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Lagovirus europaeus Gl.1 (Rabbit Haemorrhagic Disease Virus — RHDV) is a virus that causes
rabbit haemorrhagic disease (RHD) that affects domestic and wild rabbits worldwide. Due to
the fact that the impact of RHDV on the host organism, and more precisely, its influence on
the immune system, is crucial for the spread of this infection in rabbits, it is very important
to understand the role of the immune system components in the course of infection with this
virus. The aim of the study was to present innate and adaptive immune response to three
strains (V411, 1092V, Wika) of the Lagovirus europaeus Gl.1 (RHDV) identified at different
times. Twelve indices were examined for the innate immune response and nine for the adaptive
response. The results indicate that PMN cells (polymorphonuclear cells, neutrophils) play an
important role in the response to this infection and give new insights into the function of CD4"
Th and CD8" Tc lymphocytes. The most immunogenic was the Wika strain from 1996.

Zmiany we wrodzona i nabytej odpowiedz immunologicznej po zakazeniu Lagovirus
europaeus Gl.1 (Rabbit Haemorrhagic Disease Virus - RHDV)

Stowa kluczowe neutrofil, limfocyty, infekcja wirusowa, krolik, wirus krwotocznej choroby krolikow

Streszczenie

Lagovirus europaeus GI.1 (Rabbit Haemorrhagic Disease Virus — RHDV) infekuje kroliki do-
mowe i dzikie na catym §wiecie, wywolujac u nich krwotoczng chorobe krolikow (RHD-rabbit
haemorrhagic disese). Z uwagi na fakt, ze wptyw RHDV na organizm zywiciela, a doktadniej
jego wplyw na uktad odpornos$ciowy, ma kluczowe znaczenie dla rozprzestrzeniania si¢ tej
infekcji u krolikow, bardzo wazne jest poznanie roli elementow uktadu odpornosciowego
w przebiegu zakazenia tym wirusem. Dlatego tez celem badan byto przedstawienie zmian
we wrodzonej i nabytej odpowiedzi immunologicznej po zakazeniu trzema szczepami (V411,
1092V, Wika) Lagovirus europaeus G1.1 (RHDV), zidentyfikowanymi w réznym czasie. W za-
kresie wrodzonej odpowiedzi immunologicznej zbadano dwanascie wskaznikow, a w nabytej
dziewie¢. Uzyskane rezultaty wskazujg na udziat komorek PMN (polimorfonuklearnych, neu-
trofilii) jako waznych elementow w odpowiedzi na to zakazenie oraz rzucaja nowe spojrzenie
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na udziat limfocytow CD4" Th i CD8" Tc. Najbardziej immunogenny okazat si¢ szczepem Wika
71996 1.

Introduction

The protection of the host against infection is ensured by well-functioning innate and adap-
tive immunity and increased host tolerance to infection (Iwasaki, Pillai, 2014). Recently, intensive
research has been undertaken in Lagomorphs (rabbits, hares, etc.) to learn about the immune
system in terms of its defensive reactions to pathogenic factors, especially viruses causing acute
diseases (Esteves et al., 2018; Neves et al., 2015; Pinheiro et al., 2016). This is associated with the
fact that the rabbit is one of the most frequently used animal laboratory models for immunological
tests, including tests for viral and bacterial infections but also for other pathological conditions
(Esteves et al., 2018; Neves et al., 2015).

Lagovirus europaeus GI.1 (Rabbit Haemorrhagic Disease Virus — RHDV) (Le Pendu et al.,
2017) causing rabbit haemorrhagic disease (RHD) was first reported in 1984 in China in rabbits
imported from Germany (Liu et al., 1984). Since the identification of RHDV more than 30 years
ago, researchers have discovered its new variants Gl.la (G6/RHDVa) (in 1996) (Capucci et al.,
1998) and new genotypes — G1.2 (RHDV2/b) (in 2010) (Le Gall-Recule, Zwingelstein, 2011).
The impact of RHDV on the host organism, and more specifically, its effect on the immune system
(Holmes, Grenfell, 2009), are key for the spread of this infection in rabbits (Figure 1).

