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Rabbit hemorrhagic disease (RHD) is a lethal disease in rabbits caused by RHD virus (RHDV). Protection is
only possible through vaccination. A new virus variant (RHDV2) which emerged in 2010 in France dif-
fered from the classical RHDV1 variant in certain aspects and vaccines against RHDV1 induced limited
cross protection only. In a previous study, we designed a recombinant baculovirus based RHDV2-VP1 vac-
cine, which provided a protective immunity in rabbits against RHDV2. In the present study this newly
created vaccine is characterized with regard to onset and duration of protection, and possible cross pro-

Il:g[‘;(; rds: tection against classical RHDV1. Furthermore, humoral and cellular immune mechanisms in vaccinated
Recombinant vaccine and 1‘nfecte~d rabbits were analyzec.l. In all experiments, the recombinant vaccine was compared to a con-
Protection ventional liver-based RHDV2 vaccine.

The RHDV2-VP1 vaccine induced a protective immune response already seven days after single vacci-
nation and fully protected for at least 14 months. A booster vaccination 21 days after the first had a neg-
ative influence on long-term protection. The cross protection provided by the RHDV2-VP1 vaccine against
classical RHDV1 was limited since only 50% of vaccinated rabbits survived the infection. Conclusively, the
new, baculovirus-based RHDV2-VP1 vaccine has the potential to protect rabbits against the infection
with RHDV2, blocks completely the disease progression and prevents the spread of RHDV2 at the popu-
lation level.

Immune response

© 2019 Published by Elsevier Ltd.

1. Introduction

Rabbit hemorrhagic disease virus (RHDV), first discovered in
1984 in China in angora rabbits imported from Germany [38], is
the causative agent of rabbit hemorrhagic disease (RHD). RHDV
belongs to the family Calicivirus, genus Lagovirus.

The infection proceeds to fatal disease in rabbits, and induces
significant losses in the rabbit fur and meat industry [26]. After
the first outbreak the virus spread rapidly through Europe and
afterwards Africa, the Americas, Asia, Europe and Oceania [1].

The disease progression is in most cases acute, with severe
necrotizing hepatitis and necrotic lesions variably be found in
other organs (lungs, kidneys and spleen). Rabbits are fully suscep-
tible from the age of 9 weeks, and the mortality rate is 70-100% [1].
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The peracute disease course leads to death within 1-2 days post
infection without any clinical symptoms. In prolonged forms
infected rabbits display lethargy, anorexia and death after 1-
2 weeks [1].

In 2010 a new virus variant, RHDV2, was discovered in France
which is currently spreading through Europe and has already
reached Australia [19,3,37,6,7,16]. RHDV2 causes the same symp-
toms and pathological alterations as the ‘classical’ RHDV1 although
a prolonged course of the disease and lower mortality rates were
described [19]. RHDV2 has the ability to infect young 4 weeks
old rabbits [19] as well as certain RHDV1-resistant hare species
[30,5].

Because RHDV1 and RHDV2 do not replicate in cell cultures anti-
RHDV1 vaccines are mainly based on liver preparations of infected
rabbits. Also new vaccines against RHDV2 are produced from homo-
genates of infected liver (Eravac, Laboratorios Hipra S.A., Spain; Fila-
vac VHDK C + V, Filavie, France). Such vaccines from livers of heavily
sick rabbits are critical regarding animal welfare issues.
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Therefore, aims of this study were to develop a recombinant
anti-RHDV2 vaccine using the baculovirus expression system
which induce a long lasting protective immunity against RHDV2,
to analyze onset, duration and cross protection induced by this
recombinant RHDV2 vaccine and to characterize anti-RHDV2
specific humoral and cellular immune response of rabbits after
vaccination.

2. Methods
2.1. Cells

SF9 (Spodoptera frugiperda) cells were cultivated in Grace’s sup-
plemented insect cell medium with 10% fetal calf serum (FCS), 100
U of penicillin per ml, and 100 ug of streptomycin per ml at 27 °C
and 2.5% CO,.

2.2. Preparation of vaccine candidates

In all experiments a recombinant baculovirus expressing VP1 of
RHDV2 was used as vaccine [24]. Briefly, an artificial open reading
frame (ORF) coding for both the VP1 protein of RHDV2 (Genbank
Acc-NoFR819781; [19] and the green fluorescent protein (GFP)
for infection control was constructed using the Bac-to-Bac® Bac-
ulovirus Expression System (Thermo Fisher Scientific, Germany)
to generate recombinant baculoviruses. SF9 cells were infected
with the recombinant baculoviruses at MOI 1 and incubated at
27 °C and 2.7% CO, for 3 days. For harvesting of RHDV-VP1 virus
like particles (VLPs, see Suppl. Fig. 1), the cells were detached
and centrifuged with 1500 rpm at 4 °C for 20 min. The recombinant
vaccine (referred to as “recRHDV2-vacc”) was prepared with a
freezing-thawing cycle of the cell pellet, resuspension in PBS and
ultrasound disintegration of cells. The antigen content in the rec-
RHDV2-VLPs vaccine stocks was determined using Hemagglutina-
tion assay and indirect ELISA Kit (Ingenasa) as described below.

