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PREFACE

Marek’s disease virus (MDV) is an oncogenic avian herpesvirus. Marek’s disease
(MD) is characterized by malignant lymphomas, immunosuppression, ocular and cerebral
inflammation, and peripheral neurological symptoms such as leg paralysis and torticollis
(Churchill and Biggs, 1968; Gimeno et al., 2001; Bacon et al., 2001; Faiz et al., 2017).
Since MD was first described as generalized polyneuritis in chickens by Hungarian
veterinarian Jozsef Marek in 1907 (Marek, 1907), MD has caused substantial economic
losses in the poultry industry. Although current live-attenuated vaccines have
significantly reduced the number of MD onset (Schat, 2016), they primarily suppress
clinical signs but fail to block infection and transmission (Read et al., 2015). Notably,
highly virulent strains have been shown to shed higher amounts of virus into the
environment, suggesting that vaccine-driven selection may contribute to the emergence
of more virulent variants (Read et al., 2015). As a result of ongoing evolution, MDV
virulence has been currently categorized into four pathotypes based on its ability to cause
clinical signs in vaccinated chickens: mild (m), virulent (v), very virulent (vv), and very
virulent plus (vv+) (Witter ef al., 2005). Furthermore, sporadic outbreaks still continue to
be reported worldwide, even in vaccinated flocks (Kozdrun et al., 2020; Chacén et al.,
2024; Patria et al., 2024). In Asian countries, recent field isolates have also exhibited high
virulence (Teng ef al., 2022; Wannaratana ef al., 2025). These findings highlight growing
concerns regarding the increase in MDYV virulence and the decline in the effectiveness of
vaccines available, posing a critical threat to poultry health and sustainability of the
industry.

MDV is taxonomically assigned to an alphaherpesvirus (subfamily
Alphaherpesvirinae, genus Mardivirus, species Gallid alphaherpesvirus 2) (Fukuchi et
al., 1984), and accordingly, its genome shares structural features typical of other
alphaherpesviruses (Tulman ez al., 2000). The MDV genome consists of unique long (UL)
and unique short (US) regions, each flanked by inverted repeats: the UL region is
bordered by terminal repeat long (TRL) and internal repeat long (IRL), whereas the US
region is flanked by internal repeat short (IRS) and terminal repeat short (TRS). Despite
these conserved genomic characteristics, MDYV displays biological features that are more
similar to those of lymphotropic oncogenic gammaherpesviruses such as Epstein—Barr
virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV). The pathogenic
process of MDV has been conceptualized in the "Cornell model of MDYV infection"
(Calnek, 2001) (Fig. 1). According to this model, chickens are primarily infected by

inhaling cell-free MDYV particles within the contaminated dust or dander, which enter the



respiratory tract and initially infect macrophages and B cells residing in the lungs (Abdul-
Careem et al., 2009; Baaten et al., 2009). Infected macrophages subsequently deliver the
virus to regional lymphoid organs such as the thymus, bursa of Fabricius, and spleen
(Calnek, 2001; Barrow et al., 2003; Abdul-Careem et al., 2008). Within these tissues,
MDYV undergoes cytolytic replication in B cells, T cells, and natural killer (NK) cells,
causing transient atrophy of these organs and immunosuppression during early infection
stages (Morimura et al., 1996; Berthault et al., 2018; Bertzbach et al., 2019). MDYV later
establishes latency in CD4" T cells, and a few of these latently infected cells are
transformed, leading to aggressive lymphoma development (Nair, 2013). Most tumor
tissues found in MD are predominantly composed of clonally or oligoclonally expanded
CD4" T cells (Burgess and Davison, 2002; Mwangi et al., 2011). Furthermore, latently
infected T cells migrate to epithelial tissues, where the feather follicle epithelium (FFE)
cells are infected with MDV (Baigent ef al., 2013; Bavananthasivam et al., 2022). The
cell-free viral particles produced in the FFE cells are subsequently shed into the
environment with dander and dust, facilitating transmission to other naive individuals.
MDV infection elicits both innate and adaptive immune responses in chickens.
Because MDYV is a highly cell-associated virus that produces infectious particles
exclusively in the FFE cells, cell-mediated immunity is essential for controlling the
disease progression. In general, CD8" T cells play a pivotal role in anti-viral immunity by
inducing apoptosis in virus-infected cells and expressing interferon-gamma (IFN-y).
Notably, several studies have shown that CD8" T cells recognizing MDYV antigens such
as Meq, phosphoprotein38 (pp38), glycoprotein B (gB), and glycoprotein I (gl) exhibit
cytotoxic functions (Markowski-Grimsrud and Schat, 2002; Boodhoo and Behboudi,
2022b). Supporting the importance of these cells in the control of MD, depletion of CD8*
T cells by administration of anti-chicken CD8 antibodies led to increased tumor incidence
and reduced vaccine efficacy in MDV-infected chickens (Umthong et al., 2020).
Furthermore, booster immunization with the attenuated vaccine strain CVI988 induces
rapid CD8* T cell proliferation and cytokine production, suggesting that memory CD8" T
cells significantly contribute to vaccine-induced protection (Hao et al., 2021).
Gamma-delta (yd) T cells are also believed to play a crucial role in immunity against
MDV. In chickens, Y6 T cells constitute the predominant T cell subset among both
circulating and tissue-resident lymphocytes (Meijerink ef al., 2021). Unlike conventional
af T cells, yo T cells recognize a broad spectrum of peptides and non-peptide antigens
derived from stressed or infected cells in an major histocompatibility complex (MHC)-
independent manner, enabling rapid innate-like immune responses (Bonneville et al.,

2010). Experimental infection has demonstrated that yo T cell-deficient chickens showed



increased mortality after MDYV infection, supporting their protective role (Sabsabi et al.,
2024). Moreover, vaccination with the CVI988 strain promotes early expansion of IFN-
y-producing yo T cells in the lung, spleen, and skin (Matsuyama-Kato et al., 2022).
Additionally, adoptive transfer of peripheral blood mononuclear cells (PBMCs) activated
by anti-chicken yd T-cell receptor (TCR) antibodies significantly reduces tumor
development following MDYV challenge (Matsuyama-Kato et al., 2023b).

MDYV infection induces robust immune responses; however, the virus has evolved
several mechanisms to evade host immunity. For example, MD V-transformed cells have
been reported to exhibit the phenotype of regulatory T (Treg) cells, characterized by the
expression of membrane-bound transforming growth factor-f (mTGF-B) (Gurung et al.,
2017). The transformed cells also secrete prostaglandin E> (PGEz), which inhibits T cell
proliferation (Kamble et al., 2021). Furthermore, MDV may induce immunosuppression
mediated by immune checkpoint molecules such as programmed death-1 (PD-1) and its
ligand, programmed death-ligand 1 (PD-L1). The mRNA expression of pd-1 is elevated
during the early lytic phase, whereas pd-/I mRNA expression is upregulated during the
latency. Moreover, mRNA expressions of both molecules are abundantly expressed in
MDV-induced tumor tissues (Matsuyama-Kato et al, 2012). Immunosuppressive
mechanisms via the PD-1/PD-L1 pathway have been documented in other herpesviruses.
In herpes simplex virus (HSV) infection, virus-specific CD8* T cells exhibit elevated PD-
1 expression, which is associated with diminished effector function (Srivastava et al.,
2016). In addition, high expression of PD-L1 has been observed in EBV-positive tumor
cells (Lee and Oh, 2024). The expression patterns of PD-1 and PD-L1 on virus-specific
CDS8" T cells and cells transformed by herpesvirus suggest immune evasion via T cell
exhaustion; however, it remains unclear whether the PD-1/PD-L1 pathway directly
contributes to immunosuppression in the context of MDYV infection.

MDV harbors a unique oncogene, meq, which encodes a 339-amino-acid protein,
Meq, and megq is expressed during both the lytic and latent stages of infection (Jones et
al., 1992; Liu and Kung, 2000). Experimental infection using recombinant MDV (rtMDV)
lacking meq has demonstrated that the deletion of meq abolishes its ability to induce
lymphomas in chickens, highlighting the indispensable role of Meq in MDV-mediated
oncogenesis (Lupiani ef al., 2004). Structurally, Meq is a basic leucine zipper (ZIP)
transcription factor that regulates the expressions of various viral and host genes
associated with the disease progression (Fig. 2). The N-terminal region of Meq comprises
a basic region involved in DNA binding and subcellular localization to the nucleus and
nucleolus (Liu et al., 1997). The ZIP domain, located adjacent to the basic region, enables

homodimerization or heterodimerization with activator protein-1 (AP-1) transcription



factors such as c-Jun, JunB, and Fos, resembling the activity of viral oncoproteins Jun
and Fos (Qian et al., 1995). Homodimers of Meq have been shown to repress the promoter
activities of pp38 and ppl4 genes, both of which are lytic antigens of MDYV, thereby
contributing to the establishment of latency. In contrast, Meq/c-Jun heterodimers have
been reported to activate the meqg promoter as well as the promoters of genes associated
with the disease progression (Levy et al., 2003). The C-terminal region contains a
transactivation domain characterized by proline-rich repeat (PRR) sequences. The
transactivation domain is essential for the transcriptional activity of Meq; deletion of this
domain significantly impairs its ability to activate transcription (Qian et al., 1995). The
tumor suppressor protein WT-1 contains similar PRR sequences, which show strong
transcriptional repression (Gessler et al., 1990). The PRR sequences of Meq also exhibit
transcriptional repression when the C-terminal 33 amino acids of Meq are deleted (Qian
et al., 1995). Moreover, some prolines present in the PRRs of Meq in recent field strains
with high virulence are commonly substituted with other amino acid residues (Shamblin
etal.,2004; Murata et al.,2013). Based on these findings, it was proposed that the number
of PRRs is inversely correlated with MDYV virulence. In DF-1, a chicken fibroblast cell
line, transformed by Meq, downstream target genes of the v-Jun pathway, including jzap-
1, jac, and hb-egf, are activated. In addition, Meq enhances the expression of anti-
apoptotic genes, such as B-cell [ymphoma-2 (bcl-2) and ski, and suppresses the expression
of pro-apoptotic factors, such as dap5 and fas, supporting its role in cell survival (Levy
et al., 2005). Furthermore, Meq interacts with host tumor suppressors and immune
sensors such as p53 and stimulator of interferon genes (STING) and has the potential to
inhibit their functions, thereby facilitating both tumorigenesis and immune evasion (Deng
et al., 2010; Li et al., 2020). Collectively, Meq exerts pleiotropic effects by targeting
multiple cellular pathways involved in oncogenesis and immune regulation.
Polymorphisms in Meq are shared among field strains according to their pathotypes
(Table 1) (Shamblin et al., 2004). Differences in amino acid sequences in Meq have been
shown to influence the transactivation activity, and the introduction of amino acid
substitutions into Meq has shown to alter its transactivation activity (Ajithdoss et al.,
2009; Murata et al., 2011, 2013). Furthermore, experimental infection using tMDVs
encoding Meq derived from MDYV strains with different pathotypes demonstrated that the
amino acid sequence of Meq is highly associated with MDYV virulence. In this experiment,
rMDVs expressing Meq from vv/vv+MDYV strains induced higher virulence compared to
those expressing Meq from m/v MDYV strains (Conradie et al., 2020). Furthermore, the
amino acid sequence of Meq influences the cellular composition of MDV-induced tumor

tissues (Kumar er al.,, 2012). These findings suggest a potent association between
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polymorphisms in Meq and MDYV virulence; therefore, the key polymorphisms affecting
the virulence and their molecular mechanisms are warranted.

In particular, characteristic polymorphisms are commonly observed in the basic
region and PRRs in Meq of vv/vv+MDV strains isolated in the US (Table 1; Shamblin et
al.,2004). Regarding the polymorphisms in the basic region, vvMDYV strains, such as RB-
1B and MD-5, and vv+MDYV strains, such as N and New, possess alanine (A) at position
71, lysine (K) at position 77, and aspartic acid (D) at position 80 in the basic region. In
contrast, the combination of serine (S) and glutamic acid (E) at positions 71 and 77 was
found in ancient MDYV strains obtained from 19th-century chicken remains as well as in
m/vMDV strains isolated in the 1960s (Shamblin et al., 2004; Fiddaman et al., 2023).
Furthermore, several vMDYV strains, such as 567 and 617A, harbor glutamic acid (E) and
tyrosine (Y) at positions 77 and 80, respectively. Thus, polymorphisms in the basic region
appear to be involved in MDYV virulence. However, the amino acid sequences in the basic
region of Meq in low-virulence VMDYV strains from the US (77E and 80Y) has been
observed in Meq in recent isolates from Asia, including Japan, and highly virulent strains
from Europe and Nigeria (Trimpert et al., 2017; Patria et al., 2024; Yamagami et al.,
2025). The polymorphisms in the basic region, which is responsible for binding to
genomic DNA (Liu and Kung, 2000), are presumed to affect Meq function and MDV
virulence; however, their impact has not yet been evaluated.