That is why it is so important to understand the role of the immune system components in
the course of infection with RHDV. Studies conducted in Poland (Hukowska-Szematowicz, 2013;
Hukowska-Szematowicz, Deptuta, 2008; Hukowska-Szematowicz, Deptuta, 2011; Niedzwiedzka-
Rystwej, 2013; Niedzwiedzka-Rystwej, Deptuta, 2010; Tokarz-Deptuta, 2009; Trzeciak-Ryczek,
Tokarz-Deptuta, Deptuta, 2016; Trzeciak-Ryczek, Tokarz-Deptuta, Deptuta, 2017) and other
centres (Huang, 1991; Marques et al., 2012; Semerjyan et al., 2019; Teixeira et al., 2012) have
shown that numerous elements of the immune system, such as macrophages, T and B lymphocytes
in the liver, spleen and lymph nodes as well as peripheral blood leukocytes and their products play
a large role in the infection of Lagovirus europaeus GI.1 (RHDV) and course of RHD.

Therefore, the aim of this study was to present the changes in the host’s innate and adap-
tive immune response to the infection with three strains of Lagovirus europaeus GI.1 (RHDV):
Hungarian 1092V, Austrian V411 and German-Wika. The strains origin from the first years of dis-
eases apperance in Europe 1988 (1092V), 1989 (V411) and 1996 (Wika). At this work has been
analyzed twelve parameters of innate immune response (adherence capacity of polimorfonuclear
cells-PMN cells, neutrophils); absorption capacity of PMN cells- absorption index and percent
of absorbing cells; nitroblue tetrazolium (NBT) reduction tests — spectrophotometric, spontan-
geous, stimulated and index of stimulation (IS); metabolic activity coefficient of PMN cells
(WAMG) — spontaneous and stimulated; myeloperoxidase (MPO) activity and lysozyme (LZM)
concentration and activity) and seven parameters of adaptive immune response (percent of CD5"
T lymphocytes, percent of CD4" Thlymphocytes, % of CD8" Tc lymphocytes, percent of CD25*
lymphocytes, percent of CD19+ B lymphocytes, and IgG serum amount, total Ig concentration).
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A resistant host regains physical fitness by recognizing and eliminating the pathogen (animals less than two months old
do not show symptoms of RHD, infection does not lead to their death). A tolerant host recovers from infection through
the effectiveness and integrity of the mechanisms of innate and adaptive immunity, which reduces tissue damage.
A susceptible host recognizes the pathogen but is unable to eliminate the virus through its immune mechanisms, which
leads to death.

Figure 1. Host strategies in RHDV infection

Materials and Methods

Animals

The studies were performer on 45 mixed-breed rabbits of both sex, about weight 2.5-4.5
kg. Marked as conventional animals (Annon, 1987), from a utility farm conducted under comlete
zoo-technical and veterinary supervision. The animals did not present any symptoms pointing
to a disease, were not subjected to any vaccination, and did not feature anti-RHDV antibodies
in serum. During the study, the rabbits remained at the vivarium of the University of Szczecin,
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where the conditions of the rooms in the aspect of temperature, humidity and lighting conformed
to national standards (Annon, 2006). In the room, apart from natural lighting, there was also
artificial lighting- glow discharge tubes. Animals were fed with full-portion rabbit feed LSK,
manufactured in Mitostawiec near Poznan, in the quantity of 0.15—0.20 kg/day and had at libitum
access to water.

Lagovirus europaeus Gl.1 (RHDV)

Three European RHDV strains, differing in their identification times, were used to infect the
animals. Strain 1092V from Hungary — 1988, V411 from Austria— 1989, and Wika from Germany
—1996. The presence and titre of the virus used for the experiment were defined with haemag-
glutination reaction (HA), using erythrocytes of human 0 group (Rh+), and immunoenzymatic
test ELISA. The titer in the HA reaction for the studied strains RHDV was respectively: 1,280,
2,560, 10,240. The pathogenicity of all strains up to 48 hours of the study was 100%. RHDV
strains were administered to the rabbits intramuscularly (leg muscles) in the form of suspension
in 1 ml of glycerol. In turn, control animals were administered with placebo- 1 ml of glycerol.
Each of the RHDV strains used for infecting rabbits came from the naturally dead animals.
The strains in the form of liver homogenisate, were used for experimental infection of rabbits from
whom after death liver was sampled, which was then used for infection of animals studied, by
administering the liver tissue to them in the form of 20% homogenisate cleared by centrifugation
at 3,000 rpm, 10% chloroforming for 60 minutes and centrifugation again, and then suspension in
glycerol in the 1:1 proportion (Niedzwiedzka-Rystwej, Deptuta, 2010). All the antigens of RHDV
prepared had the same number of molecules determined with floating density in caesium chloride
of 1.31-1.34 g/dm?.