The “recRHDV2-vacc” was used in comparison to a convention-
ally prepared liver vaccine inactivated with binary ethylenimine
from RHDV2 (strain “Werne”) infected rabbits (referred to as
“convRHDV2-vacc”; kindly provided by Dr. Schirrmeier, FLI Riems).

Both vaccine stocks were adjusted to the desired hemagglutina-
tion units in PBS and mixed with aluminum hydroxide following
the standard operation procedure for the RHDV1 vaccine “Cunivak
RHD” (IDT Biologika, Insel Riems, Germany). A negative control
vaccine was produced in SF9 cells infected with recombinant bac-
uloviruses at MOI 1 expressing GFP but no VP1 (referred to as
“recbacGFP-vacc”) similar to the “recRHDV2-vacc”.

2.3. Animal experiments

All animal trials were performed following the acquirements of
the EU directive 2010/63; the EG recommendation 2007/526/ and
confirmed by German animal welfare committee (No. LALLF-
7221.3-1-025/15).

2.3.1. Animals

For all trials 10-20 weeks old ZiKa-hybrid rabbits of both sexes
from a commercial rabbit farm were used. All animals were clini-
cally examined and the absence of antibodies against RHDV2 was
verified by ELISA. The rabbits were fed with commercial rabbit
food (ssniff Spezialdidten GmbH, Germany) and water ad libitum.

2.3.2. Immunization

Rabbits were vaccinated into the musculus quadriceps femoris
either with 0.5ml “recRHDV2-vacc“, *“convRHDV2-vacc” or
“recbacGFP-vacc”. Respective hemagglutination unit (HU) contents

for every trial are specified in the results section. Non-vaccinated
rabbits served as negative control in each trial.

2.3.3. Challenge infection

The challenge infection in all trials was done by injection into
musculus quadriceps femoris with 2560 hemagglutination units
(HU) of challenge virus RHDV2 strain “Werne” or RHDV1 strain
“Eisenhiittenstadt”. After challenge, the health status of all rabbits
was monitored repeatedly per day and rectal body temperature
was measured twice a day over two weeks.

Blood was sampled as described below until the rabbits were
euthanized in a moribund stage or died. 14 days after challenge
all remaining animals were euthanized in accordance with animal
welfare regulations and blood and organ samples were taken and
prepared for further analysis.

2.3.4. Design of vaccination-challenge trials

Determination of minimal effective dose. Three groups of four rab-
bits were vaccinated with a single dose of 256 HU or 512 HU or
1024 HU of “recRHDV2-vacc”, respectively. Four rabbits were vac-
cinated with 512 HU of the “convRHDV2-vacc”. Four non-
vaccinated rabbits served as control group. Blood serum samples
were taken weekly over four weeks as described. All rabbits were
challenged 14 days post vaccination. Macroscopic and histopatho-
logic examination and organ sampling was done after challenge as
described.

Onset of vaccine induced anti-RHDV2 immune response. Four rabbits
were vaccinated either with 1024 HU of the “recRHDV2-vacc” or
512 HU of the “convRHDV2-vacc”. Four non-vaccinated rabbits
served as control group. All rabbits were already challenged seven
days post vaccination as described. All rabbits which died during
the course of the experiment underwent necropsy and histopatho-
logic examination. From surviving vaccinated rabbits blood was
sampled weekly for four weeks and then monthly over 14 months
after vaccination for long term observation.

Duration of vaccine induced anti-RHDV2 immune response. 10 rab-
bits were single vaccinated with 1024 HU of the “recRHDV2-
vacc”. Further 8 rabbits received a booster vaccination 21 days
later with 1024 HU of the “recRHDV2-vacc”. Eight rabbits vacci-
nated with 512 HU of the “conv-RHDV2-vacc” served as positive
control and eight non-vaccinated rabbits as negative control. From
all rabbits blood was sampled weekly over four weeks and then
monthly. Four rabbits of each group were challenged six months
post vaccination; the remaining rabbits were challenged
14 months after vaccination with RHDV2 as described. Blood
serum samples were collected weekly after challenge. All rabbits
which survived were euthanized and underwent necropsy and
histopathologic examination two weeks after the challenge
infection.

Cross protection provided by vaccine-induced anti-RHDV immune
response. Two groups of four rabbits each were vaccinated with
1024 HU “recRHDV2-vacc” or 512 HU of ‘“conv-RHDV2-vacc”,
respectively. Two groups of four non-vaccinated rabbits served as
control groups. After vaccination blood serum samples were taken
weekly over four weeks. Each vaccinated group and control group
was challenged 14 days post vaccination with either homologous
RHDV2 or heterologous RHDV1. All rabbits which survived were
euthanized and underwent necropsy and histopathologic examina-
tion two weeks after the challenge infection.

Evaluation of immune response after vaccination with baculoviruses
expressing GFP. As a further control nine rabbits were vaccinated
with recombinant Baculovirus expressing GFP only “recbacGFP-
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vacc”. At day 14 post vaccination this group was challenged with
RHDV2. Blood samples were taken each 12 h after challenge.

2.3.5. Blood sampling

1 ml blood was sampled from ear veins into EDTA pretreated
tubes (Sarstedt, Germany) for leukocyte isolation and 200 ul blood
was sampled for serum collection in intervals described above.