In highly virulent strains in the US and recent isolates in Asia, the second prolines
of the four consecutive prolines present in PRRs are frequently substituted with other
amino acids (Table 1) (Shamblin et al., 2004; Yu et al., 2013; Teng et al., 2022). PRRs
are thought to be involved in the transcriptional regulation; therefore, these amino acid
substitutions are reminiscent of changes in the transcriptome regulated by Meq and their
impact on the pathogenicity. In addition to polymorphisms, insertions and deletions in the
transactivation domain of Meq have been identified in various field strains. A short
isoform of Meq (S-Meq), characterized by a deletion of 41 or more amino acids, has
recently been identified in virulent MDYV strains from Asia and Europe (Wajid et al., 2013;
Mescolini et al., 2019; Murata et al., 2021; Ghalyanchilangeroudi et al., 2022; Motai et
al., 2024). In contrast, a long isoform of Meq (L-Meq) containing a 59/60-amino-acid
insertion in the transactivation domain has been detected in the vaccine strain CVI988, as
well as in low-virulent field strains such as JM and BC-1 isolated in the US during the
1960s (Lee et al., 2000a; Shamblin et al., 2004). This insertion encodes PRR sequences,
possibly arising from domain duplication (Spatz et al., 2007). The increased number of
PRRs due to the insertion observed in L-Meq was initially hypothesized to be a factor

contributing to low virulence. However, subsequent studies revealed that pathogenic field
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strains from Australia and Brazil also encode L-Meq (Renz et al., 2012; Chacon et al.,
2024). Intriguingly, in contrast to the previously proposed theory that an increase in the
number of PRRs is a factor in low virulence, experimental infection have demonstrated
that the insertion in Meq enhances the virulence of MDV (Conradie et al., 2019; Sato et
al., 2022), but the mechanisms by which this insertion increases the virulence remain
unknown.

This study aimed to elucidate the mechanisms underlying the enhanced virulence of
MDYV by focusing on the differences in amino acid sequences of Meq. In Chapter I, the
impact of insertion in the transactivation domain of Meq on its protein function and viral
pathogenesis was investigated. In Chapter 11, the effects of polymorphisms in the basic
region of Meq on virulence were examined by the experimental infections using rMDVs
with the combination of amino acid sequences at positions 71 and 77 found in the vaccine
strain CVI988, or amino acid sequences at positions 77 and 80 identified in recent field
isolates. Furthermore, in Chapter III, to elucidate the mechanisms of immunosuppression
in MD pathogenesis, the involvement of PD-1 expression in MD-developed chickens was
examined by analyzing the functions of CD8* T cells and yo T cells. This study provides
novel insights into the mechanisms by which MDV virulence is enhanced and could

contribute to the development of improved strategies to control MD.
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Figure 1. Schematic representation of the “Cornell model of MDYV infection”

MDYV infection is initiated through the inhalation of infectious dust. Following entry,
mononuclear phagocytes, such as macrophages and dendritic cells, transport the virus to
lymphoid organs, including the spleen, thymus, and bursa of Fabiricius, where lytic
replication occurs in lymphocytes. MDV subsequently establishes latency in CD4" T
cells. These latently infected T cells mediate viral dissemination to the skin and feather
follicle epithelium, where cell-free MDYV is produced. Furthermore, MDYV can transform
latently infected T cells, ultimately leading to the development of fatal lymphomas
(Adopted from Bertzbach et al., 2020).
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Figure 2. Schematic representation of the structure of Meq protein
Meq comprises a proline/glutamine (Pro/Gln) rich domain followed by a basic region
(BR) and leucine zipper (ZIP) at the N-terminal region and a transactivation domain at

the C-terminal region.
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Table 1. Comparison of the amino acid sequences of Meq in various Marek’s disease virus strains.

Strain Accession No. Virulence  Country Position
71 77 80 176/217/276 285/326/386

648a AY362725 v+ uUs A K D A

Md5 AY243438 vV uUs A K D A T
RB-1B AY?243332 vV uUs A K D P T
BC-1? AY362707 v UsS S A D P T
Jm? AY243331 v uUs S A D P T
CVI988?* AY243333-8 m Netherlands S E D P I
C12/130 FJ436097 hv UK A E Y P T
HN302 0P897489 vV China A E Y A T
567 AY362709 v UsS A E Y A T
LEC-LG OR592064 N.D. Nigeria A E Y A T
Iraq3A® K(C243262 N.D. Iraq A E Y A T
855/17° MK 139678 N.D. Italy A E Y P T

Adopted from Murata et al., 2020;Yu et al., 2013; Shamblin et al., 2004. m, mild MDV; v, virulent MDV; vv, very virulent MDV; vv+, very virulent plus MDV; hv,
hypervirulent MDV N.D., Not determined.
a: Strains contain a 59-amino-acid insertion sequence in the transactivation domain

b: Strains contain a 41-amino-acid deletion sequence in the transactivation domain



CHAPTER1

Insertion in the transactivation domain of Meq oncoprotein of Marek’s
disease virus accelerates tumorigenesis by enhancing its protein stability and
transactivation activity



INTRODUCTION

MD is currently controlled using attenuated live vaccines. However, the virulence of
field strains of MDV has continued to increase, leading to outbreaks of MD even in
vaccinated flocks worldwide. The amino acid sequences of Meq, a major oncoprotein of
MDYV, vary among MDYV strains, depending on their pathotypes (Shamblin et al., 2004).
Indeed, experimental infections using rMDVs have demonstrated that differences in the
amino acid sequences of Meq influence MDV virulence (Conradie ef al., 2020; Sato et
al., 2022). These findings strongly suggest an association between mutations in Meq and
enhanced virulence of MDYV field isolates. However, it remains unclear which regions of
Meq are responsible for the increased virulence, or how variations in the amino acid
sequences of Meq cause differences in MDYV virulence.

The attenuated vaccine strain CVI988, developed through serial passages of a low-
virulent MDYV isolate derived from a seropositive but asymptomatic chicken, currently
serves as the global gold-standard vaccine against MD (Rispens et al., 1972). CVI988 is
a viral strain comprising heterogeneous subpopulations, including at least two
subpopulations encoding the 339-amino-acid Meq protein (CVI988-Meq), and the
398/399-amino-acid L-Meq protein (CVI988-L-Meq) (Chang et al., 2002). CVI988-L-
Meq contains a 59/60-amino-acid insertion in the transactivation domain of CVI988-Meq,
resulting in an increase in the number of PRRs. (Lee ef al., 2000a; Spatz et al., 2007). L-
Meq was also identified in low-virulent field isolates from the US (Shamblin ez al., 2004),
leading to the hypothesis that L-Meq is associated with low virulence. However, this
notion was challenged by the subsequent discovery that L-Meq was detected in some
recent pathogenic strains (Renz et al., 2012; Wajid et al., 2015; Chacon et al., 2024).
Furthermore, experimental infections using the RB-1B-based rMDVs revealed that
MDYV encoding CVI988-L-Meq exhibited equivalent or greater virulence than rMDV
encoding RB-1B-Meq, although rMDV encoding CVI988-Meq failed to induce clinical
signs such as lymphomas or neurologic disorders (Conradie et al., 2019). Compared with
the amino acid sequence of Meq of the RB-1B strain, both Meq isoforms in CVI988 differ
in three amino acid sequences at positions 71, 77, and 326 (385/386 in CVI988-L-Meq):
alanine (A), lysine (K), and threonine (T) in RB-1B-Meq, and serine (S), glutamic acid
(D), and isoleucine (I) in the Meq isoforms in CVI988 (Table 1) (Lee ef al., 2000a). The
virulence of rMDV encoding the mutant CVI988-L-Meq, whose amino acid sequence
was identical to that of RB-1B-Meq except for the insertion, was significantly increased
(Sato et al., 2022). Thus, the insertion in the transactivation domain of Meq contributes

to the increased virulence; however, the underlying mechanisms remain unclear.
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In this chapter, to clarify the role of the insertion in Meq in the increased virulence
of MDYV, the impact of insertion on the protein function of Meq, T cell responses in
infected chickens, and characteristics of tumor tissues were examined. The effects of
insertion in Meq on the protein stability and transcriptional activity were assessed in vitro.
In addition, the dynamics of tumor cells and major T-cell subsets, as well as the cellular
composition and transcriptomic landscape in tumor tissues, in chickens infected with the
rMDYV encoding mutant CVI988-L-Meq were evaluated.
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MATERIALS AND METHODS

Ethics statement

All animal experiments were approved by the Institutional Animal Care and Use
Committee of Hokkaido University (Approval Number: 22-0088). All experiments were
performed following the relevant guidelines and regulations of the Faculty of Veterinary
Medicine of Hokkaido University, which is fully accredited by the Association for

Assessment and Accreditation of Laboratory Animal Care International.

Cells

Chicken embryo fibroblasts (CEFs) were isolated from 10-day-old fertilized eggs
(Iwamura Hatchery Co. Ltd., Shibata, Japan). Chicken embryos were trypsinized twice
for 15 minutes. After the cell suspension was washed with Eagle's minimal essential
medium (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan), CEFs were maintained in
Eagle’s Minimum Essential Medium supplemented with 10% tryptose phosphate broth
(Difco Laboratories, Detroit, MI, USA), 0.03% L-glutamine, 100 U/mL penicillin,
100 pg/mL streptomycin, 10% calf serum (Sigma-Aldrich, St. Louis, MO, USA), and
0.1% sodium bicarbonate. DF-1, a continuous chicken fibroblast cell line, was maintained
in Dulbecco’s Modified Eagle’s Medium (FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan) supplemented with 0.03% L-glutamine, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 10% fetal bovine serum (MP Biomedicals, Santa Ana, CA, USA).
CEFs and DF-1 cells were incubated in a humidified atmosphere containing 5% CO- at
37°C and 39 °C, respectively.

Plasmids

Expression plasmids encoding CVI988-L-Meq and RB-1B-Meq were constructed.
The open reading frames (ORFs) of L-meg from the CVI988 strain (GenBank accession
number: AF493555) and meq of the RB-1B strain (accession number: HM488349.1) were
amplified by PCR using primers containing EcoRI or NotI restriction sites at their 5’ ends.
Following digestion with EcoRI (New England Biolabs Inc., MA, USA) and Notl
(Toyobo Co., Ltd., Osaka, Japan), the PCR product was ligated into the pCIl-neo
expression vector (Promega, Madison, WI, USA).

To match the amino acid sequence of CVI988-L-Meq with that of RB-1B-Meq
except for the insertion in the transactivation domain, site-directed mutagenesis was
employed to introduce amino acid substitutions at positions 71, 77, and 386. The

mutations were introduced using the primers listed in Table I-1. The resulting construct
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was designated L-Meq (RB-1B). For reporter assays, a c-Jun expression plasmid was
constructed (Okada et al., 2007). Additionally, luciferase reporter plasmids containing the
promoter regions of pp38, ppl4, infected-cell protein 4 (icp4), gb, chicken cd30, and
chicken bcl-2 were constructed by inserting each promoter upstream of the firefly
luciferase gene in the pGL3-Basic vector (Promega) using the primers listed in Table 1-2

The pRL-TK Renilla luciferase plasmid (Promega) was utilized as an internal control.

Dual-luciferase reporter assay

DF-1 cells were seeded at 2.0 x 10° cells per well in 24-well plates and incubated
for 24 hours at 39 °C with 5% COs.. For reporter assays using the icp4, gb, chicken cd30,
and chicken bc/-2 promoters, each well was transfected with 300 ng of Meq or L-Meq
expression plasmid, 200 ng of c-Jun expression plasmid, 500 ng of reporter plasmid, and
5 ng of the internal control plasmid pRL-TK, using Lipofectamine 2000 (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. For assays
using the pp38 and ppl4 promoters, DF-1 cells were transfected with 300 ng of Meq or
L-Meq expression plasmid, 500 ng of the reporter plasmid, and 5 ng of pRL-TK. At 24
hours post-transfection, cells were lysed using 1x Passive Lysis Buffer (Promega,
Madison, WI, USA). Luciferase activity was quantified with the Dual-Luciferase
Reporter Assay System (Promega) on a Luminescencer-JNR AB-2100 luminometer (Atto
Corp., Tokyo, Japan). Firefly luciferase activity was normalized to Renilla luciferase
activity, and the results were expressed relative to those from cells transfected with the
empty pCl-neo vector. Three independent experiments were conducted in triplicate.
Protein expression levels of each Meq isoform were verified by western blotting in all
reporter assays.