The scheme of the experiment

The animals designed for infection were divided into three groups of ten animals, who
were administered intramuscularly (lower limb muscles) RHDV suspended in 1 ml of glycerol
(group 1 — 1092V strain, group 2 — V411, group 3 — Wika). Rabbits of control groups — three group
of five animals each analogically received 1 ml of glycerol. Blood for immunological studies
was drawn through a port from the marginal vein of the ear onto an anti-coagulant or without it,
depending on the needs and requirements of the method applied in the study. For all groups of the
studied experimental animals, blood was drawn at hour “0”, namely before the administration
of the RHDV in the group of infected rabbits and glycerol in the group of control animals, and
then at hours 8, 12, 24, 36. All animals died to 48 hours of the experiment. In animals infected
with the RHDYV, at particular hours of the study, clinical symptoms were recorded by observation
of animals and mortality was recorded (on the basis of which the mortality index was calculated).
Before commencement of the experiment, all rabbits were subjected to the test for presence
of anti-RHD antibodies using ELISA test. During the experiment, zoo-hygienic parameters were
controlled every 24 hours, and the reading was always done at 8.00 AM.

Indices of innate and adaptive immune response

Adherence capacity of PMN cells in peripheral blood was determined with Lorente et al.
(1973) method. The PMN cells’ absorption capacity of the model strain of Staphylococcus aureus
bacteria, strain 209P, was marked with Brzuchowska and L.adosz method, as modified by Deptuta
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(1991), Zeman (1995) and Hukowska (2000). The capacity for reduction of the NBT was determined
with cytochemical method in a spontaneous and stimulated test and with spectrophotometric
method (Park, Fihring, Smithowich, 1968; Raman & Poland, 1975). Also, metabolic activity
coefficient of neutrophilic granulocytes (WAMG) was marked acc. to Grzadzielska (1976), as
well as stimulation index (IS) acc. to Lechowski et al. (1991). MPO activity in PMN cells was
assessed according to the Graham method described by Zawistowski (1976) and Afanasyev
and Kolot (1971). In turn, the LZM concentration and activity in serum was determined by the
method of plate diffusion according to Hankiewicz & Swierczek (1975) and Szmigielski (1972).
Marking of the percentage of T, Th, Tc cells and lymphocytes with CD25" receptor was done
according to the method described by Deptuta et al. (1998). It involved monoclonal antibodies
(mouse anti-rabbit) (Serotec, USA) to identify CD5* (T cells), CD4" (Th cells), CD8" (Tc cells),
lymphocytes with receptor CD25" and CD19* (B cells). The marked cells were measured at the
flow cytometer FACScan by Becton Dickinson (USA) with FACSDiva software. Marking of total
number of immunoglobulins in serum was done using McEwan (1970) method. Serum IgG im-
munoglobulin was marked with platelet method according to the IgG standards (ICN), according
to the manufacturer’s protocol.

Statistical Analysis

Data are presented as mean+standard deviation (SD). All statistical analyses were performed
using StatView-5 Software (SAS Institute, Cary, NC, US). Between-group differences (infected
rabbits and non-infected rabbits-control) evaluated using non-parametric tests (Mann-Whitney
U or Kruskal-Wallis) or analysis of variance (ANOVA) with Fisher’s PLSD. A p-value <0.05 was
considered to indicate statisticallly significant.

Results

Changes in the innate immune response to Lagovirus europaeus Gl.1 (RHDV)
infection

At this work, analyzed the changes of innate and adaptive immune response, evoked by three
strains — 1092V, V411 and Wika during infections and compared these findings with the levels
obtained in non-infected rabbits (control). Despite the fact, that during the experimrnt, blood
samples were collected from animals in a dynamic (temporal) system, the results of the researches
were presented in a static form (not taking into account time), due to the fact that there are limited
data on this subject. The research presented the next step in understanding the role of the immune
system components in the course of RHDV infection.