2.3.6. Necropsy

All rabbits underwent necropsy and organ samples from heart,
lung, spleen, liver, kidney, intestine and brain were fixed in 10%
formalin, embedded in paraffin wax, sectioned at 2-4 um thick-
ness, mounted on glass slides, stained with hematoxylin and eosin
and assessed for histopathological changes by light microscopy.

2.4. Evaluation of RHDV viral load in liver

The viral load in rabbit liver tissue after RHDV2 infection was
determined using about 200 mg liver samples homogenized after
adding of Hank's balanced salt medium using Qiagen Tissue Lyser
I for 2min at 30Hz. The lysed tissue was centrifuged at
14,000 rpm at 4 °C for 5 min with an Eppendorf centrifuge and
supernatant was taken for further analysis.

2.5. Hemagglutination assay

The hemagglutination assay (HA) was performed as titration (2-
fold) according to OIE standard procedure using 50 ul of each liver
sample and 1% human erythrocytes of blood group 0. A liver homo-
genate with predetermined RHDV2 (strain “Werne”) titer was used
as positive control, isotonic phosphate buffer as negative control.
The HA titer was expressed as the value of the highest dilution
resulting in complete hemagglutination.

2.6. Antigen ELISA

100 pl of each liver sample were tested in duplicates using the
commercial ELISA Kit “Ingezim RHDV DAS R.17.RHD.K2” by Inge-
nasa according to manufacturer’s protocol. A liver sample from a
rabbit infected with RHDV?2 strain “Werne” served as external pos-
itive control. Absorbance was measured at 450 nm with an ELISA
reader (Spectra, Tecan).

2.7. Quantitative real time RT-PCR

RNA was purified from the liver samples using the QIAamp Viral
RNA Mini Kit (Qiagen, Germany) according to manufacturer’s pro-
tocol. For each sample 5 pl of an internal process control RNA (“IC-
RNA”, [17]; supplement Table 1) was added.

The amount of RHDV-RNA in liver samples, was analyzed using
5 ul of purified RNA by qRT-PCR method ([ 13]; supplement table 1)
using the SuperScript™ Il One-Step RT-PCR (Invitrogen, Germany).
RNase free water served as no template control (“NTC”), purified
RHDV2-RNA with a threshold cycle value (ct) of 33 or standard
RHDV1-RNA with 2 x 10% copies/ul served as positive control
(“PC”"). The PCR was run for 30 min at 50 °C followed by 2 min at
94 °C and 42 cycles of 30 s at 94°C, 45 s at 55°C and 45 s at
68 °C (MX3005P; BioRad Germany) and analyzed with the software
program “MxPro”. The amount of viral RNA was calculated using
the AA2ct method [20] and expressed as 2 fold titers of viral RNA.

2.8. Measurement of RHDV specific serum antibodies
The titer of RHDV1 or RHDV2 specific antibodies in serum sam-

ples were analyzed in an indirect ELISA. Briefly, the rabbit sera
were incubated at 37 °C for 1 h in two-fold dilutions in PBS/0.05%

Tween20/5% horse serum onto 96-well ELISA plates (Microlon®
200 96 W Microplate, Greiner, Germany) coated with 100 pl/ well
of purified RHDV1 or RHDV2 antigen, respectively in 0.02 M Tris,
0.15 M NacCl. After 3 times washing with PBS/T 100 ul anti-rabbit
IgG POD conjugate per well (Dianova, Germany) in PBS/T were
incubated at 37 °C for 1 h. After three more washing steps 100 ul/
well OPD substrate solution (Sigma-Aldrich, Germany) was incu-
bated for 30 min at RT in the dark. The reaction was stopped with
50 ul 4 M H,SO4 per well and absorbance was measured at 492 nm
(Spectra, Tecan, Germany).

2.9. Flow cytometric analysis of cellular immune response

PBL were prepared by density gradient centrifugation from 1 ml
of EDTA blood diluted 1:4 v/v with PBS, 0.01% 1 mM EDTA (PBS/E)
on 3 ml of Pancoll (1077 g/ml; Pan-Biotech, Germany) for 30 min at
1800 rpm in an Eppendorf centrifuge. The cells at the interface
were collected, washed with PBS/E and 2 x 10° cells/ well in PBS/
E were incubated with combinations of different monoclonal anti-
bodies specific for leukocyte differentiation markers at 4 °C for
30 min (supplement table 2). After washing with PBS/E the labelled
cells were incubated with isotype specific fluorochrome antibody
conjugates (supplement table 2) for further 30 min at 4 °C. After
final washing the cells were resuspended in 300 ul PBS/E and ana-
lyzed in FACScalibur (Becton Dickinson, Germany).

3. Results

3.1. Non-vaccinated or rabbits vaccinated with “recbacGFP-vacc”
displayed only very limited natural resistance

Almost all non-vaccinated rabbits developed poor general con-
dition, reduced food intake, high fever over 40 °C, and finally died
or were euthanized for humane reasons (Table 1).

Necropsy and histopathology of these rabbits confirmed the
RHD typical necrotizing hepatitis (see also Table 1+ Supp. Tab.
3). In post mortem liver samples of these rabbits an up to 220 times
higher high viral load was detected between 36 and 96 h post chal-
lenge than in the three survivors (Fig. 1).

