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Marek’s disease virus (MDV) is an alphaherpesvirus that infects chickens, causing immunosuppression, neuro-
logical symptoms, and fatal lymphoma. Vaccines are used to protect billions of chickens, but remain poorly
understood. To investigate the role of B-cells in vaccine protection, we vaccinated B-cell knockout JH)
chickens with the commercial HVT vaccine and challenged them with very virulent MDV. Vaccinated JH /"~
chickens showed significantly increased disease incidence and neurological symptoms compared to wild-type
siblings, indicating that B-cells contribute to protection against clinical disease. Tumor incidence remained

low and comparable to wild-type, suggesting that B-cells are dispensable for preventing tumors. Aside from the
absence of B-cells, no major changes in T-cell subsets were detected. Viral genome levels were comparable in the
blood and spleen, but elevated in skin and dust in JH ™~ birds early on. These findings reveal that B cells are
critical for full HVT vaccine protection and limiting early virus shedding.

1. Introduction

Marek’s disease virus (MDV) is a highly oncogenic alphaherpesvirus
that infects chickens and causes a high mortality in unvaccinated
chickens [1]. MDV is a strictly cell-associated virus that targets various
immune cells and induces severe clinical symptoms, including immu-
nosuppression, neurological disorders and T-cell lymphomas [2]. The
virus causes substantial economic losses in poultry production world-
wide [2-4]. Therefore, billions of chickens are vaccinated every year.
The turkey herpesvirus (HVT, Mardivirus meleagridalpha 1, MeAHV1)
was the first widely used vaccine to protect against MDV [3]. In addition
to MDV protection, HVT is also extensively used as a vector vaccine
encoding antigens for other pathogens such as infectious bursal disease
virus, Newcastle disease virus, avian influenza virus, and infectious
laryngotracheitis virus [4,5]. Although HVT does not prevent MDV
infection or transmission, it significantly reduces clinical symptoms and
improves survival rates [1]. The HVT vaccine induces both innate and

adaptive immune responses, and protects against classical disease
manifestations, including neurological disorders and MDV-induced
lymphomas [6,7].

MDYV enters the host through the respiratory tract and subsequently
spreads to lymphoid organs where it mainly infects B and T cells. The
virus establishes latency primarily in CD4+ of T cells [7], which it can
transform leading to fatal lymphomas in the viscera organs [7]. Infected
lymphocytes also transport the virus to feather follicle epithelial (FFE)
cells in the skin, enabling shedding and transmission to other birds [8].

Given the tropism of the virus for immune cells, understanding the
role of specific immune subsets in MDV pathogenesis and immunity is
critical. B cells were long thought to contribute to pathogenesis by
amplifying the virus and transferring it to T cells [9]. However, recent
work using B cell knockout chickens revealed that B cells are dispensable
for viral replication, shedding and tumor formation [10,11], high-
lighting that they have no or only a very limited role in MDV patho-
genesis. In the context of vaccination, B cells mediate humoral immunity
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by producing antibodies that not only neutralize virus particles but also
opsonize targets, engage antibody-dependent cellular cytotoxicity
(ADCQ), and activate complement [7]. Maternal antibodies can only
delay or mitigate clinical symptoms but do not prevent infection with
MDV [1,6]. Antibody-mediated protection has been considered limited,
as MDV spreads primarily by direct cell-to-cell contact [12]. Conse-
quently, the protective role of B cells in vaccine-induced immunity still
remains poorly understood.

To address this knowledge gap, we used genetically modified B cells
knockout chicken line, which represent the optimal model to investigate
the role of B cells in vaccine-mediated protection against MDV [11].
These B-cell knockout chickens have a deletion of the immunoglobulin
heavy-chain joining (JH) region, abolishing Ig heavy-chain recombina-
tion and thus the development of mature peripheral B cells in the bursa
of Fabricius as published previously [11]. We vaccinated B cell knockout
chickens and their wild-type siblings with HVT and challenged them
with very virulent MDV five days post-vaccination. Unexpectedly, the
absence of B cells resulted in more severe clinical symptoms, although
protection against tumors remained unaffected. Our data revealed an
unappreciated role of B cells in the HVT vaccine-mediated protection
against MDV.

2. Methods
2.1. Ethics statement

All animal experiments were performed according to the interna-
tional and national guidelines for the humane use of animals in research.
The permission to conduct these experiments was granted by the
Landesamt fiir Gesundheit und Soziales (LAGeSo) in Berlin, Germany
(approval number: G 0050/23).