Protein stability assay

DF-1 cells were seeded at 2.0 x 10° cells per well in 24-well plates and incubated
for 24 hours. Transfections were performed using 150 ng of Meq or L-Meq expression
plasmid per well and Lipofectamine 2000 (Thermo Fisher Scientific) following the
manufacturer’s instructions. At 24 hours post-transfection, cycloheximide (Sigma-
Aldrich) was added at a final concentration of 100 pg/mL to inhibit protein synthesis.
Cells were collected at 0, 3, 6, 9, 12, and 24 hours after cycloheximide treatment and
lysed in Laemmli sample buffer (Bio-Rad, Hercules, CA, USA) containing 5% 2-
mercaptoethanol (Sigma-Aldrich).

Western blotting
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For western blotting analysis, anti-Meq rabbit polyclonal antiserum was generated
by immunizing a rabbit with a synthetic peptide corresponding to amino acid residues
between positions 292-309 of RB-1B-Meq, which are conserved among most MDV
strains. Protein samples were denatured by heating at 99 °C for 5 minutes and subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Following
the separation on 10% polyacrylamide gel, proteins were transferred onto nitrocellulose
membranes (Sigma-Aldrich). Membranes were blocked overnight in 3% skimmed milk
and then incubated for 1 hour at room temperature with rabbit anti-Meq antiserum
(20 pg/mL) and mouse anti-chicken actin antibody (20 pg/mL) as internal control. After
three washes with phosphate-buffered saline (PBS) containing 0.05% Tween 20 (PBS-T),
membranes were incubated with either HRP-conjugated anti-rabbit IgG secondary
antibody (Promega) or HRP-conjugated anti-mouse IgG secondary antibody (Thermo
Fisher Scientific) for 30 minutes at room temperature. Detection was performed using a
chemiluminescent substrate (EMD Millipore Co., Burlington, MA, USA). Three

independent experiments were conducted in triplicate.

Generation of recombinant viruses

RB-1B-based rMDVs encoding Meq or L-Meq (RB-1B) were generated according
to the previously established methods (Conradie et al., 2019; Sato et al., 2022). The RB-
IB genome, in which the IRL region was deleted, cloned as a bacterial artificial
chromosome (BAC) plasmid, pRB-1B_AIRL (kindly provided by Dr. Benedikt Kaufer,
Engel et al., 2012), was used to generate mutant recombinant viruses. The native meg in
the TRL region of pRB-1B_AIRL was replaced with RB-1B-megq or L-meq (RB-1B) using
a two-step Red recombination strategy (Tischer et al., 2006; Tischer and Kaufer, 2012).

The resulting BAC plasmids were subjected to restriction fragment length
polymorphism (RFLP) analysis to verify that each meq was accurately inserted. The BAC
plasmids encoding each rMDV genome were digested with BamHI-HF (New England
Biolabs Japan Inc., Tokyo, Japan) and screened by electrophoresis on 0.8% agarose gels
(Sato et al., 2022). Insertion of each meq was further validated by PCR and DNA
sequencing. rMDVs were reconstituted by transfecting the BAC plasmids into CEFs
using the CalPhos Mammalian Transfection Kit (Takara Bio Inc., Kyoto, Japan), and
pCAGGS-Cre (Gene Bridges GmbH, Heidelberg, Germany) was co-transfected to excise
the BAC sequence. The resulting rMDVs were designated rRB-1B_Meq and rRB-1B_L-
Meq, respectively. All reconstituted viruses were passaged several times on CEFs and
stored at —80 °C in Cell Banker 1 (Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan).

Since the IRL region is known to be rapidly restored during virus reconstitution and
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several passages (Vychodil et al., 2021), restoration of the IRL region and removal of
BAC sequences were confirmed by PCR. Viral titers were determined by plaque assays
as previously reported (Engel et al., 2012). To exclude the presence of unintended
mutations, the whole genomes of reconstituted tMDVs were sequenced using DNA
extracted from CEFs infected with each rMDV. Whole genome sequencing was
performed by Hokkaido System Science Co., Ltd. (Hokkaido, Japan). No mutations were
detected in the ORFs previously associated with MDYV virulence, except for the
manipulated meq (BioSample accessions: LC849254, LC849255).

In vitro replication of the recombinant viruses

Confluent monolayers of CEFs seeded in 12-well plates were infected with 50
plaque-forming unit (PFU) of recombinant virus. Infected cells were collected daily for
five days. Total cellular DNA was extracted using the DNeasy Blood and Tissue Kit
(Qiagen). Viral loads were quantified by quantitative PCR (qPCR) to evaluate replication
kinetics. Primer sets used for qPCR analysis are listed in Table I-3. Viral loads were
calculated as the mean of three independent cultures, with all experiments performed in

triplicate.

Experimental infection

Fertilized eggs from white leghorn chickens (Iwamura Hatchery Co. Ltd.) were
hatched in the laboratory, and the chicks were raised in isolators. PCR screening
confirmed the absence of major infectious pathogens, including chicken infectious
anemia virus and infectious bursal disease virus. A total of 83 one-day-old chicks were
randomly assigned to three groups and housed separately. Chickens were inoculated
intraperitoneally with 5,000 PFU of rRB-1B_Meq (n=29), rRB-1B_L-Meq (n=34), or
PBS (pH 7.4) as a negative control (n =20). At 7, 14, 28, 35, and 49 days post-infection
(dpi), four chickens from each group were euthanized, and samples of blood, spleen,
thymus, and gross tumor lesions were collected. Clinical signs associated with MD were
monitored daily for eight weeks after virus inoculation. Chickens showing clinical signs
during the experimental period were euthanized by collecting heparinized whole blood
from the hearts under deep general anesthesia induced by isoflurane inhalation (Zoetis
Japan, Tokyo, Japan), and necropsy was performed to assess the presence of gross tumor
lesions. All remaining chickens without clinical signs were euthanized at the end of the
experimental period (56 dpi), and tumor incidence was assessed (control group; n = 4,
rRB-1B_Meg-infected group; n = 7). Spleen and tumor tissues were dissected with

scissors, homogenized, and filtered through 40-um cell strainers (BD Biosciences, San
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Jose, CA, USA) to obtain single-cell suspensions, which were washed twice in PBS.
Mononuclear cells from blood and spleen suspensions were isolated by density gradient
centrifugation using Percoll (GE Healthcare, Chicago, IL, USA), followed by two
additional PBS washes. Isolated cells were preserved in Cell Banker 1 (Nippon Zenyaku

Kogyo Co., Ltd.) for subsequent flow cytometric analysis.

DNA extraction and qPCR

Total cellular DNA was extracted from whole blood samples of infected chickens
using the DNeasy Blood and Tissue Kit (Qiagen), following the manufacturer’s
instructions. qPCR was conducted to determine viral loads using primers specific to the
infected-cell protein 4 (icp4) of MDV. qPCR was performed with the TB Green Premix
DimerEraser (Takara Bio Inc.) on a LightCycler 480 System II (Roche Diagnostics,
Mannheim, Germany). The chicken inducible nitric oxide synthase (i-nos) was used as
an internal reference. Viral loads were expressed as the ratio of icp4 to i-nos. Primer

sequences used for the qPCR analyses are listed in Table I-3.

Flow cytometric analysis

PBMC:s or cells (5 x 10°) isolated from the spleen, thymus, or tumor tissues were
seeded into 96-well round-bottom plates and washed twice with fluorescence-activated
cell sorting (FACS) buffer (PBS supplemented with 1% bovine serum albumin; Sigma-
Aldrich). To block nonspecific binding, cells were incubated with PBS containing 10%
chicken serum (Thermo Fisher Scientific) at 25 °C for 15 minutes. Staining of cell surface
molecules was performed using the following monoclonal antibodies (mAbs): mouse
anti-chicken CD3¢ conjugated with PerCP-Cyanine5.5 (PerCP-Cy5.5), anti-chicken CD4
conjugated with PE-Cyanine7 (PE-Cy7), anti-chicken CD8f conjugated with fluorescein
isothiocyanate (FITC), anti-chicken TCRyd conjugated with phycoerythrin (PE) (all from
Southern Biotech, Birmingham, AL, USA), and anti-TGF-B1,2,3 conjugated with
allophycocyanin (APC; R&D Systems, Abingdon, UK) Or mouse IgG isotype control
(R&D Systems) at 4 °C for 30 minutes in the dark. The gating strategy for this analysis is
shown in Fig. I-1.

To further characterize y5, CD4*, and CD8" T cell subsets, additional staining was
conducted using anti-chicken CD3¢ (PerCP-Cy5.5), CD4 (PE-Cy7), CD8p (FITC), and
CD8a (APC) mAbs (Southern Biotech). Cells were incubated under identical staining
conditions, and the gating strategy is presented in Fig. I-2. Viable and non-viable cells

were discriminated using Fixable Viability Dye eFluor780 (Thermo Fisher Scientific).
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Following staining, cells were washed twice with 200 pL of FACS buffer and analyzed
using a FACSLyric flow cytometer (BD Biosciences).

RNA sequencing

Total RNA was extracted from tumor tissues collected from two chickens per rMDV-
infected group using the RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s
instructions. RNA sequencing (RNA-seq) was performed by Hokkaido System Science
Co., Ltd..

RNA quality was evaluated using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Boblingen, Germany). Complementary DNA (cDNA) libraries were
prepared using the NEBNext Ultra Directional RNA Library Prep Kit (New England
Biolabs Japan Inc.) following the manufacturer’s protocol. Paired-end sequencing was
conducted on an Illumina NovaSeq™ system (Illumina, Inc., San Diego, CA, USA)
following the manufacturer’s instructions. Adapter sequences were trimmed from raw
reads using Cutadapt v1.18 (https://cutadapt.readthedocs.io/en/stable). Reads were
additionally trimmed at bases with quality values below 20, and only reads longer than
75 base pairs were retained for subsequent analyses. The raw sequence data were
deposited in the DDBJ/ENA/GenBank (BioSample accession numbers SAMDO00731360,
SAMDO00731361, SAMDO00731362, and SAMDO00731363). For transcript quantification,
trimmed reads were mapped to the transcript sequences of Gallus GRCgb6a (Release 105)
from the Ensemble Database as the reference sequence, and transcripts per million (TPM)
was calculated using Salmon v1.2.1 (https://github.com/COMBINE-lab/salmon). The
corresponding chicken genome sequence was used as a decoy to improve mapping
specificity. Transcript abundance was expressed as TPM, which was used for correlation
analysis among samples. Differential gene expression between groups was assessed by
Gene Ontology (GO) analysis using DAVID Bioinformatics Resources

(https://davidbioinformatics.nih.gov/summary.jsp), based on the processed reads.

Statistical analyses

Statistical analyses were conducted using R Statistical Software (version 4.0.3; R
Foundation for Statistical Computing, Vienna, Austria). Multi-step growth kinetics were
analyzed using the Mann—Whitney U test. T cell dynamics up to 35 dpi were analyzed
using the Kruskal-Wallis test followed by Dunn’s post hoc test. T cell dynamics after 49
dpi were assessed using the Mann—Whitney U test. Tumor incidence was compared
between the groups using Fisher’s exact test. Transactivation activity was analyzed using

Tukey’s multiple comparison test. Spearman’s rank correlation test was applied to assess
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the correlation among TPM values across samples. Results with p <0.05 were considered

statistically significant.
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Table I-1 Primers used to introduce mutations into the L-Megq.

Position in Meq Substitution Type Sequence

71 Serine—to—alanine Forward 5-GAATCGTGACGCCGCTCGGAGAAGACG-3’
Reverse 5’-CGTCTTCTCCGAGCGGCGTCACGATTC-3’

77 Glutamic-acid—to-lysine ~ Forward 5'-CGGAGAAGACGCAGGAAGCAGACGGACTATGTAGACAAAC-3’
Reverse 5'-GTTTGTCTACATAGTCCGTCTGCTTCCTGCGTCTTCTCCG-3’

326 Threonine-to- isoleucine ~ Forward 5-TTCCCTCGGATATTCAGTCTACGGT-3"
Reverse 5'-ACCGTAGACTGAATATCCGAGGGAA3’

386 Isoleucine—to—threonine ~ Forward 5-GTTTCCCTCGGATACTCAGTCTACGGTCT-3"

Reverse 5’-AGACCGTAGACTGAGTATCCGAGGGAAAC-3’




Table I-2. Primers used to construct the reporter plasmid

Type Type Sequence

pp38 Forward 5’-GCTAGCGGCCGTGCCATTCTGAGAG-3’
Reverse 5-AAGCTTCCGTCCGACGAGAGCAAG-3’

ppl4 Forward 5'-TAAGAGCTCCTTATCCTATACCGCCGCCTC-3’
Reverse 5'-AATAAGCTTGAGAGCATCGCGAAGAGAGAA-3’

meq Forward 5’-GCTAGCCCACGTACTGACGAATTTAGTAC-3’
Reverse 5-AAGCTTATTCTTAACATTCCAGCACCAAC-3’

icp4 Forward 5'-TTCGAAGGGTTTAGGAGGGGCGCA -3’
Reverse 5'-TGGTACCATTAGCCGCGACATCCATCT -3’

gb Forward 5-TCAGATCTCAAGTCTCACTCACAAA-3’
Reverse 5-TCAGATCTGCTGTTCATAAATTGTGT-3"

cd30 Forward 5-TAAGAGCTCCTAATTAATAATAGCGTGCTC-3"
Reverse 5'-TAACTCGAGTCCTGATCTCCCAGCATTGCA-3"

bcl-2 Forward 5'-GCTAGCGACAGCCAGGAGGAAGCG-3’
Reverse 5'-AAGCTTTGGGAGGGGGAGAGGAAG-3’

il-2 Forward 5'-GAGCTCCGTCTTTGCAAACGATGACAG-3’

Reverse

5-AAGCTTAAATACAGCCAAAGATCAGTACT-3’

Underlines indicate the restriction enzyme sites.
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Table I-3. Primers used for quantitative polymerase chain reaction and confirmation of generated recombinant viruses.