All three surviving non-vaccinated animals displayed mild clin-
ical symptoms and two developed fever over 40 °C for four days.
The lymphohistiocytic periportal hepatitis with variable amounts
of heterophils and multinucleated giant cells detected in two of
these three rabbits 2 weeks after the challenge indicated a resorp-
tive sequelae to a previous hepatocellular damage (Suppl. Fig. 2).
RHDV-RNA was still detectable in liver samples (Table 1).

The infection with RHDV2 induced a strong depletion of CD4" as
well as CD8"* T-cells shortly after infection in non-vaccinated rab-
bits with nearly no detectable CD8" T-cells in blood (Fig. 2). In con-
trast, increased CD4* and CD8" T-cells as well as increased a-
RHDV2 antibody titers were observed after challenge in the
survivors.

Also, all nine animals vaccinated with the empty control
“recbacGFP-vacc” died between 30 and 125 h after challenge with
poor general condition before death and high fever over 40 °C
(Table 1). Necropsy and histopathology confirmed the same RHD
typical necrotizing hepatitis (Suppl. Fig. 2). In post mortem liver
samples a high viral load was detected (Table 1).

3.2. An immunization with RHDV2 vaccine formulation provided
complete protection against RHDV2 induced disease

36 out of 37 rabbits vaccinated with the “recRHDV2-vacc” sur-
vived after RHDV2 challenge infection from which 33 rabbits did
not show any RHD-specific clinical symptoms (Table 1). However,
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Summarized overview about clinical outcome, pathological changes and viral load in non-vaccinated rabbits or rabbits vaccinated with the newly established “recRHDV2-vacc” in

comparison to “convRHDV2-vacc” and “recbacGFP-vacc” after challenge with RHDV2.

Vaccination recRHDV2-vacc convRHDV2-vacc Non-vaccinated recbacGFP-vacc
Challenge with RHDV2 RHDV2 RHDV2 RHDV2
Clinical outcome
No. of animals 37 19 20 9
Survived 36 19 3 0
Died 1 0 17 9
Mean survival time, h 336 34 336 336 42 48
Clinical symptoms/pathological findings
Fever >40 °C 4 0 2 2 9 7
Necrotizing hepatitis 0 1 0 0 17 9
Lung edema 0 1 0 0 17 9
Hemorrhages 0 1 0 0 17 9
Viral load
RNA, q-RT-PCR; 2¢ 0.17 27.84 0 5.14 31.15 315
viral particle, HA, 2¢ 0 12 0 0.3 11.8 11.33
VP60, ELISA, OD 0.05 0.72 0.05 0.04 1.03 0.98
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Fig. 1. Cumulative mortality (lines) of differentially treated rabbits after infection with RHDV2 and corresponding viral load (columns) in liver samples taken from these
rabbits. Rabbits were vaccinated with a “recbacGFP-vacc” and compared to non-vaccinated rabbits. Note the high viral load in rabbits that died after infection before end of

trial in comparison to survivors at 336 h post challenge.
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Fig. 2. Kinetics of CD4+ and CD8+ T-cells in blood of rabbits vaccinated with
“recRHDV2-vacc” or “convRHDV2-vacc” compared to non-vaccinated rabbits after
infection with RHDV2. Within 36 h the total number of T-cells in blood drops down
to about 50% (CD4+ T-cells) or about 10% (CD8+ T-cells) in non-vaccinated rabbits
compared to normal value. Note the increase of CD4+ T-cells in blood after
vaccination with both vaccines in contrast to the increase of CD8+ T-cells after
vaccination with the recombinant vaccine only.

half of the rabbits displayed a lymphohistiocytic periportal hepati-
tis with rare multinucleated giant cells and in 4 of 31 rabbits a

splenic hyperplasia two weeks after the challenge was detected
(Suppl. Tab. 3). Four animals developed fever over 40 °C after chal-
lenge at one single time point. All rabbits vaccinated with the con-
trol “convRHDV2-vacc” survived RHDV2 challenge without RHD
specific clinical symptoms (Table 1). Two animals developed fever
over 40°C after challenge infection at one single time point.
Macroscopic changes were observed in a few rabbits similar to
the “recRHDV2-vacc” immunized animals (Table 1+ Suppl. Tab.
3). In liver samples of the surviving vaccinated animals no
RHDV-RNA or -antigen was detected. In contrast, in the one vacci-
nated rabbit which died a high amount of both RHDV2-RNA and -
antigen was found (Tables 1 + 4b).

The induction of a protective humoral immunity after vaccina-
tion was combined with a stimulation of both CD4* and CD8* blood
T-cells but with a different pattern: the “recRHDV2-vacc” induced
an increase of both blood T-cell populations; the “convRHDV2-
vacc” induced an increase of CD4" T-cells only (Fig. 2).