2.2. Cells and viruses

Chicken embryo cells (CECs) were generated from specific-pathogen-
free (SPF) Valo embryos (ValoBioMedia) as described previously [13].
The HVT vaccine FC126 and the very virulent MDV-1 (RB-1B strain)
were propagated on CECs, stocks were frozen and titrated prior to their
use [14]. The cells were cultured in MEM (Pan-Biotech, Aidenbach,
Germany) supplemented with 1-10 % FCS and 1 % penicillin/strepto-
mycin in a humidified incubator at 37 °C under a 5 % CO2 atmosphere.

2.3. Animal experiments

To investigate the role of B cells in vaccine-induced protection
against MDV-1, we used B cell-knockout chickens that are lacking
mature and peripheral B cells and were thoroughly characterized

Table 1
PCR and qPCR primers and probes used in this study.

Construct region Direction®  Primer or probe” sequence (5' — 3)
WT (PCR) For ATGGGGCCACGGGACCGAA

Rev GCCCAAAATGGCCCCAAAAC
JH™/~ (PCR) For AGTGACAACGTCGAGCACAGCT

Rev GCCCAAAATGGCCCCAAAAC
HVT SORF1 (qPCR) For GGCAGACACCGCGTTGTAT

Rev TGTCCACGCTCGAGACTATCC

Probe AACCCGGGCTTGTGGACGTCTTC
RB-1B ICP4 (qPCR) For CGTGTTTTCCGGCATGTG

Rev TCCCATACCAATCCTCATCCA

Probe FAM-CCCCCACCAGGTGCAGGCA-TAM
Chicken iNOS (qPCR) For GAGTGGTTTAAGGAGTTGGATCTGA

Rev TTCCAGACCTCCCACCTCAA

Probe FAM-CTCTGCCTGCTGTTGCCAACATGC-

TAM

? For, forward primer; Rev., reverse primer.
b FAM, 6-carboxyfluorescein; TAM, TAMRA.
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previously [10,11]. Upon hatching, the chickens were genotyped by PCR
as described previously (Table 1) [11]. Wild-type (WT; n = 24) and B cell
knockout (JH ~; n=21) animals were vaccinated subcutaneously with
2000 PFU of the HVT vaccine. Five days post-vaccination, the chickens
were infected subcutaneously with 2000 PFU of the RB-1B strain. To
ensure that the animals obtained the correct dose, the vaccine and
challenging virus inoculum was backtitrated. During the experiment,
the two groups were housed in separate isolation rooms with free access
to food and water for 90 days. During the first weeks of life, the chicks in
both groups had a mild diarrhea and we detected Clostridium perfringens
in the feces. The symptoms resolved shortly afterward, and no related
abnormalities were found at necropsy. To assess the RB-1B replication in
the animals, peripheral blood samples were collected at 7, 10, 14, 21,
and 28 days post-vaccination (dpv). Feather and dust samples were
taken at 21, 28, 35, and 42 dpv to measure viral genome copies in the
skin of infected animals and MDV-1 shedding.

Throughout the experiment, chickens were observed twice daily for
MDV-clinical symptoms such as ataxia, paralysis of the legs, wings, or
neck, somnolence and torticollis. Chickens that developed severe
symptoms or at final termination were humanely euthanized, checked
for gross tumors and spleen samples taken to measure the viral load.

3. Quantification of the virus genomic

DNA was extracted from blood, feathers, dust, and organs using
standard protocols and commercial kits as described previously [15].
Successful vaccination was confirmed by detecting the HVT vaccine
(SORF1 gene) in the blood at 7 dpv using PCR (Table 1). MDV-1 genome
copies were quantified by qPCR detecting the ICP4 gene (Table 1). Virus
genome copies were normalized against the chicken-induced nitric
oxide synthase (iNOS) gene as described previously [8].

3.1. Flow cytometry

Absolute cell counts were performed on the key immune cell pop-
ulations, including B cells, CD8- of, CD8+ off and y& T cells and
thrombocytes in the blood as described previously [16]. The samples
were assessed with a FACSCanto II (Becton Dickinson, Heidelberg,
Germany), and data analyzed using the FACSDiva (Becton Dickinson,
Heidelberg, Germany) and FlowJo_v10.10.0 (FlowJo LLC, Oregon, USA)
software.

3.2. Statistical analysis

Statistical analyses were performed using Graph-Pad Prism v10 (San
Diego, CA, USA). Details of the used statistical tests are provided in the
respective figure legends.

4. Result

Disease incidence is increased in vaccinated chickens in the absence
of B cells.