Primer Purpose Type Sequence
icp4 To qualify viral load Forward 5-GCATCGACAAGCACTTACGG-3’
Reverse 5'-CGAGAGCGTCGTATTGTTTGG-3"
i-nos Endogenous control for viral load Forward 5-GAGTGGTTTAAGGAGTTGGATCTGA-3’
Reverse 5'-TTCCAGACCTCCCACCTCAA-3’
meq To quantify transcripts of megq Forward 5-GTCCCCCCTCGATCTTTCTC-3"
Reverse 5-CGTCTGCTTCCTGCGTCTTC-3"
f-actin Endogenous control for meg expression Forward 5-GAGAAATTGTGCGTGACATCA-3’
Reverse 5’-CCTGAACCTCTCATTGCCA-3’
IRL inner To confirm the restoration of the IRL Forward 5-AGCTACCCCTTTCGGTTTGT-3’
region Reverse 5’-CACCCCCTTGTGGAAGTAGA-3’
IRL outer To confirm the restoration of the IRL Forward 5-CGAACGGAATGTACAACAGCTTGC-3"
region Reverse 5’-GATAAGACACTTTCCCACTCATAC-3’
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RESULTS

Amino acid insertion in Meq enhances its transactivation activity

A previous study demonstrated that the insertion in the transactivation domain of
Meq enhanced the transcriptional activity of the meg promoter (Sato et al., 2022). To
further elucidate the functional impact of this insertion, its effect on the transcriptional
regulation of other Meq-responsive promoters was investigated. Mutations were
introduced into the CVI988-L-meq to generate a variant identical to the sequence of RB-
1B-meq except for the insertion (Fig. I-3A). The resulting constructs were designated
Meq (RB-1B), L-Meq (wild-type), and L-Meq (RB-1B).

The effects of these Meq isoforms were evaluated on the activities of pp38, ppi14,
icp4, and gb promoters in the MDV genome, as well as the bc/-2 and cd30 promoters in
the chicken genome. Given that Meq homodimers are known to suppress the pp38 and
ppl4 promoter activities (Levy et al., 2003), the transrepression by Meq and L-Meq
constructs was compared. All Meq isoforms showed transcriptional repression on the
pp38 promoter, but L-Meq (wild-type) exhibited significantly weaker transrepression
compared to Meq (RB-1B) and L-Meq (RB-1B), both of which showed comparable
suppression levels (Fig. I-3B). In addition, a similar trend was observed on the activity of
the ppl4 promoter (Fig. [-3C). These results suggest that, while some amino acid
polymorphisms influence Meq-mediated transrepression, the insertion in L-Meq does not
alter its ability to repress pp38 or pp14 promoter activities.

Since Meq forms heterodimers with c-Jun and activates the promoters of viral genes,
such as icp4 and gb, and host genes, such as bcl-2 and cd30 (Burgess et al., 2004; Levy
et al., 2005; Okada et al., 2007), the transactivation activities of three Meq constructs on
these promoters were compared. L-Meq (wild-type) displayed lower transactivation
activity than Meq (RB-1B) on most promoters, except the bc/-2 promoter. In contrast, L-
Meq (RB-1B) showed significantly higher activity on the icp4, bcl-2, and cd30 promoters
than Meq (RB-1B), while they exhibited a similar activity on the gb promoter (Figs. I-
3D-G). Thus, the insertion in Meq did not affect its transrepression but enhanced the
transactivation activities on certain promoters. These data suggest that the insertion
enhances Meq function in the context of transcriptional activation, although these effects

appear to vary for different promoters.
Effect of insertion in Meq on protein stability

Given that the stability of certain viral proteins is enhanced by the presence of

proline-rich sequences (Levitskaya et al., 1997), the impact of the insertion in Meq on
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protein stability was assessed. In DF-1 cells expressing Meq (RB-1B), signals were
detected until 3 hours after the cycloheximide treatment at approximately 50 kDa, perhaps
post-translationally modified forms. However, no signals exceeding 50kDa were
observed at 6 hours post-treatment (Fig. [-3H). In contrast, in cells expressing L-Meq
(wild-type) and L-Meq (RB-1B), the signals showing the highest molecular weight visible
at 0 hours were detectable until 12 hours after the treatment (Fig. I-3H). These results
suggest that the insertion in the transactivation domain stabilizes Meq protein and

contributes to the enhanced transactivation activity.

Recombinant viruses and their growth Kinetics in vitro

To investigate the mechanisms of increased virulence by the insertion in Meq,
rMDVs based on the RB-1B strain, which encoded RB-1B-Meq or L-Meq (RB-1B), were
generated. The meq in the TRL region was replaced with RB-1B-meq or L-meq (RB-1B)
in the IRL-deleted RB-1B genome cloned as a BAC (Fig. [-4A). The resulting BAC
constructs were transfected into CEFs, and the IRL restoration in reconstituted viruses,
designated rRB-1B_Meq and rRB-1B_L-Meq, were confirmed by PCR (data not shown)
and whole genome sequencing (BioSample accessions: LC849254 and LC849255). No
significant differences were observed in the growth kinetics among the rtMDVs in vitro
(Fig. I-4B).

In vivo replication of rMDVs and tumor incidence

To evaluate the replication kinetics in vivo and tumorigenic potential of rMDVs,
one-day-old chicks were infected with each rMDV. All the recombinant viruses showed
efficient replication in infected chickens, but higher viral loads were significantly
observed at 28 and 35 dpi in the rRB-1B_L-Meq-infected group than in the rRB-1B_Meqg-
infected group (Fig. [-4C). In agreement with a previous study (Sato ef al., 2022), rRB-
1B_L-Meq infection resulted in higher mortality (Fig. [-4D) and exhibited a trend toward
higher tumor incidence than rRB-1B_Meq (p = 0.059; Fig. I-4E).

Dynamics of major T cell subsets in chickens infected with rMDVs

To assess the disease progression following infection with rMDVs, changes in major
T cell subsets were analyzed in PBMCs and spleens in each infected group. The gating
strategy employed for the flow cytometric analyses is shown in Fig. I-1. An earlier
increase in the proportion of CD4" T cells within the T cell population was observed in
both PBMCs and spleens of rRB-1B_L-Meg-infected chickens, and significant
differences were noted 35 dpi (Figs. [-5A and B). Additionally, at 56 dpi, CD4" T cell
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proportions in both PBMCs and spleen of rRB-1B_Meg-infected groups tended to exceed
those of the control group (p = 0.058 and p = 0.059, respectively; Figs. [-5A and B).

Treg-like populations characterized by co-expression of mTGF-B and CD4
expanded along with disease progression (Gurung et al., 2017). In this study, the
percentage of mTGF-B* cells among CD4* T cells in PBMCs was increased in both
rMDV-challenged groups, but this elevation occurred earlier in the rRB-1B_L-Meq group
(35 dpi) than in the rRB-1B_Meq group (56 dpi) (Fig. I-5C). On the contrary, no
significant differences were detected among the groups in the spleens (Fig. I-5D).

The dynamics of CD8af* T cells, which play a crucial role in cytotoxic responses
against infected cells, also differed between the infected groups. An earlier increase in
CD8ap* T cells within the T cell population was observed in PBMCs of rRB-1B_L-Meqg-
infected chickens at 7 and 14 dpi, but it decreased at 35 dpi (Fig. I-5E). This trend was in
contrast to the elevated proportion of CD4* T cells in the same group (Figs. I-5A and B).
In contrast, the percentage of CD8af3* T cells within the T cell population in PBMCs of
rRB-1B_Meg-infected chickens was increased with a delay, at 35 and 49 dpi, but did not
differ from that of the control group at 56 dpi (Fig. I-5E). In the spleens, both infected
groups exhibited an increase in the proportion of CD8af3* T cells at 7 dpi, followed by a
decrease at 35 dpi in the rRB-1B_L-Meq group and a tendency to be decreased at 56 dpi
in the rRB-1B_Meq group (Fig. I-5F).

Given the potential role of yd T cells in the protection against MD in CVI988-
vaccinated chickens (Matsuyama-Kato et al., 2022, 2023b), the dynamics of vy T cells
were also evaluated. A reduction in the percentage of yd T cells within the T cell
population was observed at 28 and 35 dpi in PBMCs of the rRB-1B_L-Meg-infected
group, and the percentage of yo T cells in the rRB-1B_Meq-infected group was
consistently lower than that in the control group (Fig. I-5G). Similarly, yo T cell
proportions in the spleens of both infected groups tended to remain lower than that in the
control group throughout the experimental period (Fig. I-5H). These results suggest that
the response of CD8" T cells and yd T cells was insufficient to eliminate the transformed
CD4* T cells. Collectively, while similar dynamics were observed in T cell subsets in the
terminal phase of infection in both infected groups, the earlier onset of these changes
occurred in the rRB-1B_L-Meqg-infected group.

Dynamics of CD8a"yd T cell subsets in chickens infected with rMDV's
CD8a" yo6 T cells (TCRyd* CD3* CD4 CD8a") have been reported to increase
following vaccination with CVI988 and to express IFN-y, indicating their potential

involvement in Thl polarization and cell-mediated immunity (Hao et al, 2021;
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Matsuyama-Kato et al., 2022). Therefore, to examine the response of yd T cells during
MDYV infection, the proportion of CD8a" yd T cells within the yd T cell population in the
spleen was assessed, based on the gating strategy shown in Figure I-2. The percentage of
CDS8a" yd T cells in the spleens of rRB-1B_Meq-infected chickens was significantly
elevated at 28 dpi compared with both the control and rRB-1B_L-Meg-infected groups,
but declined markedly at 56 dpi (Fig. I-6A). In contrast, chickens infected with rRB-
1B _L-Meq did not exhibit any significant difference in CD8a* yd T cell proportions
relative to the control group up to 28 dpi. However, a significant reduction in this subset
was observed at 35 dpi (Fig. [-6A).

Dynamics of CD8aa" T cells in chickens infected with rMDV's

CD8aa™ T cells (TCRyd~ CD3* CD8a" CD8B") have been reported to be more
prevalent in MD-resistant chicken lines and to expand during the proliferative phase of
infection (Hao et al., 2021). In this study, the proportion of CD8aa* T cells within the
CD8a" T cell population in the spleen was analyzed. At 7 dpi, both rMDV-infected groups
exhibited a significant reduction in the percentage of CD8aa’ T cells among CD8a" T
cells compared to the control group (Fig. [-6B). However, at 35 dpi, a marked increase in
the proportion of CD8aa" T cells was observed in the spleens of chickens infected with
rRB-1B_L-Meq (Fig. I-6B), suggesting a role of CD8aa" T cells in the immune response

to viral antigens or transformed lymphocytes during the later stage of infection.

Composition of T cell subsets and transcriptome analysis of tumor lesions

A previous study demonstrated that amino acid sequences in Meq influence the
cellular composition in MDV-induced tumor lesions (Kumar et al., 2012). To assess the
impact of the insertion in Meq on cellular composition, five representative solid tumors
from chickens infected with rRB-1B_Meq or rRB-1B_L.-Meq were analyzed. However,
no significant differences in the frequencies of CD3* T cells, Bu-1* B cells, or
macrophages were observed between the two groups (Figs. [-7A-C). In all tumor samples
examined, approximately 95% of the T cell population consisted of CD4* T cells (Fig. I-
7D), some of which was a subpopulation expressing mTGF-f (Fig. I-7E). The frequencies
of CD8af* T cells and yo T cells were below 1% (Figs. I-7F and G). In all the T-cell
subsets analyzed, no significant difference was observed between the infected groups
(Figs. I-7A-D). These results suggest that the insertion in Meq does not alter the cellular
composition of tumor lesions.