The adherence capacity of PMN cells (Figure 2A) has been elevated during Wika strain in-
fections (1.4-fold, p <0.05). After V411 and 1092V strains infection, the adherence of capacity was
comparable to controls. Moreover, infection with all three strains has been different in absorption
capacity of PMN cells (Figure 2B,C). The analysis showed elevated values of absorption index
(Figure 2B) after Wika strain infection (1.1-fold, p < 0.05), and decreased after V411 (16% reduc-
tion, p < 0.05) and 1092V (6% reduction, p < 0.05). However, the percentage (%) of absorbing
cells (Figure 2C) after Wika antigen infection has been comparable to controls (p = 0.3). In regard
to this analysis, a reduction has been observed after V411 (7% reduction, p < 0.05) and 1092V
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(4% reduction, p <0.05) infection strains. From all performed NBT reduction tests (Figure 2D-F),
only the stimulated NBT analysis showed increased values for Wika strains (1.2-fold, p < 0.05).
For all other analyzes strains, do not indicated any statistical changes. A change was also recorded
in the case of the stimulation index (Figure 2G), but only in the case of V411 strain infection
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Figure 2. Indices of innate immune response after infection with three strains of Lagovirus europaeus GI.1
(RHDV)

Analysis of spontancous and stimulus WAMG (Figure 2H-I) showed changes depending
on the strains applied. In regards to this analysis, only WAMG spontaneous showed increased
during Wika strains infection (1.3-fold, p < 0.05). Moreover, all three analyzed strains has have
elevated parameters of WAMG stimulated (Wika 1.4-fold, p < 0.0001; V411 1.4-fold, p < 0.05;
1092V 1.1-fold, p <0.05) (Figure 2I). Similarly, the activity of MPO (Figure 2J) has been increased
at all analyzed strains (Wika 1.1-fold, p < 0.05; V411 1.2-fold, p < 0.05; 1092V 1.2-fold, p < 0.05).
The analysis did not show any changes in the parameter of LZM concentration (Figure 2K);
however, LZM activity has been elevated only during V411 antigen infection (2.4-fold, p < 0.05)
(Figure 2L).

Changes in the adaptive immune response to Lagovirus europaeus Gl.1 (RHDV)
infection

In order to assess changes in the adaptive immune response, individual subpopulations
of lymphocytes were analysed on the basis of CD receptor (CD5*, CD4*, CD8', CD25", CD19")
using flow cytometry (Figure 3A—E).

In terms of the adaptive immune response, Ig (ZST units) and IgG immunoglobulins were
determined in the serum of infected rabbits (Figure 3F—-G).
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Figure 3. Indices of adaptive immune response after infection with three strains of Lagovirus europaeus
GI.1 (RHDV)

Analysis of CD5" T cells (Figure 3A) showed elevated overall frequency for all three antigens
(Wika 1.4-fold, p < 0.0001; V411 1.2-fold, p < 0.0001; 1092V 1.1-fold, p < 0.0001). Analysis
of CD4" Th cells (Figure 3B) showed elevated frequency only for Wika antigen (1.1-fold, p <
0.05). After infection with V411 and 1092V strains, observed a 12% reduction of CD4" Th cells
abundance (p <0.0001). Frequency of CD8" Tc cells (Figure 3C) has been increased after infection
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with Wika (1.6-fold, p <0.0001) and V411 (1.4-fold, p <0.05) antigens. For 1092V strain, observed
a 20% reduction of CD8" Tc cells count (p < 0.05). The amount of CD25" T cells (Figure 3D) did
not show any changes after infection with three strains of RHDV. The analysis showed an elevated
amount of B cells (Figure 3E) after Wika (1.5-fold, p <0.05) and 1092V (1.4-fold, p <0.05) strains
infection. Infection with V411 antigen did not change the numbers of B cells in comparison to
controls group (p = 0.7). Lack of changes in the total amount of serum Ig (ZST units) and IgG
(Figure 3F—G) has been observed in all analyzed RHDV strains.