To investigate the role of B cells in the vaccine protection against
MDV-1, we performed vaccine/challenge experiments using genetically
modified B cell knockout chickens that lack mature and peripheral B
cells. In these experiments, successful vaccination was confirmed by
qPCR, with all animals tested (8/8 per group) being positive for HVT in
the blood at 7 dpv. Upon challenge, significantly more B cell knockout
chickens developed disease over the course of the experiment (Fig. 1A).
The disease incidence reached 71 % in the absence of B cells, while only
17 % of their wild type siblings developed disease. Notably, classical
neurological symptoms including paralysis, torticollis, and somnolence
were significantly increased in B cell knockout chickens compared to
their WT siblings (Fig. 1B). Intriguingly, the tumor incidence was very
low in both B cell knockout and WT chickens (Fig. 1C). Consistently, the
dissemination of tumors within animals was also not altered (Fig. 1D).
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Fig. 1. B cell knockout chickens displayed a rapid disease onset in a vaccine/
challenge.

(A) Marek’s disease (MD) incidence in HVT vaccinated and RB-1B challenged
WT (n = 24) and JH/~ (n = 21) chickens. The percentage of chickens with
clear clinical signs of Marek’s disease, including paralysis, torticollis, somno-
lence, and tumors is shown throughout the experiment (Mantel-Cox analysis;
***p < 0.001). (B) The percentage of chickens with classical clinical symptoms
of MDV are shown. They were categorized into two groups: neurological
symptoms (ataxia, paralysis, dyspnea) and other symptoms (lethargy, weight
loss, sudden death). Disease severity was significantly higher in JH ™~ chickens
compared to WT controls (Fisher’s exact test; *p < 0.05). (C) Tumor incidence is
shown as the percentage of chickens with gross tumors (P > 0.05, Fisher’s exact
test). (D) The average number of visceral organs with gross tumors is shown for
tumor-bearing animal (P > 0.05, Fisher’s exact test).

Our data revealed that B cells play an important role in vaccine-
mediated protection against certain classical symptoms (e.g. neurolog-
ical symptoms) but are not required to prevent tumorigenesis.

Immune cell profiles in the blood.

Next, we determined if the absence of B cells affected other immune
cell subsets in our vaccine/challenge experiment at 14 and 28 dpv. As
expected, all B cell knockout animals completely lacked B cells (Fig. 2A),
while normal levels were detected in WT animals. Only minor changes
were observed in CD8-, CD8+ aff T cells and y§ T cells that were not
significantly different compared to their WT siblings (Fig. 2B-D). These
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data highlights that the absence of B cells does not significantly affect
these immune cell subsets, which could have influenced the observed
phenotype.

Effect on the virus load in the absence of B cells in vaccinated
chickens.

To investigate if the absence of B cells influences MDV-1 replication
in vaccinated chickens, we quantified the virus load in the blood, spleen,
feathers and dust. qPCR revealed that the viral load was comparable in
the peripheral blood of the animals (Fig. 3A). In addition, the virus
genome copies were comparable in the spleen collected from all animals
post mortem (Fig. 3B). These results indicate that mature and peripheral
B cells do not significantly restrict MDV-1 replication in the blood and
spleens of vaccinated chickens. Next, we investigated if transport of the
virus to the skin and shedding is affected by quantifying virus load in
feather shafts and dust. Intriguingly, MDV-1 load in the skin was up to
20-fold higher in vaccinated chickens in the absence of B cells compared
to WT chickens until 35 dpv (Fig. 3C). Consistently, higher MDV-1
genome copies were detected in the dust of chickens that lack B cells
at 21, 28, and 35 dpv (Fig. 3D). These findings indicate that mature and
peripheral B lymphocytes do not inhibit MDV-1 replication in the blood
and spleen of vaccinated chickens, but they delay/reduce virus repli-
cation in the skin and shedding at early time points.

5. Discussion

Vaccines are crucial for protecting chickens against a deadly MDV
infection; however, the immune responses to the vaccines remain poorly
understood. Several vaccines are commercially used against MDV. The
first widely used vaccine was HVT, which is also commonly applied as a
vaccine vector to protect against MDV and several other pathogens. We
therefore chose HVT, even though it does not provide a perfect protec-
tion against very virulent MDV strains [17]. To better understand the
importance of B cells in HVT vaccine protection against MDV infection,
we used genetically modified chickens lacking B cells, representing an
optimal model to assess the contribution of these cells to vaccine-
mediated immunity. The B cell knockout chickens and their WT sib-
lings were vaccinated with the widely used HVT FC126 vaccine strain,
then challenged with the very virulent RB-1B strain. Strikingly, our
experiment revealed significant differences in the disease incidence
between the two groups (Fig. 1A). Most B cell knockout chickens
developed clinical symptoms with a high frequency of paralysis and
ataxia (Fig. 1B). These symptoms are common in unvaccinated chickens,
in which MDV-1 causes inflammation and nerve damage, leading to
these severe neurological signs [18]. The observed increase in neuro-
logical symptoms indicates that B cells and/or antibodies can inhibit the
dissemination of the virus into the central nervous system or reduce the
local inflammation. HVT vaccination has been previously shown to
induce MDV specific antibodies, which can reduce the frequency of
clinical signs but cannot prevent infection [6,7]. In this study, we used B
cell knockout chickens that lack mature and peripheral B cells (Fig. 2A)
and do not produce antibodies [10,11]. The high disease incidence
observed in the absence of B cells suggests that the lack of B cells and/or
antibody production compromise vaccine efficacy, leading to more se-
vere clinical outcome.