3.3. A low dose of rec-RHDV2-vacc induced protection and a protective
anti-RHDV2 antibody titer.

A protective immune response could be induced already with a
low dose of “recRHDV2-vacc” of 256 HU after a single immuniza-
tion without any clinical signs of RHD and pathological findings
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characteristic for RHD. No viral load was detected in liver samples
of vaccinated rabbits at the end of the trial (Table 2). Also all vac-
cinated rabbits immunized with “convRHDV2-vacc” survived the
RHDV2 challenge. Vaccination using “recRHDV2-vacc” induced
low, but protective titers of RHDV2 specific antibodies at day 14
post vaccination which did not correlate to the vaccine dose. These
titers increased strongly after challenge with RHDV2 in all vacci-
nated rabbits (Table 2). Due to the findings for all other trials a
dose of 1024 HU of “recRHDV2-vacc” was used.

3.4. The protective immune response against RHDV2 infection was
induced already seven days post vaccination

Rabbits immunized once either with “recRHDV2-vacc” or
“convRHDV2-vacc” survived challenge with RHDV2 with no clini-
cal signs of RHD disease already seven days post vaccination. How-
ever this protection was not correlated in all rabbits with high anti-
RHDV2 antibody titers in sera sampled before challenge. After
challenge the titers of RHDV2 specific antibodies increased
remarkably (Table 3a).

3.5. A single immunization with the “recRHDV2-vacc” induces a long
lasting immunity

Rabbits immunized once with the “recRHDV2-vacc” developed
a long lasting immunity which was comparable to the induced pro-
tection after a single vaccination with “convRHDV2-vacc”
(Table 4a). All vaccinated rabbits survived a RHDV2 infection six
months after vaccination without any clinical signs or pathological
findings characteristic for RHD. Moreover, no viral load was
detected in livers of vaccinated rabbits at the end of the trial

Table 2
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(Table 4a). Fourteen months after vaccination all rabbits immu-
nized once with “ recRHDV2-vacc” or “convRHDV2-vacc” survived
the RHDV2 infection with no clinical signs.

However, all rabbits immunized a second time 21 days after the
first vaccination developed clinical signs like apathy and low food
uptake. One of them died 34 h after challenge infection with
RHDV2 with a high viral load in the liver (Tables 1+ 4b) and
RHD typical necrotizing hepatitis was confirmed (see also Table 1).
In the three surviving “recRHDV2-vacc” boostered rabbits a lym-
phohistiocytic periportal hepatitis but no replication of RHDV2 in
liver was observed (Table 4b).

The kinetics of RHDV2 specific antibody titers increase steadily
after vaccination with both “recRHDV2-vacc” and “convRHDV2-
vacc” and declined slowly till six months. One rabbit that received
a prime-boost vaccination did not show antibody titers after six
months (data not shown) but survived RHDV challenge without
signs of RHD.

In sera of twice “recRHDV2-vacc” immunized rabbits a stronger
decline of RHDV?2 specific antibody titers was measured in compar-
ison to once “recRHDV2-vacc” or “convRHDV2-vacc” immunized
rabbits (Table 4a + b; Fig. 3). The “recRHDV2-vacc” vaccinated rab-
bit which died after challenge infection after 14 months developed
no RHDV?2 specific serum antibodies (data not shown).

In comparison, rabbits one time immunized with “recRHDV2-
vacc” or “convRHDV2-vacc” and challenged with RHDV2 seven
days after vaccination (see Section 3.4) completely survived sec-
ond RHDV2 infection 14 months without RHD typical clinical
symptoms, pathological alterations in inner organs or viral load
in livers. Rabbits of those two vaccine groups developed high anti-
body titers which did not decline till the second challenge infec-
tion (Table 3b).

Clinical outcome, viral load in livers and anti-RHDV2 antibody titers in sera of rabbits vaccinated with different doses of “recRHDV2-vacc” in comparison to rabbits vaccinated

with “convRHDV2-vacc” and non-vaccinated rabbits after challenge with RHDV2.

Group surv/died mst, h RNA, q-RT-PCR; 2¢ Viral particle, HA, 2¢ VP60, ELISA, OD Antibody titers

do di4 d28
recRHDV2-vacc 1024 4/0 336 0 0 0.06 1:50 1:263 1:20,000
recRHDV2-vacc 512 4/0 336 0 0 0.06 1:50 1:88 1:2400
recRHDV2-vacc 256 4/0 336 0 0 0.06 1:50 1:338 1:10,400
convRHDV2-vacc 4/0 336 0 0 0.07 1:50 1:1400 1:25,600
non-vacc 1/3 336/41 18.32/32.18 1/12.67 0.08/1.01 1:50 1:50 1:25,600

d 0 = day of vaccination; d 14 = day of challenge; d 28 = end of trial; mst = mean survival time.

Table 3

Clinical outcome, viral load in livers and long-term observation of anti-RHDV2 antibody titers over 14 months in rabbits single vaccinated with “recRHDV2-vacc” (A) after first
challenge infection seven days post vaccination, and (B) after second challenge infection 14 months post vaccination. Rabbits vaccinated with “convRHDV2-vacc” and non-

vaccinated rabbits served as control.