To further examine the molecular characteristics, the transcriptome in tumor lesions
of rRB-1B_Meq- and rRB-1B_L-Meg-infected chickens was compared using RNA-seq.
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Among the 39,088 transcripts detected, 15,967 (40.8%) exhibited detectable expression
(logz TPM > 0) in both rRB-1B_Meq and rRB-1B_L-Meg-infected groups. Of these,
15,262 and 14,601 transcripts were highly expressed in tumor lesions from rRB-1B_L-
Meq- and rRB-1B_Meg-infected chickens, respectively. Scatter plot analysis using
Spearman’s rank correlation indicated strong positive correlations between all samples
(Fig. I-7E), suggesting that the transcriptional profiles were broadly similar in both
infected groups. Among genes that showed consistently high expression in both groups,
cyclooxygenase-1 (coxI) and cox2 were selected for further validation for the RNA-seq
data. Gene expression analysis using 10 additional tumor samples in each group
confirmed no significant differences in cox/ and cox2 expression (Figs. I-7F and G),
supporting that both recombinant viruses potentially induce transformation of CD4" T
cells by similar pathways or by modulating the expression of similar target genes.
Functional enrichment analysis using GO was conducted on the RNA-seq data. Of
the 10,313 transcripts annotated with Entrez Gene IDs and exhibiting detectable
expression (log: TPM > 0), 2,132 transcripts showed more than 2-fold higher expression
intensities in rRB-1B_L-Meq samples, while 906 were more highly expressed (>2-fold)
in rRB-1B Meq samples. Subsequently, GO analysis was conducted on these
differentially expressed genes, classified under biological processes (BP), cellular
components (CC), and molecular functions (MF). The most significantly enriched GO
terms in each category are shown in Tables I-4—I-6, in order of their significance in terms
of p-value. In the rRB-1B_L-Meg-infected group, genes related to "T cell proliferation",
such as interleukin 15 (IL15), IL21, and CD28, were significantly enriched, suggesting
an enhancement of proliferative potential in transformed cells. Genes related to
“chemotaxis”, such as CXC chemokine receptor 5 (cxcr5), CC motif chemokine ligand 4
(ccld), ccl4, and ccll3, were also enriched in both the BP and MF categories of rRB-
1B _L-Meq. In contrast, the rRB-1B_Meq-infected group exhibited enriched GO terms
associated with metabolic processes, particularly lipid metabolism, including "cellular

nn

lipid metabolic process," "cholesterol homeostasis," and "triglyceride homeostasis" in the
BP category. Additionally, pathways associated with the biosynthesis of lipid-derived
signaling molecules, such as "prostaglandin biosynthetic process" and "estrogen
biosynthetic process" were upregulated in the rRB-1B_Meq group. Thus, more gene
expression indicating immune activation was observed in tumor lesions in the rRB-1B_L-
Meq group, while tumor lesions in the rRB-1B _Meq group showed characteristics
displaying metabolic reprogramming. The insertion in Meq appears to cause minor

differences in gene expression patterns in tumor lesions.
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Figure I-3. Analysis of transcriptional regulation by the Meq and L-Meq proteins

(A) Schematic representation of the Meq isoforms. The structures of Meq from RB-1B, long-Meq isoform
(L-Meq) from CVI988, and L-Meq (RB-1B) whose sequences were matched with those of RB-1B-Meq,
except for the insertion in the transactivation domain. Pro/Gln, rich domain; BR, basic region; ZIP, leucine
zipper. The Meq isoforms include amino-acid polymorphisms in the BR and transactivation domain. L-Meq
is characterized by a 60-amino-acid insertion in the transactivation domain. (B and C) Transrepression
effects of the Meq isoforms. The transrepression effects of RB-1B-Meq, wild-type L-Meq (CVI988), and L-
Meq (RB-1B) on (B) the pp38 promoter and (C) the pp/4 promoter-driven luciferase activities were
compared. DF-1 cells in each well were transfected with 300 ng of expression plasmids for each Meq
isoform, 500 ng of reporter plasmid, and 5 ng of control pRL-TK plasmid. Luciferase activities were
analyzed 24 h post-transfection. Firefly luciferase activity is expressed relative to the mean basal activity in
the presence of pCl-neo after normalization to Renilla luciferase activity. (D—G) Transactivation activities of
the Meq isoforms. The transactivation activities of RB-1B-Meq, wild-type L-Meq (CVI988), and L-Meq
(RB-1B) on (D) the icp4 promoter, (E) the gb promoter, (F) the bc/-2 promoter, and (G) the cd30 promoter-
driven luciferase activities were compared. DF-1 cells in each well were transfected with 300 ng of
expression plasmids for each Meq isoform, 200 ng of c-Jun expression plasmid, 500 ng of reporter plasmid,
and 5 ng of control pRL-TK plasmid. Error bars indicate standard deviations. Three independent
experiments were performed in triplicate. ** p<0.01, Tukey's multiple comparison test. (H) Stability of the
Meq isoforms. The stability of RB-1B-Meq, wild-type L-Meq (CVI988), and L-Meq (RB-1B) were
compared. DF-1 cells in each well were transfected with 150 ng of expression plasmids for each Meq
isoform or pCI-neo vector (negative control). The cells in each well were added 100 pg/ml of cycloheximide
24 hours after transfection. The transfected cells were separated on 10% SDS-PAGE and then transferred
onto a nitrocellulose membrane. The membrane was incubated with the rabbit anti-Meq antibody and mouse
anti-chicken actin antibody for 1 hour and then incubated with anti-rabbit IgG secondary antibody
conjugated with HRP or anti-mouse IgG; secondary antibody conjugated with HRP for 30 min, respectively.
Three independent experiments were performed in triplicate.
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Figure I-4. Reconstitution of recombinant Marek’s disease viruses (rMDVs) and their
characterization in vivo

(A) Schematic diagrams of the constructs cloned using the RB-1B genome in this study. In the RB-1B
genome cloned as the bacterial artificial chromosome (BAC) plasmid (pRB-1B); most of the internal
repeat long (IRL) regions were deleted in this plasmid, designated as pRB-1B_AIRL, and used for
mutagenesis. meq in the terminal repeat long (TRL) was replaced with RB-1B-meg or L-meq (RB-1B)
(encoding the L-Meq containing the insertion) by two-step red-mediated mutagenesis. (B) CEFs were
infected with 50 pfu of rMDVs. The infected cells were collected daily for 6 days. The viral loads in the
infected cells were analyzed by quantitative PCR (qPCR) (7-35 dpi: control group: n = 4, rRB-1B_Meq-
infected group: n = 4, rRB-1B_L-Megq-infected group: n = 4). Three independent experiments were
performed in triplicate. Error bars indicate standard deviations. (C) The viral loads in the whole blood of
chickens infected with rRB-1B_Meq and rRB-1B_L-Meq were determined by quantitative polymerase
chain reaction (QPCR). Error bars indicate standard deviations. ** p<0.01, Mann—Whitney U test. (D)
Survival rate in chickens infected with rMDVs in the experimental infection. The survival rate among the
groups was analyzed using the Log-rank test. (E) Tumor incidence in chickens infected with rMDVs
during the study period. * p<0.05, Fisher’s exact test.



A CD4*cells, PBMC B CD4* cells, Spleen

80 *

..... 0----- PBS ceseseseas PBS
— -A— (RB-1B_Meq 80 - — -o— rRB-1B_Meq
Iy 60 —0—— rRB-1B_L-Meq = —o— rRB-1B_L-Meq
2 ] Py
5 Z 60 4 p =0.059
8 p=0.058 8
- =
£ 40 £
. §_ - % 2 40 ,%
8 T8 8 . %/
% s o : -
8 20 éz é g 8 20 "-% ....... N -Er
0 0

7 14 28 35 49 56 7 14 28 35 49 56
Days post infection Days post infection
C mTGFB* cells, PBMC D mTGFg* cells, Spleen
12 R . B eBS 0 e Deeees PBS
z — -A — rRB-1B_Meq I 8 — -A — rRB-1B_Meq
< 10 —o—— RB-1B_L-Meq < —o—— RB-1B_L-Meq
3 3
-8 * F 8
3 3
£ 6 £ 4
2 7 2
8 4 / 8
=Y . @
w S U2
2 2 T3 2
c s =
0 0
7 14 28 35 49 56 7 14 28 35 49 56
Days post infection Days post infection
E CD8af* cells, PBMC F CD8ap* cells, Spleen
25 - 04, Deeeen PBS
[ T PBS — -A— rRB-1B_Meq
3 * — A — rRB-1B_Meq _ * ——o—— RB-1B_L-Meq
< 20 4 —o—— rRB-1B_L-Meq =
2 > 30
8 8
’2 15 - -
2 £
810, B
g @
a 2 10
O 5 8
0 0
7 14 28 35 49 56 7 14 28 35 49 56
Days post infection Days post infection
Gyd T cells, PBMC Hyd T cells, Spleen
%0 seseJesnns PBS 40 seea0--+- PBS
% — =& — rRB-1B_Meq — = — rRB-1B_Meq

n
o

—o—— RB-1B_L-Meq —o—— RB-1B_L-Meq

[FERS:

7 14 28 35 49 56 7 14 28 35 49 56
Days post infection Days post infection

8
8

*

*

¥ TCR" cells in T cells (%)
3 8

V5 TCR* cells in T cells (%)
o

Figure I-5. The dynamics of major T cell subsets in chickens infected with rMDVs

The dynamics of CD4" cells, mTGF-B* CD4" cells, CD8af3" cells, and y3 T cells in T cells from PBMCs
and spleens of chickens infected with rRB-1B-Meq or rRB-1B-L-Meq at each time point during the
experimental period (7-49 dpi: control group: n =4, rIRB-1B_Meq-infected group: n =4, rRB-1B_L-
Meg-infected group: n = 4, 56 dpi: control group: n =4, rRB-1B_Meq-infected group: n =7 ). The
percentages of CD4" cells in the T cell population from (A) PBMCs and (B) spleens, mTGF-B* cells in
the CD4" T cell population from (C) PBMCs and (D) spleens, CD8af" cells in the T cell population from
(E) PBMC:s and (F) spleens, and YSTCR™ cells in the T cell population from (G) PBMCs and (H) spleens
were analyzed. Error bars indicate standard deviations. * p<0.05, Kruskal-Wallis test (7-35 dpi), Mann—
Whitney U test (4956 dpi).
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Figure I-6. Dynamics of T cell subsets involved in immune response in chickens infected with rMDVs
The dynamics of CD8a"yd T cells, CD8aa™ T cells, and CD4"CD8a T cells from spleens of chickens
infected with rRB-1B-Meq or rRB-1B-L-Meq at each time point during the experimental period (7-49 dpi:
control group: n = 4, rRB-1B_Meg-infected group: n = 4, rRB-1B_L-Meg-infected group: n = 4, 56 dpi:
control group: n = 4, rRB-1B_Meg-infected group: n =7 ). (A) The percentages of CD8a" T cells in the y3
T cell population from spleens, (B) the percentage of CD8aa” cells in CD8a" T cell population from
spleens, and (C) the percentage of CD4"CD8a T cells in CD4" T cell population from spleens were
analyzed. Error bars indicate standard deviations. * p<0.05, Kruskal-Wallis test (7-35 dpi), Mann—
Whitney U test (49-56 dpi).
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Figure I-7. Composition of T cell subsets and transcriptome analysis of tumor lesions of rMDV-
infected chickens
(A-D) The composition of T cell subsets in tumor lesions from chickens that developed tumors in the
kidneys or gonads during the experimental period were analyzed by flow cytometry (rRB-1B_Meq-
infected group: n =5, rRB-1B_L-Meg-infected group: n = 5). (A) The percentages of CD4" cells in the T
cell population, (B) mTGF-f* cells in the CD4" T cell population, (C) CD8af* cells in the T cell
population, and (D) yYSTCR™ cells in the T cell population were analyzed. (E) The scatter plots show the
Spearman rank correlation between each tumor lesion from chickens infected with rRB-1B-Meq and
rRB-1B-L-Meq. r: Spearman’s rank correlation coefficient. The expression levels of (F) cox! and (G)
cox2 in tumor lesions from chickens infected with rRB-1B-Meq or rRB-1B-L-Meq at 7 dpi were
determined by qPCR.
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Table I-4. Top 20 Gene Ontology categories with respect to “Biological Process”

