains isolated in China belong
to genogroup la [3, 23], and one of the representative
strains, CX-01, has been studied for pathogenicity using
a mouse model [24]. Following the isolation of TJ2016
in China in 2016, CQ/AKAV-1/2023 was isolated in
China in 2023. Both strains cluster within genogroup II
and exhibit high genetic identity to the classical strain
JaGAr39 (Table 4, Fig. 8), confirming the presence of
genogroup II AKAV in China’s livestock. In this present
study, we investigated the pathogenicity of the Chinese
genogroup II strain TJ2016 by studying clinical and his-
topathological responses in mice (with different mouse
strains and ages) following the inoculation of this isolate
by different routes.

In the 7-day-old Kunming mice infection model, IC
and IP inoculations resulted in a 100% (6/6, 6/6) mor-
tality rate, while IM and SC inoculations caused no
death (Fig. 1A). IP and IC were also the most commonly
used routes in previous studies regarding AKAV infec-
tion [16-18, 24, 25]. Therefore, we next inoculated the

8-week-old Kunming mice, 7-day-old Balb/c mice, and
8-week-old Balb/c mice by IC and IP routes. According
to the mortality summarized in Table 3, we found that
TJ2016 exhibited higher lethality in suckling mice com-
pared to adult mice regardless of the inoculation routes
and mouse strains, higher lethality by IC inoculation than
IP inoculation regardless of the mouse strains, and higher
lethality in suckling Kunming mice compared to suck-
ling Balb/c mice by IP inoculation route. As expected,
a higher challenge dose can also increase the mortality.
Taken together, the fatal virulence of TJ2016 was affected
by the inoculation route, challenge dose, mouse strain,
and age. It should be noted that all of the 8-week-old mice
inoculated via the IP route survived to the trial termina-
tion irrespective of mouse strains. The fatal virulence of
TJ2016 diminishes with age, which might be associated
with the progressive maturation of the blood—brain bar-
rier (BBB) during murine adulthood [17, 26].

The tissue tropism of TJ2016 in the infected suckling
Kunming mice was analyzed. RT-PCR results revealed
that TJ2016 selectively infected brain tissue, with no
detectable infection in the heart, liver, spleen, lungs, or
kidneys. The other AKAV strains (such as Iriki, OBE-
1, and AKAV-7/SKR/2010) were reported to be able to
infect the other tissues, including the spinal cord, spleen,
thymus, lymph nodes, heart, liver, lungs, kidneys, and
small intestine of the inoculated mice in the other stud-
ies [17, 18, 25]. Besides, we found that the virus was only
detected in the brains of the mice that died or were euth-
anized before the end of the experiment, whereas it was
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not observed in the mice surviving until the end of the
experiment, suggesting a correlation between virus rep-
lication efficiency in the brain and the fatal virulence in
mice, which is consistent with a previous study [27]. The
IHC assay showed that TJ2016 demonstrated selective
tropism for neurons within cerebral tissues, aligning with
established findings in prior research [13, 17, 24, 25, 27].

As the first described genogroup II AKAV strain,
JaGAr39 was found to be fatally virulent to the DD strain
of albino mice by the IC route, which can kill the inoc-
ulated suckling (2 ~4 days old) and adult mice (4 weeks
old) following the minimum incubation period of 2 and
3 days [5]. OBE-1 is a classic representative strain of
genogroup II AKAV. Ogawa et al. reported that all of the
suckling Balb/c mice inoculated with OBE-1 by IP route
survived during the 21-day observation period [16]. Simi-
larly, Takenaka-Uema et al. also reported that OBE-1
caused no mortality and no remarkable clinical signs in
the suckling BALB/cCrSlc mice when challenged by the
IP route [18]. Murata et al. inoculated the BALB/cAJcl
mice from 3 days to 8 weeks of age by IP or IC routes
with OBE-1 and found that only the 3-day-old mice inoc-
ulated by the IC route showed mild brain lesions, indi-
cating that both neuroinvasiveness and neurovirulence
of the OBE-1 strain diminish with age [17]. While the
Iriki strain, a classic representative strain of genogroup I
AKAV, can kill both the suckling and adult Balb/c mice
and can cause severe brain lesions in the infected mice
[16-18]. The OBE-1 strain results mainly in abortions
and congenital abnormalities by infection of fetuses but
does not cause any apparent lesions in postnatal animals
[28]. While the Iriki strain is more virulent and causes
non-suppurative encephalomyelitis in newborn cattle [7].
These findings collectively demonstrate a positive corre-
lation between the pathogenic potential of AKAV strains
in bovine and murine hosts. It can be inferred that the
TJ2016 strain, which demonstrated lethal virulence and
caused severe brain lesions in mice in this study, may
similarly possess high virulence in cattle, with the poten-
tial to induce abortions and congenital abnormalities in
fetuses and non-suppurative encephalomyelitis in new-
born cattle, suggesting its potential threat to China’s live-
stock industry.