(A) Challenge after 7 days

Group surv/died mst, h RNA, q-RT-PCR; 2¢ Viral particle, VP60, ELISA, OD Antibody titers

HA, 2¢

do d7 d28
recRHDV2-vacc 4/0 336 n.d. n.d. n.d. 1:25 1:113 1:20800
convRHDV2-vacc 4/0 336 n.d. n.d. n.d. 1:63 1:150 1:25600
non-vacc 1/3 336/51 n.d./32.5 n.d./11 n.d./1.12 1:50 1:88 1:25600
(B) Challenge after 14 months
Group surv/died mst, h RNA, q-RT-PCR; 2¢ Viral particle, VP60, ELISA, OD Antibody titers
HA, 2¢
d28 d149 d427 d434 d441

recRHDV2-vacc 4/0 336 0 0 0.05 1:20800 1:11200 1:3900 1:19200 1:16000
convRHDV2-vacc 4/0 336 0 0 0.05 1:25600 1:14400 1:3600 1:25600 1:16000
non-vacc survivor 1/0 336 0 0 0.05 1:25600 1:25600 1:12800 1:25600 1:12800
non-vacc 0/4 34 273 12 0.74

n.d. = not determined after the first challenge; d 0 = vaccination; d 7 = day of first challenge; d 28 = 21 days after challenge infection with RHDV2; d 427 = second challenge
infection with RHDV2 after 14 months observation; d 441 = end of trial; mst = mean survival time.
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Table 4

Clinical outcome, viral load in livers and long-term observation of anti-RHDV2 antibody titers in rabbits vaccinated once or twice with “recRHDV2-vacc” (A) over six months post
vaccination and (B) over 14 months post vaccination. Rabbits vaccinated with “convRHDV2-vacc” once and non-vaccinated rabbits served as control. Note: Different group sizes
due to losses of rabbits during the year.

(A) challenge after 6 months

Group surv/died mst,h  RNA, Viral particle, VP60, Antibody titers
g-RT-PCR; 2¢ HA, 2¢ ELISA, OD
do d21 d58 d156 d203 d210 d217
recRHDV2-vacc 1x 4/0 336 0 0 0.05 1:63 1:1113  1:700 1:1900 1:1450 1:19200 1:25600
recRHDV2-vacc 2x 4/0 336 0.5 0 0.05 1:50 1:1800 1:6400 1:800 1:663 1:25600  1:25600
convRHDV2-vacc 1x  4/0 336 0 0 0.05 1:50 1:8800 1:10800 1:14000 1:4400 1:25600 1:25600
non-vacc 1/3 336/32  2.2/32.8 0/13 0.05/0.96
(B) challenge after 14 months
Group surv/died mst,h  RNA, Viral particle, VP60, Antibody titers
q-RT-PCR; 2¢ HA, 2¢ ELISA, OD
do d21 d58 d156 d427 d434 d441
recRHDV2-vacc 1x 5/0 336 0.8 0.4 0.05 1:60 1:2000 1:3280 1:1760 1:1040 1:17920 1:25600
recRHDV2-vacc 2x 3/1 336/34 0/27.8 0.3/12 0.05/0.72 1:50 1:1213  1:2900 1:700 1:113 1:9067 1:10667
convRHDV2-vacc 1x  3/0 336 0 0.3 0.04 1:50 1:5333 1:10667 1:12800 1:2667 1:25600 1:17067
non-vacc 0/4 34 273 12 0.74

d 0+d 21 = vaccination; d 203 = challenge after 6 months observation; d 217 = end of trial; d 427 = challenge after 14 months observation; d 441 = end of trial; mst = mean
survival time.

a = #& = recRHDV2-vacc 1x —e—recRHDV2-vacc 2x convRHDV 2-vacc 1x
2. vace challenge
25600 l l e
A
6400
&
Z 1600
&
S 400
2
100
25
do d21 d 58 d 156 d 203 d 210 d217
days post 1. vaccination
b —~ % = recRHDV2-vacc 1x —— recRHDV2-vacc 2x convRHDV 2-vacc 1x
2. vace challenge
25600
6400
Q
>
a 1600
[~
S 400
100
25

do d21 d 58 d 156 d 427 d 434 d 441
days post 1. vaccination

Fig. 3. Long-term observation of anti-RHDV2 antibody titers in sera of rabbits after vaccination once or twice with “recRHDV2-vacc” in comparison to rabbits vaccinated with
“convRHDV2-vacc” once. (A) Long term observation over 6 months d 0 +d 21 = vaccination; d 203 = challenge after 6 month observation; d 217 = end of trial. (B) Long-term
observation over 14 months d 0 +d 21 = vaccination; d 427 = challenge after 14 month observation; d 441 = end of trial. Note: One rabbit which received a prime-boost
vaccination did not have any RHDV?2 specific antibody titers at day 427 before challenge and died after challenge with RHDV2 (5: death of one 2x “recRHDV2-vacc” vaccinated
rabbit).



C. Miiller et al./Vaccine 37 (2019) 4195-4203 4201

Table 5

Clinical outcome, viral load in livers and anti-RHDV2 antibody titers in sera of rabbits after heterologous challenge with RHDV1 or homologous challenge with RHDV2 after
vaccination with “recRHDV2-vacc” in comparison with “convRHDV2-vacc” and non-vaccinated rabbits.