L-Meq Meq
p-value GO term Functional category p-value GO term Functional category
#1 2.10E-04 G0:0042102 positive regulation of T cell proliferation 3.50E-04 GO:0001516 prostaglandin biosynthetic process
#2 7.30E-04 GO:0006955 immune response 8.10E-03 GO0:0045741 positive regulation of epidermal growth factor-activated receptor activity
#3 1.20E-03 G0:0006954 inflammatory response 1.00E-02 GO:1901224 positive regulation of NIK/NF-kappaB signaling
#4 1.40E-03 GO0:0071347 cellular response to interleukin 1 1.30E-02 G0:0007173 epidermal growth factor receptor signaling pathway
#5 2.40E-03 G0:0070098 chemokine-mediated signaling pathway 1.30E-02 G0:1903078 positive regulation of protein localization to plasma membrane
#6 2.70E-03 GO:0006915 apoptotic process 1.30E-02 G0:0000226 microtubule cytoskeleton organization
#7 4.20E-03 GO:0071356 cellular response to tumor necrosis factor 1.40E-02 G0:0034145 positive regulation of toll-like receptor 4 signaling pathway
#8 5.70E-03 G0:0030198 extracellular matrix organization 1.40E-02 G0O:0006703 estrogen biosynthetic process
#9 7.30E-03 G0:0002755 MyD88-dependent toll-like receptor signaling pathway 1.50E-02 G0:0032722 positive regulation of chemokine production
#10  8.50E-03 G0:0007596 blood coagulation 1.70E-02 G0:0042632 cholesterol homeostasis
#11 1.30E-02 G0:0035556 intracellular signal transduction 2.20E-02 G0:0046628 positive regulation of insulin receptor signaling pathway
#12  1.50E-02 G0:0048247 lymphocyte chemotaxis 2.50E-02 G0:1990830 cellular response to leukemia inhibitory factor
#13  1.50E-02 G0:0009968 negative regulation of signal transduction 3.50E-02 G0:0032731 positive regulation of interleukin-1 beta production
#14  1.60E-02 GO:0007155 cell adhesion 4.40E-02 G0:0070328 triglyceride homeostasis
#15  2.00E-02 G0:0002062 chondrocyte differentiation 4.40E-02 G0:0045840 positive regulation of mitotic nuclear division
#16  2.10E-02 G0:0051491 positive regulation of filopodium assembly 4.40E-02 G0:0061025 membrane fusion
#17  2.10E-02 G0:0002040 sprouting angiogenesis 5.60E-02 G0:0044255 cellular lipid metabolic process
#18  2.10E-02 GO:0001525 angiogenesis 6.50E-02 G0:0050729 positive regulation of inflammatory response
#19  2.50E-02 G0:0002224 toll-like receptor signaling pathway 6.70E-02 G0:0008284 positive regulation of cell proliferation
#20  2.80E-02 G0:0002548 monocyte chemotaxis 7.00E-02 G0:0007098 centrosome cycle
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Table I-5. Top 5 Gene Ontology categories with respect to “Cellular component”

L-Meq Meq

p-value GO term Functional category p-value GO term Functional category
#1 9.70E-05 GO:0005615 extracellular space 1.50E-03 GO:0005576 extracellular region
#2 2.50E-03 G0:0031012 extracellular matrix 1.90E-03 GO:0005737 cytoplasm
#3 2.70E-03 GO:0005581 collagen trimer 8.20E-03 G0:0045095 keratin filament
#4 4.00E-03 G0:0009897 external side of plasma membrane 8.70E-03 GO:0005615 extracellular space
#5 7.00E-03 GO:0005737 cytoplasm 1.60E-02 G0:0043235 receptor complex
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Table I-6. Top 5 Gene Ontology categories with respect to “Molecular function”

L-Meq Meq
p-value GO term Functional category p-value GO term Functional category
#1 3.30E-04 GO:0008009  chemokine activity 1.40E-03 GO:0005154  epidermal growth factor receptor binding
#2  2.00E-03 GO:0005524  ATP binding 4.90E-03 GO:0004601  peroxidase activity
#3  3.10E-03 GO0:0003953  NAD+ nucleosidase activity 1.30E-02 GO:0005080  protein kinase C binding
#4  5.10E-03 GO0:0050135  NAD(P)+ nucleosidase activity 1.50E-02 GO:0004862 cAMP-dependent protein kinase inhibitor activity
#5  5.10E-03 GO:0061809 NAD+ nucleotidase, cyclic ADP-ribose generating 1.50E-02 G0:0003953  NAD+ nucleosidase activity

45



DISCUSSION

In this chapter, the effect of the insertion in Meq on MDYV virulence was assessed by
evaluating Meqg-mediated transcriptional regulation and T-cell dynamics in chickens
infected with rtMDV. The insertion was found to enhance Meq protein stability and its
transactivation activity on the promoters of bcl-2, icp4, and cd30, indicating a potential
for increased expression of transformation-related genes in latently infected cells.
Consistent with this, an earlier expansion of CD4" T cells, including an MDV-
transformed-cell phenotype (mTGF-f* CD8a"), was observed in chickens infected with
rRB-1B_L-Meq. These observations suggest that the insertion could facilitate the early
transformation of CD4" T cells through enhanced activation of tumor-associated gene
expression, thereby accelerating MDV-induced tumor development.

The insertion in Meq showed the enhanced transactivation activities on bcl-2, c¢d30,
and icp4 promoters as well as meq promoter (Sato et al., 2022); this may be partially
attributed to increased protein stability. A proline—alanine repeat sequence in EBV nuclear
antigen 1 (EBNA1) inhibits ATP-dependent ubiquitination and subsequent proteasomal
degradation, thereby stabilizing the protein (Levitskaya et al., 1997). Furthermore, the
proteasomal degradation is inhibited by inserting this repeat sequence into a different viral
protein, EBNA4. These observations suggest that an increase in the number of PRR
sequences in L-Meq may promote the inhibition of proteasomal processing, and thus it
potentially induces the enhanced protein stability, resulting in the prolonged activity of
Meq on the transcriptional regulation. Alternatively, the insertion may induce
conformational changes in the Meq protein structure, enhancing its resistance to
degradation. In addition to the role in transcriptional regulation, Meq serves as a target
for CD8" T cell responses, as Meq-derived peptides elicited IFN-y production from MD V-
specific cytotoxic T cells (Boodhoo and Behboudi, 2022a). Therefore, enhanced stability
of Meq might impair antigen processing and presentation pathways, allowing transformed
cells to evade immune surveillance. Further investigation is required to elucidate whether
the number of PRRs influences proteasomal degradation and protein conformation, as
well as the contribution of Meq stability to MDYV pathogenesis.

In contrast to other promoters examined in this study, the insertion in Meq did not
enhance the activity of the gb promoter. Meq regulates gene expression by forming
heterodimers with AP-1 family proteins and binding to the Meq response element 1
(MERET1) located in the promoter region (Levy et al., 2003). The number of MERE1
sequences present in the gb promoter is lower than those in the meq and icp4 promoters,

which may account for the difference in the effects of the insertion on each promoter



activity. To elucidate the impact of the insertion on transcriptional regulation of Meq,
further comprehensive analyses, including the identification of dimerization partners of
Meq and the profiling of their binding regions, are required.

Increased percentages of a Treg-like phenotype expressing mTGF-f and CD4 in
PBMCs from MDV-infected chickens were observed, consistent with previous findings
(Gurung et al., 2017), likely reflecting the expansion of tumor cells. Furthermore, the
proportion of CD4* T cells was elevated from 14 dpi in chickens infected with rRB-1B_L-
Meq. Given that MDV-transformed cells can arise as early as 10 dpi (Calnek, 2001), an
early increase in CD4* T cells in rRB-1B_L-Meg-infected chickens may be due to the
emergence of transformed cells. Thus, the data form the flow cytometric analysis in the
present study suggest that tumor cell expansion occurs earlier in rRB-1B_L-Meg-infected
chickens.

An increase in the proportion of CD8a* yd T cells following vaccination with
CVI988 has been reported (Hao ef al., 2021). Additionally, a higher frequency of CD8a*
vd T cells producing IFN-y was observed during the early lytic phase in chickens
superinfected with RB-1B after vaccination (Matsuyama-Kato et al., 2022), suggesting a
role of CD8a" yd T cells in the immune response against MDV. In contrast, the present
study demonstrated a reduction in CD8a* yd T cells in both infected groups, coincident
with an expansion of CD4* T cells, suggesting a reduced response to transformed cells.
As MDV-transformed Treg-like cells are thought to suppress T cell proliferation via PGE-
production and PD-L1 expression (Matsuyama-Kato et al., 2012; Gurung et al., 2017;
Kamble et al., 2021), it is plausible that similar mechanisms also inhibit the proliferation
of CD8a" vd T cells. Notably, the CD8a* vd T cell population was reduced at an earlier
time point in chickens infected with rRB-1B L-Meq, suggesting that the disease
progression was accelerated in this group.

An increase in the CD8af* T cell population within PBMCs was detected at 14 dpi
in chickens infected with rRB-1B_L-Meq, and subsequently at 35 and 49 dpi in those
infected with rRB-1B_Meq. This elevation could reflect a response to MDV-transformed
cells. The expansion of CD4* T cells was observed after the rise in CD8af* T cells,
occurring at 35 dpi in the rRB-1B_L-Meg-infected group and at 56 dpi in the rRB-
I1B_Meg-infected group. Moreover, a significant increase in CD8ao™ T cells was
observed at 35 dpi in the rRB-1B_L-Meg-infected chickens, potentially showing a
response to transformed cells. Previous studies showed a similar increase in CD8ao™ T
cells during the proliferative phase of MDYV infection (Perumbakkam et al., 2016) and a
rapid expansion following secondary CVI988 vaccination (Hao et al., 2021), indicating

that the CD8aa" T cell subset may include memory T cells specific to MDV. Therefore,
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an increase in CD8aa" T cells during the late lytic phase may have resulted from the
reactivation of memory cells established during the acute phase of infection. Further
functional characterization of CD8aa* T cells is required to elucidate their role in MD
pathogenesis.

Previous studies have shown that the cellular composition markedly differs between
tumors caused by the RB-1B and Md5 strains (Kumar et al., 2012). Tumors induced by a
recombinant Md5 strain expressing RB-1B-Meq exhibited an intermediate cellular profile
between the two strains, suggesting that differences in amino acid sequences of Meq can
influence the cellular composition of tumor lesions. In contrast, the present study found
no significant differences in the proportions of total T cells, B cells, macrophages, or each
T-cell subset in tumor tissues between rRB-1B_Meq and rRB-1B_L-Meq. These findings
suggest that the 60-amino acid insertion in Meq markedly accelerates disease progression
without altering the cellular composition in tumor lesions. Moreover, these data imply
that Meq polymorphisms may alter virulence through mechanisms distinct from those
driven by the insertion.

The RNA-seq analysis indicated that rRB-1B_Meq and rRB-1B_L-Meq modulated
similar signaling pathways in the process of cellular transformation. However, GO
analysis focusing on differentially expressed genes between the groups revealed distinct
transcriptional profiles in tumor lesions from rMDV-infected chickens. In tumor lesions
derived from rRB-1B_L-Meg-infected chickens, genes involved in immune responses,
including cytokines associated with lymphocyte proliferation, chemokines related to
lymphocyte migration, and adhesion-related molecules, were predominantly expressed.
The upregulation of these genes may contribute to the proliferation of CD4* T cells during
the transformation phase, as well as the migration and adhesion of tumor cells and
immune cells, thereby promoting solid tumor formation in several organs. In contrast,
tumor lesions from rRB-1B_Meg-infected chickens showed predominant expression of
genes associated with lipid metabolism and cell proliferation. Notably, fatty acids such as
palmitic acid play an essential role in MDYV replication, and MDV-induced fatty acid
biosynthesis has been shown to enhance viral replication (Boodhoo et al., 2019). The
activation of lipid metabolism observed in the tumor microenvironment of rRB-1B_Meq-
infected chickens may facilitate viral reactivation at a high frequency. These findings
suggest that the characteristics of transformed cells differ between the rMDVs. Moreover,
the accelerated disease progression observed in rRB-1B_L-Meg-infected chickens may
contribute to the retention of transcriptional signatures related to immune cells, whereas
the relatively slow disease progression in rRB-1B_Meg-infected chickens may more

accurately reflect the transcriptional properties of tumor cells. For a more comprehensive
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understanding, further studies are required to evaluate the contribution of subtle
transcriptional changes to MDYV virulence.

Given that CVI988 contains the same insertion in the transactivation domain, the
findings in the present study hold field relevance (Lee ef al., 2000a). Although wild-
type CVI988-L-Meq exhibited enhanced protein stability similar to that of L-Meq (RB-
1B), its transactivation activity was reduced compared to both L-Meq (RB-1B) and Meq
(RB-1B), suggesting that polymorphisms in the basic region could reduce the
transcriptional activity of CVI988-L-Meq. However, an RB-1B-based rMDV encoding
wild-type CVI988-L-Meq retained virulence comparable to that of rMDV encoding RB-
1B-Meq (Conradie et al., 2019), suggesting that the insertion could compensate for the
virulence reduced by the polymorphisms in the basic region. Furthermore, additional
viral factors may contribute to the attenuated virulence of CVI988. Identification of the
molecular mechanisms underlying the attenuated virulence may facilitate the

development of more effective vaccines for controlling MD.
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SUMMARY

Despite the development of effective vaccines, the virulence of MDYV field strains
has continued to increase, and sporadic outbreaks still occur. A 59/60-amino acid insertion
in the transactivation domain of Meq has been identified not only in the vaccine strain
CVI988 but also in several virulent field strains. Previous studies using rMDV
demonstrated that the insertion in Meq enhanced viral virulence, but the underlying
mechanisms remain unclear. Therefore, in Chapter I, to investigate the effect of the
insertion in Meq on MDYV pathogenesis, comparative analyses were performed focusing
on Meqg-mediated transcriptional regulation, the dynamics of transformed T cells and
relevant T-cell subsets in infected chickens, and gene expression profiles in tumor lesions.