Suckling Balb/c mice have been widely utilized in neu-
rovirulence studies of AKAV [17, 18, 29]. While it is chal-
lenging to collect blood samples from suckling mice for
viremia studies, and the short lifespan of suckling mice
is insufficient for observing immune responses, limit-
ing its application in vaccine studies. Type I interferon
receptor knockout (IFNAR1 KO) mice were susceptible
to viral infection and have been used to study infection,
disease, pathogenesis, and vaccine testing against multi-
ple arbovirus families such as Bunyaviridae, Togaviridae,
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Flaviviridae, Rhabdoviridae, Orthomyxoviridae, and Reo-
viridae [30]. Since Schmallenberg virus (SBV), a Simbu
serogroup virus with pathological findings similar to
those of AKAYV infection in ruminants [31], was found to
have fatal virulence to adult IFNAR1 KO mice but not to
adult C57BL/6 mice [32], IFNAR1 KO mice were used as
an animal model of SBV vaccine studies [33, 34]. A recent
study reported that IFNAR1 KO mice were also a good
choice for assessing AKAV pathogenicity and vaccine
efficacy [35]. However, employing IFNAR1 KO mice is
often prohibitively expensive and limited by funding con-
straints. In this study, both BALB/c and Kunming mice
are commonly used and cost-effective strains, with cer-
tain differences in body size. We found that infection of
the TJ2016 strain by the IC route could induce the brain
lesions and death of both adult BALB/c and adult Kun-
ming mice. After optimizing the challenge dose, this
model could serve as a viable alternative to IFNAR1 KO
mice for AKAV vaccine research. The study’s limitations
were that the collection and analysis of samples were
not comprehensive enough, such as the spinal cord, thy-
mus, blood, and lymph nodes were not collected due to
the extensive workload involved in this study. Addition-
ally, this study only preliminarily explored the lethal dose
of TJ2016 in mice but did not accurately determine the
LD50, as it would require sacrificing too many animals,
which would contradict animal welfare principles.

Conclusion

This study describes the pathogenicity of TJ2016, a Chi-
nese genogroup II AKAV strain, in mice of different
mouse strains and different ages infected via various
challenge routes. In conclusion, TJ2016 exhibited lethal
virulence in both adult and suckling Kunming mice and
Balb/c mice when inoculated via the IC route. However,
IP inoculation of TJ2016 caused lethal infection in suck-
ling mice of both Kunming and Balb/c strains but failed to
induce mortality in adult mice of either strain. Detection
results revealed that AKAV exclusively infected the brain
tissue of the mice that died or were euthanized before the
end of the experiment, primarily targeting neuronal cells.
The infected brain tissues exhibited pathological changes
including perivascular cuffing, microglial infiltration,
neuronal degeneration/necrosis, vascular dilatation and
congestion, etc.

The experimental mouse models and the lethal dose
preliminarily explored in this study hold significant
implications for vaccine/drug development and research
on viral pathogenesis. For example, challenge-protection
assays can be utilized to evaluate the efficacy of drug/vac-
cine candidates against AKAV infection, such as assess-
ing their ability to reduce or eliminate mortality.
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