Challenge with RHDV2

Group surv/died mst, h RNA, q-RT-PCR; 2¢ viral particle, HA, 2¢ VP60, ELISA, OD Antibody titers

do di4
recRHDV2-vacc 4/0 336 0 0 0.05 1:50 1:288
convRHDV2-vacc 4/0 336 0 0 0.06 1:50 1:1750
non-vacc 0/4 52 31.9 11 133 1:50 1:50

Challenge with RHDV1

Group surv/died mst, h RNA, q-RT-PCR; 2¢ viral particle, HA, 2¢ VP60, ELISA, OD Antibody titers

do di4
recRHDV2-vacc 2/2 336/48 9.5/32.3 0/12.5 0.07/1.72 1:50 1:69
convRHDV2-vacc 3/1 336/42 8.1/33.1 0/13 0.07/1.61 1:50 1:369
non-vacc 1/3 336/45 8.8/32.5 0/12 0.06/1.4 1:50 1:50

d 0: day of vaccination; d 14: day of challenge.

3.6. A limited cross-protection against RHDV1 challenge was induced
by a single vaccination with “recRHDV2-vacc”

All four rabbits vaccinated either with “recRHDV2-vacc” or with
the conventional “convRHDV2-vacc” survived the homologous
challenge with RHDV2 and developed no clinical signs or patholog-
ical alterations in inner organs. In contrast, only two rabbits of the
“recRHDV2-vacc” group and three rabbits of the “convRHDV2-
vacc” group survived the heterologous challenge infection with
RHDV1. Non-vaccinated rabbits died within 90 h after RHDV2
infection or within 52 h after RHDV1 infection (three of four rab-
bits; Table 5) and displayed the typical diffuse necrotizing
hepatitis.

In contrast, only one of the 14 survivors showed a multifocal
necrotizing and granulomatous hepatitis with multinucleated
giant cells, fibrosis and regenerative nodular hyperplasia.

After challenge with RHDV2 no viral load was measured,
whereas after RHDV1 challenge viral RNA was detected in all livers
of vaccinated rabbits but no viral particles or viral VP1 (Table 5).

4. Discussion

A new RHDV virus variant (RHDV2) emerged causing significant
losses even in RHDV1 vaccinated rabbits and wild populations
resulting in trials to develop RHDV2 specific vaccines [19,4].
Because RHDV cannot be cultivated in cell culture most RHDV vac-
cines were produced from livers of infected rabbits [2]| which is
very critical in regards to animal welfare. Therefore, new RHDV
vaccines were developed using the RHDV capsid protein VP1
expressed in different vector systems [18,25,10,9,21].

In the present study the protective capacity of a recombinant
baculovirus vaccine expressing RHDV2-VP1 was analyzed in
regards to onset and duration of immunity against RHDV2 as well
as to potential cross protection against RHDV1 infection. Moreover,
the induction of specific anti-RHDV2 serum antibodies and the
stimulation of T-cell subpopulations were investigated.

The severe character of RHD after infection with RHDV2 was
proven by the typical short mean survival time after infection,
the severe histopathological alterations in inner organs, high viral
loads in the liver and depletion of leukocytes as described for
RHDV1 or RHDV2 in non-vaccinated rabbits [29,12,1,19]. The
necrotizing, acutely fatal hepatitis without relevant leukocytic
infiltration is suggested to be the result of the very quick disease
course and the concurrent massive immunosuppression. Impor-
tantly, the rapid onset of fever above 39 °C and the severe deple-
tion of blood leukocytes clearly indicate the presence of a
systemic inflammatory response syndrome (SIRS, [33]).

The morphological hallmark of immunosuppression is the fibri-
nonecrotizing splenitis with lymphatic necrosis, apoptosis and
depletion after initial increase of both CD4" and CD8* T-cells in
non-vaccinated rabbits and a variable degree of congestion. The
survival time is too short to expect a protective antibody response
[11,12] indicating the impact of RHDV induced pathological pro-
cesses on T-cells and their possible involvement in resistance in
naive, surviving rabbits. The depletion of blood leucocytes associ-
ated by a severe breakdown of splenic white pulp and by many
apoptotic bodies in the remaining lymphatic areas supports the
suggestion that T-cell depletion is one reason of the rapid fatal pro-
gress with high mortality after RHDV infection in naive rabbits
[12]. The lymphohistiocytic periportal hepatitis with fewer and
variable amounts of heterophils and multinucleated giant cells in
2 of the 3 non-vaccinated survivors was characterized as resorptive
sequelae to previous hepatocellular damage. The higher frequency
of periportal lymphohistiocytic infiltrations in the livers of surviv-
ing rabbits indicates that a cellular immune response in the liver
protects the rabbits from acute lethal necrotizing hepatitis and
proofs earlier findings in rabbits surviving RHDV1 infection which
had increased interferon (IFN)y levels in the liver (own data, not
shown) The increased frequency of lymphatic hyperplasia in the
spleen and the increased CD4" and CD8* T-cells as a normal
immunological response to antigenic stimulation proofs the
immunological competence of the surviving rabbits. Finally, an
early activation of B- and T-cells and macrophages resulting in high
expressed pro-inflammatory cytokines, similar to juvenile RHDV1
resistance [11,23] could have been induced in naive rabbits surviv-
ing the RHDV2 challenge infection. This would explain the very
low HA titers, indicating a blocked RHDV2 replication. The potency
of the newly established “recRHDV2-vacc” was demonstrated by
the fact that even the rabbits vaccinated with the lowest dose of
256 HU developed high titers of RHDV2 VP1 specific antibodies
and survived the challenge infection without clinical symptoms
and detectable viral replication in liver. This correlates with previ-
ous studies where rabbits vaccinated with low doses of either inac-
tivated RHDV virus or recombinant VP1 [2,32,18,25] survived
following challenge infections. Interestingly, the induced titers of
RHDV2-VP1 specific antibodies did not correlate directly with the
used vaccine dose as reported for RHDV1-VP1 [22,28].