Reporter assays revealed that the insertion enhanced the transactivation activity on
the promoters of a viral gene icp4 and host genes, bcl-2 and cd30. The insertion increased
Meq protein stability; therefore, it could contribute to the enhanced transactivation
function. On the other hand, no apparent effect was observed on Meq-mediated
transrepression on the pp38 and pp 14 promoters. The insertion in Meq of an RB-1B-based
recombinant MDYV resulted in higher mortality and tumor incidence, as well as expansion
of CD4" T cells, including an mTGF-B-expressing subpopulation, an MDV-transformed
phenotype, in earlier phase of infection. Additionally, the proportions of CD8* T cells and
vd T cells were reduced earlier in rRB-1B_L-Meg-infected chickens. In contrast, flow
cytometric analysis of tumor lesions revealed no significant differences in cellular
composition between the rRB-1B [.-Meq and rRB-1B -Meg-infected groups.
Furthermore, transcriptome analysis showed similar gene expression profiles between the
infected groups, but GO enrichment analysis for differentially expressed genes identified
distinct biological signatures. In tumor lesions from rRB-1B_L-Meg-infected chickens,
immune- and migration-related GO terms, such as “T cell proliferation” and
“chemotaxis”, were enriched, whereas tumors from rRB-1B Meq-infected chickens
showed enriched GO terms in lipid metabolism-related pathways, including “cellular

9 ¢

lipid metabolic process,” “cholesterol homeostasis,” and “triglyceride homeostasis.”
Collectively, these findings suggest that although the insertion in Meq does not alter the
transcriptional targets of Meq, it accelerates the process of tumorigenesis by enhancing

the protein stability and the transactivation activity
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CHAPTERII

Effect of amino acid polymorphisms in the basic region of Meq on its
transcriptional regulation activity and the virulence of Marek’s disease virus
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INTRODUCTION

CVI988 is an attenuated vaccine strain derived from a low-virulence MDV and is
globally used as a gold-standard vaccine against MD (Rispens et al., 1972; Gimeno, 2008;
Schat, 2016). In Chapter I, the insertion in the transactivation domain of Meq, which were
first identified in CVI988-L-Meq, accelerated MDV-mediated tumorigenesis, presumably
due to the enhanced transcriptional regulatory activity resulting from the increased
protein stability. Thus, the insertion in Meq appears to enhance its protein function and to
promote disease progression. Indeed, L.-Meq, which contains the insertion in the
transactivation domain, is not unique to CVI988-L-Meq, but has been identified in
pathogenic MDYV strains circulating in Australia and Brazil (Renz et al., 2012; Chacoén et
al., 2024). These observations suggest that the amino acid sequence in other regions of
Meq also play a pivotal role in determining virulence.

The basic region corresponds to positions 30—85 of Meq and is responsible for
binding to genomic DNA (Jones ef al., 1992). The basic region contains two sub-domains:
basic region 1 at positions 30—36 and basic region 2 at positions 62—78, the latter of which
is associated with nuclear localization and nuclear import of Meq (Liu et al., 1997).
Compared with vv/vv+MDV strains in the US, the Meq isoforms of CVI988 harbor two
amino acid polymorphisms in the basic region (Table 1): Serine and glutamic acid are
present at positions 71 and 77 in the Meq isoforms of CVI988, whereas alanine and lysine
are present in Meq of vv/vv+MDYV strains (Lee et al., 2000b). These polymorphisms in
the basic region of the CVI988-Meq isoforms have also been found in the ancestral MDV
detected in 19th-century chicken skeletal remains, as well as in low-virulence field
isolates from the 1960s in the US, such as Jm and BC-1 (Shamblin ef al., 2004; Fiddaman
et al., 2023). Therefore, changes in the amino acid residues at positions 71 and 77 are
assumed to have played an important role in the evolution of MDV virulence.

In Meq of pathogenic MDV strains recently isolated in Asia, Africa, and Europe,
glutamic acid and tyrosine have consistently been identified at positions 77 and 80,
respectively (Trimpert et al., 2017; Deng et al., 2021; Patria et al., 2024; Yamagami et al.,
2025). These polymorphisms are predominant in MDYV strains in the Eurasian region,
whereas they are found in vMDYV strains in the US. On the other hand, the amino acid
residues at these positions in vv/vv+MDYV strains in the US are lysine and aspartic acid.
Thus, the amino acid sequences at positions 77 and 80 show obvious differences
depending on the virulence or geographic distribution of MDYV strains, but the effects of
these polymorphisms in the basic region of Meq on its protein function and MDV

virulence remain uncharacterized.
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In Chapter II, the effects of amino acid polymorphisms at positions 71, 77, and 80
in the basic region on its function and the virulence were examined. The transcriptional
regulatory activity of Meq, in which amino acid substitutions at positions 71, 77, and 80,
were introduced, was assessed by reporter assays. In addition, ’MDVs were generated by
replacing the native meg in the RB-1B strain with megq genes carrying mutations
corresponding to the amino acid sequences at positions 71 and 77, or 77 and 80, and their
virulence was assessed by experimental infection. Furthermore, to evaluate the influence
of these polymorphisms on MDV pathogenesis, the dynamics of infected cells and major
host T cell populations was investigated, and histopathological analyses of the lesions

were conducted.
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MATERIALS AND METHODS

Ethics statement

All animal experiments were approved by the Institutional Animal Care and Use
Committee of Hokkaido University (Approval Number: 22-0088). All experiments were
performed following the relevant guidelines and regulations of the Faculty of Veterinary
Medicine of Hokkaido University, which is fully accredited by the Association for

Assessment and Accreditation of Laboratory Animal Care International.

Cells

CEFs were isolated from chicken embryos of 10-day-old fertilized eggs (Iwamura
Hatchery Co. Ltd.) as described in Chapter I. CEFs were maintained in Eagle’s Minimum
Essential Medium (Nissui Pharmaceutical Co., Ltd.) supplemented with 10% tryptose
phosphate broth (Difco Laboratories), 0.03% L-glutamine, 100 U/mL penicillin,
100 pg/mL streptomycin, 10% calf serum (Sigma-Aldrich), and 0.1% sodium bicarbonate.
DF-1was maintained in Dulbecco’s Modified Eagle’s Medium (FUJIFILM Wako Pure
Chemical Corporation) supplemented with 0.03% L-glutamine, 100 U/mL penicillin,
100 pg/mL streptomycin, and 10% fetal bovine serum (MP Biomedicals). CEFs and DF-
1 cells were incubated in a humidified atmosphere containing 5% CO- at 37°C and 39 °C,

respectively.

Plasmids

Expression plasmids for each Meq isoform with mutations in the basic region were
constructed. The ORF of RB-1B-meq (GenBank accession no. HM488349.1) was
amplified and ligated into the pCI-neo vector (Promega), as described in Chapter I.
Alanine-to-serine, lysine-to-glutamic acid, and aspartic acid-to-tyrosine substitutions
were introduced at positions 71, 77, and 80, respectively, using site-directed mutagenesis.
The mutations were introduced using primers as listed in Table II-1.

For reporter assays, a c-Jun expression plasmid was constructed (Levy et al., 2003).
Additionally, reporter plasmids containing the promoter regions of pp38, meq, and
chicken bcl-2 were constructed by inserting each promoter upstream of the firefly
luciferase gene in the pGL3-Basic vector (Promega) as described in Chapter I. The pRL-

TK Renilla luciferase plasmid (Promega) was utilized as an internal control.

Dual-luciferase reporter assay
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DF-1 cells were seeded at 2.0 x 10° cells per well in 24-well plates and incubated
for 24 hours at 39 °C with 5% CO:. For reporter assays using the meg and chicken bcl-2
promoters, each well was transfected with 300 ng of Meq expression plasmid, 200 ng of
c-Jun expression plasmid, 500 ng of reporter plasmid, and 5ng of pRL-TK, using
Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s protocol.
For assays using the pp38 promoters, DF-1 cells were transfected with 300 ng of Meq
expression plasmid, 500 ng of the reporter plasmid, and 5 ng of pRL-TK. At 24 hours
post-transfection, cells were lysed and luciferase activity was quantified. Firefly
luciferase activity was normalized to Renilla luciferase activity, and the results were
expressed relative to those from cells transfected with the empty pCI-neo vector. Three
independent experiments were conducted in triplicate. Protein expression levels of each

Meq isoform were verified by western blotting in all reporter assays.

Generation of recombinant viruses

RB-1B-based rMDVs encoding Meq, Meq71/77, or Meq77/80 were generated as
described in Chapter I (Conradie et al., 2019; Sato et al., 2022). pRB-1B_AIRL (kindly
provided by Dr. Benedikt Kaufer; Engel et al., 2012), was used to generate mutant
recombinant viruses. The native megq in the TRL region of pRB-1B_AIRL was replaced
with RB-1B-meq, meq carrying mutations corresponding to the amino acid sequences at
positions 71 and 77 (alanine-to-serine and lysine-to-glutamic acid substitution,
respectively; meq71/77), or meq carrying mutations corresponding to the amino acid
sequences at positions 77 and 80 (lysine-to-glutamic acid and aspartic acid-to-tyrosine
substitution, respectively; meq77/80) using a two-step Red recombination strategy
(Tischer et al., 2006; Tischer and Kaufer, 2012).

The resulting BAC plasmids were subjected to RFLP analysis to verify that each
meq was accurately inserted. The BAC plasmids encoding each rMDV genome were
digested with BamHI-HF (New England Biolabs Japan Inc.) and screened by
electrophoresis on 0.8% agarose gels. Insertion of each meq was further validated by PCR
and DNA sequencing. rMDVs were reconstituted by transfecting the BAC plasmids into
CEFs using the CalPhos Mammalian Transfection Kit (Takara Bio Inc.), and pCAGGS-
Cre (Gene Bridges GmbH) was co-transfected to excise the BAC sequence. The resulting
rMDVs were designated rRB-1B_Meq, rRB-1B_Meq71/77 and rRB-1B_Meq77/80,
respectively. All reconstituted viruses were passaged several times on CEFs and stored at
—80 °C in Cell Banker 1 (Nippon Zenyaku Kogyo Co., Ltd.). Restoration of the IRL
region and removal of BAC sequences were confirmed by PCR. Viral titers were

determined by plaque assays as previously reported (Engel et al., 2012). To exclude the
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presence of unintended mutations, the whole genomes of reconstituted rMDVs were
sequenced using DNA extracted from CEFs infected with each rMDV. Whole genome
sequencing was performed by Hokkaido System Science Co., Ltd. No mutations were
detected in the ORFs previously associated with MDYV virulence, except for the
manipulated meq (BioSample accessions: LC862891).

In vitro replication of the recombinant viruses

Confluent monolayers of CEFs seeded in 12-well plates were infected with 50 PFU
of recombinant virus. Infected cells were collected daily for five days. Total cellular DNA
was extracted using the DNeasy Blood and Tissue Kit (Qiagen). Viral loads were
quantified by qPCR to evaluate replication kinetics as described in Chapter 1. Viral loads
were calculated as the mean of three independent cultures, with all experiments performed

in triplicate.

Expression of meq mRNA in cells infected with recombinant viruses in vitro

CEFs were seeded in 12-well plates and infected with 50 PFU of each rMDV.
Infected cells were harvested daily for five days. Total RNA was extracted using TRI
Reagent (Molecular Research Center, Inc., Cincinnati, OH, USA) in accordance with the
manufacturer’s protocol, and treated with DNase I (Promega) to remove unwanted
genomic DNA. cDNA was synthesized using PrimeScript Reverse Transcriptase (Takara
Bio Inc.). Expression levels of each meq isoform were quantified by qPCR as described
in Chapter .