Clinical Signs of RHD and mortality

All rabbits infected with three analyzed strains RHDV died with symptoms of RHD within
24-48 h of the infections (Figure 4).
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Figure 4. Mortality in the course of Lagovirus europaeus Gl1.1 (RHDV) infection

A few hours before death, rabbits showed listlesness and acute respiratory distress, character-
istic for RHD. There was a marked difference in the survival rates and survival times depending
on the strain of RHDV infection. The highest mortality for Wika and V411 strain has been noticed
between 24/36 hours post infection with the number of 6 rabbits death. In contrast, mortality
after 1092V antigen infection has been the highest between 36/48 hours post infection (8 rabbits
death). Serological studies performer with ELISA test before the commencement of the experi-
ment did not reveal presence of anti-RHDV antibodies in blood serum of rabbits in infected and
control groups. Zoo-hygienic conditions in which the animals remained during the experiments,
as regards the temperature, humidity and lighting, corresponded to standards applicable to rabbits
in Poland.
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Discussion

The response of the host immune system to the viral pathogen requires the activation
of mechanisms related to the recognition of the virus with appropriate precision and in due time,
followed by mechanisms of virus elimination (Chaplin, 2010; Chapel et al., 2009; Iwasaki, Pillai,
2014). An immense role is played by factors affecting the extent and severity of the infection
pathogen-dependent factors including dose, virulence, and the route of entry, and host-dependent
factors: integrity of immune mechanisms, efficiency of host immune system, previous exposure
to the pathogen, and the occurrence of co-infections (Chapel et al., 2009). RHDV belongs to the
group of viruses inducing acute infections associated with massive and rapid virus expansion, so
the host immune response (both cellular and humoral) must be sufficient to block the penetration
of viruses into cells and eliminate infected cells in order to limit the spread of the virus in the
body.

The study showed that the infection of rabbits with three different RHDV strains triggered
changes in both innate and adaptive immune response. In the innate immune response changes
were recorded in nine (adherence of capacity, absorption capacity of PMN cells, % of absorbing
cells, NBT reduction test-stimulated, index of stimulation, WAMG spontaneous and stimulated,
MPO activity and LZM activity) out of twelve examined indices. All the above mentioned indices
(except for LZM activity, whose activity was determined in serum) reflected the biological activity
of PMN cells (neutrophils) (Berridge, Herst, Tan, 2005; Niedzwiedzka-Rystwej, Deptuta, 2008;
Odobasic, Kitching, Holdsworth, 2016; Wang, Arase, 2014), which is an outstanding indication
of phagocytosis activation during this infection. LZM activity has been elevated only during
V411 antigen infection. A recent study by Hrynkiewicz, Bebnowska, Niedzwiedzka-Rystwej
(2020) suggest that LZM and MPO may serve as a prognostic marker of the state of the im-
mune system of rabbits infected with RHDV. Which may indicate antiviral effect and stimulating
phagocytic activity of neutrophils and monocyte proliferation (Ibrahim, Matsuzaki, Aoki, 2001).
This confirms the results of tests other RHDV strains (Hukowska-Szematowicz, 2013; Hukowska-
Szematowicz, Deptuta, 2008; Hukowska-Szematowicz, Deptuta, 2011; Niedzwiedzka-Rystwej,
2013; Niedzwiedzka-Rystwej, Deptuta, 2010; Tokarz-Deptuta, 2009; Trzeciak-Ryczek, Tokarz-
Deptuta, Deptuta, 2016; Trzeciak-Ryczek, Tokarz-Deptuta, Deptuta, 2017). The data presented
in previous studies were collected in a dynamic system (several time points), while in this study
they were presented in a static system. It should also be emphasized that PMN cells are not only
first-line defence cells in this viral infections; they also modulate elements of adaptive immune
response and can regulate T and B cells (Borregaard, 2010; Liew, Kubes, 2019). It should be
remembered that there is a complex interaction between neutrophils and adaptive immunity to
provide a smooth immune response to pathogens (Kotaczkowska, Kubes, 2013; Liew, Kubes,
2019; Mantovani et al., 2011). Moreover, it should be emphasized that out of three tested strains
(1092V, V411, Wika) with very similar virulence, the youngest Wika strain from 1996 turned out
to be the most immunogenic, which was manifested by the increase of innate immunity indices.
The two phylogenetically oldest strains — Hungarian 1092V from 1988 and Austrian V411 from
1989 caused similar immune responses.