In contrast, the tumor incidence between both groups was compa-
rable, highlighting that the cellular immunity induced by vaccination
efficiently prevented tumorigenesis. Consistently, tumor dissemination
was also not affected. This highlights that the protection against tumors
is (mostly) dependent on the cell mediated immunity induced by HVT.

Early studies in bursectomized chickens showed that B-cell depletion
abrogated HVT-mediated protection [19], whereas vaccination with an
attenuated MDV-1 strain still provided protection [20], supporting po-
tential differences between the vaccine serotypes. A recent study
assessed the role of B cells in the vaccine protection provided by CVI988
[21], an attenuated MDV strain that provides a better protection against
very virulent strains than HVT [7]. They surgically removed the bursa of
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Fig. 2. Immune cell profiles in the blood.
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Fluorescence-activated cell sorting analysis of the immune cells of the peripheral blood at 14 and 28 dpv, B cells (A), CD8- off T cells (B), CD8+ af T cells (C), and yd T
cells (D) count in the blood of JH™~ (n = 7) and WT chickens (n = 8) (p > 0.05, Mann-Whitney U test).

Fabricius and performed vaccine/challenge experiments. In case of CVI
vaccination, these bursectomized chickens were still protected against
very virulent MDV. This could be either i) due to remaining B cells upon
the bursectomy or alternatively ii) indicate that there are differences in
the protection provided by CVI988 and HVT. Importantly, CVI988 is
very closely related to very virulent MDV strains (in contrast to HVT).
Therefore, cellular responses alone are apparently sufficient to provide a
complete protection against very virulent MDV.

To further investigate the immune response, we analyzed the abso-
lute number of immune cell in the blood and found no significant
changes in the absence of B cells. This indicates that T-cell-mediated
immunity remained intact and is not responsible for the increased dis-
ease incidence observed in the absence of B cells [22].

MDV-1 load in the blood and spleen were comparable between the B
cell knockout chickens and their WT siblings (Fig. 3A, B). These findings
are consistent with previous data showing that MDV can efficiently
replicate in T cells in the absence of B cells [7,10]. Intriguingly, virus
delivery to and/or replication in the FFE was increased in the absence of
B cells compared to their WT siblings (Fig. 3C). This increased viral load
was also observed in the dust (Fig. 3D). As HVT vaccination has been
known to reduce MDV-1 shedding [23], B cells and/or antibodies are
potentially involved in reducing viral shedding into the environment. In
contrast, Heidari, Zhang [21] reported no or very low MDV-1 genome
copies in skin tissues of bursectomized chickens vaccinated with CVI988
upon challenge.

In conclusion, our study revealed that the disease incidence was
significantly increased in the absence of B cells, while protection against
tumor formation remained intact. Even though replication was compa-
rable in the blood and spleen, B cells and/or antibodies can restrict
replication in other organs as evident by the increased viral load in the
FFE and the dust. Overall, our study provides the first clear evidence that
B cells and/or antibodies play an important role in the vaccine protec-
tion against MDV-1 provided by the HVT vaccine, which is used to
protect billions of chickens worldwide.
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Fig. 3. MDV replication in various tissues in HVT vaccinated B cell knockout chickens.

(A) qPCR analysis of MDV-1 genome copies in the blood of JH~ (n = 8) and WT chickens (n = 8) at indicated time points. Data is shown as means + standard
deviations (p > 0.05, Mann-Whitney U test). (B) MDV-1 load in the spleen of JH™"~ and WT chickens measured by qPCR. The chickens with gross tumors (yellow
icons) and mean genome copies (line) are indicated (p > 0.05, Mann-Whitney U test). Spleen samples were collected upon humane euthanasia upon the onset of
MDV-specific clinical symptoms or at termination of the study. Each dot represents one bird. (C) MDV-1 load in FFE at indicated time points (JH/": n = 8 and WT
chickens: n = 8). Data is shown as means + standard deviations (p > 0.05, Mann-Whitney U test). (D) MDV-1 genome copies in 1 pg of dust collected from the JH/~
and WT chicken rooms. Data is shown as means =+ standard deviations (p > 0.05, Mann-Whitney U test). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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