The increased number of CD4" and CD8" blood T-cells in rabbits
shortly after immunization indicated that also the cellular immune
response was stimulated. This strong CD8"* T-cell activation by the
recombinant RHDV2 vaccine could be an advantage for an early
effective  protection against RHDV2, because surviving
non-vaccinated rabbits display also a very strong CD4* and CD8"
T-cell activation. T-cell activation was confirmed before for
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recombinant RHDV1-VP1 vaccine candidates as well as for liver-
derived vaccines [15].

The survival of all vaccinated rabbits seven days after vaccina-
tion indicated that early protective immunity had been induced
by “recRHDV2-vacc”. Furthermore, because no clinical signs were
found in vaccinated rabbits after challenge infection in contrast
to non-vaccinated rabbits, the induced immunity seems to inhibit
the productive infection of RHDV at this early time point. Such
early protection was reported for a recombinant baculovirus-
derived RHDV1-VP1 vaccine as already five days after a single vac-
cination most rabbits were protected against RHDV1 infection [18].

Conventional RHDV1 vaccines induce a protective humoral
immune response from day four after vaccination which is claimed
to be effective enough to protect rabbits from illness and death
[2,32]. The only low antibody titers early after vaccination indicate
an involvement of other early immune mechanisms. An induction
of IFN-y and IL-4 has been shown as soon at seven days post
vaccination with RHDV1-VP1-VLPs and liver derived RHDV1
vaccines [15].

An interferon induction after vaccination with baculovirus
alone has been discussed [14]. However, the fatal outcome of
RHDV challenge infection of rabbits vaccinated with “recbacGFP-
vacc” in this study does not indicate any influence of such bac-
ulovirus induced IFN on resistance against RHDV.

The survival of all vaccinated rabbits six months after vaccina-
tion with the “recRHDV2-vacc” vaccine proofed the induced long
lasting immunity and the complete block of viral replication
because no indications for viral replication were found. The fact
that one rabbit had no detectable RHDV2 specific antibody titers
six months after prime-boost vaccination, but survived a RHDV2
infection without clinical symptoms could be a result of a quick
activation of memory B-cells or based on memory CD8" T-cells fol-
lowed by strongly elevated IFNy levels [36].

The completely different outcome after challenge 14 months
after vaccination, where all prime-boost vaccinated rabbits dis-
played mild to severe clinical signs and one rabbit died indicated
that the boost vaccination influenced the development of antibody
titers or the formation of long-lasting B-cell memory. This seems to
be a specific feature for RHDV vaccines [31,35] seen by an early
decrease anti-RHDV-antibody titers already three months after
vaccination [2] or no increase of RHDV specific antibodies in rab-
bits boostered three weeks after the first immunization with
recombinant RHDV1 vaccines [8,9].

In contrast, a very effective humoral immune response was
induced by a RHDV infection already after seven days post prime
vaccination which confirmed earlier studies with recombinant vac-
cines [28]. A strong and reliable cellular immunity that convey life-
long protection against RHD is also seen in naive rabbits that
survived a RHDV infection [27,11,23].

The cross protection against RHDV1 induced by single vaccina-
tion with “recRHDV2-vacc” or “convRHDV2-vacc” is limited as
found after vaccination with conventional anti-RHDV1 vaccine
“Cunivak RHD”, with only a partial cross-protection against
RHDV2. However, a prime-boost vaccination with “Cunivak RHD”
conveyed full cross-protection against RHDV2 [24]. The molecular
basis of a possible cross-protection was identified in seven hyper-
variable regions distributed over the VP1 protein where possible
cross-reactive epitopes were found using specific monoclonal anti-
bodies against different RHDV variants [19]. Cross-protectivity is
known between different RHDV variants as the non-pathogenic
Australian strain RCV-A1 induced partial cross-protection in rab-
bits against the virulent Czech RHDV1 strain V351 which was
released to decimate rabbit population [34]. But also a break of
immunity in wild rabbits surviving an RHDV1 (strain V351) infec-
tion by the RHDV1 strain K5 was reported (pestsmart.com). This
ongoing adaptation of RHDV will result most likely in new RHDV

variants in the future underlining the need to constantly adapt
RHDV vaccines.

In conclusion, this study confirms that the newly established
recombinant vaccine based on RHDV2-VP1 not only protects rab-
bits after a single vaccination against RHD disease but also reduces
viral replication to low level and therefore restrict viral shedding.
The ability of the vaccine to protect rabbits younger than 8 weeks
requires further examination because the juvenile resistance or
maternal anti-RHDV might interfere with the vaccination inducible
immunity against RHDV2.
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