RHDV-induced adaptive immune response was observed in four (percent of CD5" T lym-
phocytes, percent of CD4" Th lymphocytes, percent of CD8* Tc lymphocytes, percent of CD19" B
lymphocytes) out of the seven examined indices (Figure 3A-C, E). It should be noted that only the
Wika strain infection caused an increase in lymphocytes CD5" T, CD4* Th, CD8" Tc, and CD19*
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B. This fact may indicate, high immunogenicity of the strain and efficient antiviral defense of the
host, but not sufficient for the elimination of the virus and survival of animals. CD5* T, CD4"
Th and CD8" Tc lymphocytes play a particularly important antiviral role by balancing the fight
against the pathogen and the risk of chronic inflammation (Chaplin, 2010; Li et al., 2020; Sissons,
Oldstone, 1980; Withmire, 2011). The biological role of CD5* T lymphocytes is to regulate the in-
tensity of intracellular signaling induced by the antigen receptor, which is crucial for maintaining
lymphocyte homeostasis (Chaplin, 2010, Chapel et al., 2009). This research confirms the increase
in CD5* T lymphocytes during infection with each of the three tested strains. In turn, CD4" Th
lymphocytes promote the production of virus-specific antibodies by activating T-dependent B
cells (Whitmire, 2011). CD8" Tc cells are cytotoxic and may kill the virus-infected cells, which
may reduce the disease by eliminating the infectious agent (Sissons, Oldstone, 1980). It should
be emphasized that in viral infections CD4" T cells sustain antiviral CD8" T cell responses dur-
ing infections, which is confirmed by the results after Wika infection (Whitmire, 2011). In the
absence of CD4" T cells, there is minimal or no expression of CD8" T cells and deficiencies in
cellular immunity (Whitmire, 2011), which is confirmed by research after infection with 1092V
strain. It should be noted that after infection with Wika and 1092V strain, an increase in CD19*
B lymphocytes was observed, which, as indicated by research, are the driving force of immunity
in response to pathogens, during both primary and repeat infections (Lam, Baumgarth, 2019;
Szikora et al., 2017). Infection of any of the tested strains did not affect the change of CD25"
lymphocytes, whose biological role is to inhibit proliferation of effector lymphocytes and their
secretion of proinflammatory cytokines (Lewkowicz, Lewkowicz, Tchorzewki, 2005). There were
no changes in IgG and Ig (ZST units), whose role is to neutralize the virus, which prevents its
binding to target cell receptors (Chapel et al., 2009). The above test results are partly consistent
with earlier findings after infection with other RHDV strains (Hukowska-Szematowicz, 2013;
Hukowska-Szematowicz, Deptuta, 2008; Hukowska-Szematowicz, Deptuta, 2011; Niedzwiedzka-
Rystwej, 2013; Niedzwiedzka-Rystwej, Deptuta, 2010; Tokarz-Deptuta, 2009; Trzeciak-Ryczek,
Tokarz-Deptuta, Deptuta, 2016; Trzeciak-Ryczek, Tokarz-Deptuta, Deptuta, 2017) however, as
already highlighted, they were presented in the dynamic system. The mortality rate was 100%,
and was similarity to the mortality reported for other RHDV strains (Fitzner, Niedbalski, 2017;
Hukowska-Szematowicz, 2013, Niedzwiedzka-Rystwej, 2013; Niedzwiedzka-Rystwej, Deptuta,
2010; Tokarz-Deptuta, 2009).

Conclusion

Infection of rabbits with three different strains of Lagovirus europaeus GI.1 (RHDV) was
manifested by changes in innate and adaptive immune response. The innate immunity indices
and previous studies carried in Poland indicate a large role of PMN cells and their products as
very important components in immune response in the corse of RHDV infection. However, the
changes in adaptive immunity rates give new insights into the role of T lymphocytes and their
subpopulations in this infection, with particular emphasis on CD4" Th and CD8" Tc lymphocytes.
At the same time, they suggest that in this infection PMN cells may modulate the elements
of adaptive immunity, which constitutes complex interaction ensuring fluent immune response to
this pathogen. Of all the strains studied, the youngest evolutionary Wika strain from 1996 turned
out to be the most immunogenic, followed by V411 and 1092V.
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