Experimental infection

Fertilized eggs from white leghorn chickens (Iwamura Hatchery Co. Ltd.) were
hatched in the laboratory, and the chicks were raised in isolators. PCR screening
confirmed the absence of major infectious pathogens. In all experimental infections
described below, each group of chickens was housed separately in individual isolators
following group assignment. Clinical signs associated with MD were monitored daily for
eight weeks after virus inoculation. Chickens showing clinical signs during the
experimental period were euthanized by collecting heparinized whole blood from the
hearts under deep general anesthesia induced by isoflurane inhalation (Zoetis Japan), and
necropsy was performed to assess the presence of gross tumor lesions.
(i) First experimental infection with rRB-1B_Meq71/77

This experiment was conducted to evaluate survival rate, tumor incidence, lymphoid

organ weight, and lymphocyte proportions in PBMCs, spleen, and thymus in chickens
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infected with rRB-1B_Meq71/77. A total of 93 one-day-old chicks were randomly
assigned to three groups and housed separately. Chickens were inoculated
intraperitoneally with 5,000 PFU of rRB-1B_Meq (n =35), rRB-1B_Meq71/77 (n=33),
or PBS (pH 7.4) as a negative control (n=25). At 7, 14, 28, and 35 dpi, five chickens
from each group were euthanized, and samples of blood, spleen, and thymus were
collected. All remaining chickens without clinical signs at the end of the experimental
period (56 dpi) were euthanized, and tumor incidence was assessed (uninfected control
group: n =5, rRB-1B_Meq-infected group: n = 13, rRB-1B_Meq71/77-infected group: n
= 8). Spleen and tumor tissues were dissected with scissors, homogenized, and filtered
through 40-um cell strainers (BD Biosciences) to obtain single-cell suspensions, which
were washed twice in PBS. Mononuclear cells from blood and spleen suspensions were
isolated by density gradient centrifugation using Percoll (GE Healthcare), followed by
two additional PBS washes. Isolated cells were preserved in Cell Banker 1 (Nippon
Zenyaku Kogyo Co., Ltd.) for subsequent flow cytometric analysis.
(ii) Second experimental infection with rRB-1B_Meq71/77

This experiment was conducted to evaluate survival rate, tumor incidence, and
histopathological changes. A total of 45 one-day-old chicks were randomly assigned to
three groups and housed separately. Chickens were inoculated intraperitoneally with
10,000 PFU of rRB-1B_Meq (n=20), rRB-1B_Meq71/77 (n=20), or PBS (pH 7.4) as a
negative control (n =5). Blood samples were collected from five chickens per group at 7,
14, 28, and 35 dpi to monitor viral loads. All remaining chickens without clinical signs at
the end of the experimental period (56 dpi) were euthanized, and tumor incidence was
assessed (uninfected control group: n = 5, rRB-1B_Meq-infected group: n = 10, rRB-
1B _Meq71/77-infected group: n = 20). For histopathological analysis, the spleen, bursa
of Fabricius, and thymus were collected at 56 dpi: control (n = 2), rRB-1B_Meqg-infected
(n = 3), and rRB-1B_Meq71/77-infected (n = 5). Tissues were fixed in 10% neutral-
buffered formalin (FUJIFILM Wako Pure Chemical Corporation) for 24 hours.
(iii) First experimental infection with rRB-1B_Meq77/80

This experiment was conducted to evaluate survival rate, tumor incidence, lymphoid
organ weight, and lymphocyte proportions in PBMCs, spleen, bursa of Fabricius, and
thymus in chickens infected with rRB-1B_Meq77/80. A total of 103 one-day-old chicks
were randomly assigned to three groups and housed separately. Chickens were inoculated
intraperitoneally with 5,000 PFU of rRB-1B_Meq (n =36), rRB-1B_Meq77/80 (n=42),
or PBS (pH 7.4) as a negative control (n=25). At 7, 14, 28, and 35 dpi, five chickens
from each group were euthanized, and samples of blood, spleen, bursa of Fabricius, and

thymus were collected. All remaining chickens without clinical signs at the end of the
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experimental period (56 dpi) were euthanized, and tumor incidence was assessed
(uninfected control group: n = 5, rRB-1B Meg-infected group: n = 11, rRB-
1B_Meq77/80-infected group: n = 14). Mononuclear cells from blood and spleen
suspensions were isolated by density gradient centrifugation using Percoll (GE
Healthcare), and isolated cells were preserved in Cell Banker 1 (Nippon Zenyaku Kogyo
Co., Ltd.).
(iv) Second experimental infection with rRB-1B_Meq77/80

This experiment was conducted to evaluate survival rate, tumor incidence, and
histopathological changes. A total of 45 one-day-old chicks were randomly assigned to
three groups and housed separately. Chickens were inoculated intraperitoneally with
10,000 PFU of rRB-1B_Meq (n =22), rRB-1B_Meq71/77 (n=18), or PBS (pH 7.4) as a
negative control (n =5). Blood samples were collected from five chickens per group at 7,
14, 28, and 35 dpi to monitor viral loads. All remaining chickens without clinical signs at
the end of the experimental period (56 dpi) were euthanized, and tumor incidence was
assessed (uninfected control group: n = 5, rRB-1B_Meq-infected group: n = 12, rRB-
1B _Meq71/77-infected group: n = 18). For histopathological analysis, the spleen, bursa
of Fabricius, and thymus were collected at 56 dpi: control (n = 2), rRB-1B_Meg-infected
(n = 3), and rRB-1B_Meq71/77-infected (n = 5). Tissues were fixed in 10% neutral-
buffered formalin (FUJIFILM Wako Pure Chemical Corporation) for 24 hours.

DNA extraction and qPCR

Total cellular DNA was extracted from whole blood samples of infected chickens
using the DNeasy Blood and Tissue Kit (Qiagen), following the manufacturer’s
instructions. qPCR was conducted to determine viral loads using primers specific to the
icp4 and the chicken i-nos as described in Chapter 1. Viral loads were expressed as the

ratio of icp4 to i-nos.

Flow cytometric analysis
(i) Evaluation of the availability of Meq mAbs for flow cytometric analysis

For flow cytometric analysis, monoclonal antibodies against Meq were used (kindly
provided by Dr. Kurokawa, National Agriculture and Food Research Organization, Japan;
Kurokawa and Yamamoto, 2022). Anti-Meq mAbs (mouse IgG1 isotype) were purified
from the supernatant of cultured hybridomas using Protein G Sepharose 4 Fast Flow (GE
Healthcare, IL, USA) according to the protocol of the manufacturer. The purified antibody
was conjugated with APC using Zenon Mouse IgG; Labeling Kit (Invitrogen, MA, USA).
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The availability of anti-Meq mAb for flow cytometric analysis was confirmed by
analyzing the expression of Meq in DF-1 cells transfected with the pCI-neo expression
plasmid cloned with RB-1B-meq. The transfected DF-1 cells were washed twice with
FACS buffer, followed by fixation and permeabilization using Cytofix/Cytoperm solution
(BD Biosciences) for 30 minutes at 4 °C. Subsequently, cells were washed three times
with Perm/Wash buffer (BD Biosciences). For intracellular staining, cells were incubated
for 40 min at 4°C in the dark with either APC-conjugated mouse anti-Meq mAb or APC-
conjugated mouse IgG; isotype control (Southern Biotech), followed by two washes with
Perm/Wash buffer. The gating strategy for this analysis is shown in Fig. II-1. Following
staining, cells were washed twice with 200 uL. of FACS buffer and analyzed using a
FACSLyric flow cytometer (BD Biosciences).

(ii) Flow cytometric analysis for PBMCs and mononuclear cells from spleen and
thymus

PBMCs and mononuclear cells (5 x 10°) isolated from the spleen or thymus were
seeded into 96-well round-bottom plates and washed twice with FACS buffer (PBS
supplemented with 1% bovine serum albumin; Sigma-Aldrich). To block nonspecific
binding, cells were incubated with PBS containing 10% chicken serum (Thermo Fisher
Scientific) at 25 °C for 15 minutes. Staining of cell surface molecules was performed
using the following mAbs: mouse anti-chicken CD3¢ (PerCP-CyS5.5), anti-chicken CD4
(PE-Cy7), anti-chicken CD8fB (FITC), anti-chicken TCRyo (PE) (all from Southern
Biotech) at 4°C for 30 minutes in the dark. Viable and non-viable cells were
discriminated using Fixable Viability Dye eFluor780 (Thermo Fisher Scientific). For
splenic cells obtained from both experimental infection, thymic cells from experimental
infection with rRB-1B_Meq71/77, and PBMCs from experimental infection with rRB-
1B _Meq77/80, cells were washed twice with FACS buffer, followed by fixation and
permeabilization using Cytofix/Cytoperm solution (BD Biosciences) for 30 minutes at
4°C. Subsequently, cells were washed three times with Perm/Wash buffer (BD
Biosciences). For intracellular staining, cells were incubated for 40 min at 4°C in the dark
with either APC-conjugated mouse anti-Meq mAb or APC-conjugated mouse IgG
isotype control (Southern Biotech), followed by two washes with Perm/Wash buffer. The
gating strategy for this analysis is shown in Fig. II-1. Following staining, cells were
washed twice with 200 uL of FACS buffer and analyzed using a FACSLyric flow
cytometer (BD Biosciences). The absolute number of each T cell subset was quantified
using CountBright™ absolute counting beads (Invitrogen, Waltham, MA, USA) and the
following formula:

(Number of T cell subset events / Number of bead events) x Number of beads added

59



Histopathological analysis of rMDV-infected chickens

Histopathological and immunohistochemical (IHC) analyses were performed by
National Agriculture and Food Research Organization. Monoclonal antibodies against
Meq and pp38 (kindly provided by Dr. Kurokawa, National Agriculture and Food
Research Organization, Japan) were utilized for IHC. Tissues from experimentally
infected chickens were fixed in 10% neutral-buffered formalin (FUJIFILM Wako Pure
Chemical Corporation) for 48 hours, embedded in paraffin, and sectioned. Sections were
deparaffinized, treated with 0.3% hydrogen peroxide in methanol for 20 minutes at room
temperature (20-26 °C) to block endogenous peroxidase activity, and blocked with 5%
skim milk (FUJIFILM Wako Pure Chemical Corporation) for 20 minutes to reduce
nonspecific binding. Primary antibodies (1.4 mg/ml for Meq, 4 png/ml for pp38) were
applied and incubated for 20-24 hours at 4 °C. Following PBS washes, sections were
incubated with horseradish peroxidase-conjugated secondary antibody reagent (Histofine
Simple Stain MAX PO [M] kit, Nichirei Bioscience) for 45 minutes at room temperature.
Antigen-antibody reactions were visualized wusing a 3,3'-Diaminobenzidine
Tetrahydrochloride (DAB) substrate kit (Nichirei Bioscience), and sections were
counterstained with Mayer’s hematoxylin (Muto Pure Chemicals) and coverslipping.

Two types of negative controls were employed: IHC with culture supernatants
lacking anti-Meq antibodies to exclude nonspecific staining from hybridoma media, and
IHC without primary antibodies to exclude the possibility of nonspecific reactions with
the secondary antibodies. No positive signals were detected in tumor tissues from rRB-
1B_Meq77/80-infected chickens in both negative controls. All stained sections were

examined under a microscope.

Statistical analyses

Statistical analyses were conducted using R Statistical Software (version 4.0.3; R
Foundation for Statistical Computing). Multi-step growth kinetics were analyzed using
the Mann—Whitney U test. T cell dynamics were analyzed using the Kruskal-Wallis test
followed by Dunn’s post hoc test. Tumor incidence was compared between the groups
using Fisher’s exact test. Transactivation activity was analyzed using Tukey’s multiple

comparison test. Results with p < 0.05 were considered statistically significant.
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Table I1-1 Primers used to introduce mutations into the RB-1B-meq.

Position in Meq

Substitution

Type

Sequence

71

77

80

Alanine-to-serine

Lysine-to-glutamic-acid

Tytosine-to-aspartic acid

Forward
Reverse
Forward
Reverse
Forward

Reverse

5-AATCGTGACGCCTCTCGGAGAAGAC-3’
5’-GTCTTCTCCGAGAGGCGTCACGATT-3"
5-AGAAGACGCAGGGAGCAGACGTACT-3"
5-AGTACGTCTGCTCCCTGCGTCTTCT-3"
5-AGGAAGCAGACGTACTATGTAGACA-3’
5’-TGTCTACATAGTACGTCTGCTTCCT-3"
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Figure II-1. Gating strategy for the analysis of the dynamics of major T cell subsets in chickens
infected with rMDVs

A representative gating strategy is shown to analyze the dynamics of y5 T cells, CD8" T cells, and

CD4" T cells. Dead cells were excluded using the Fixable Viability Dye eFluor780 (Thermo Fisher
Scientific).



RESULTS

Effects of amino acid substitutions in the basic region on its transcriptional
regulation activity

The effects of polymorphisms at positions 71, 77, and 80 in the basic region on its
transcriptional regulation were evaluated using reporter assays targeting the pp38, meq,
and bcl-2 promoters. Accordingly, single, double, and triple mutant Meq expression
plasmids were generated based on RB-1B-Meq. To compare the transcriptional repression
of each Meq mutant, a reporter plasmid containing the pp38 promoter along with each
Meq construct was transfected into DF-1 cells. All Meq isoforms exhibited transcriptional
repression on the pp38 promoter (Fig. II-2A). Although differences were not statistically
significant, Meq isoforms with single mutations tended to show reduced transcriptional
repression. In contrast, Meq isoforms containing double or triple mutations demonstrated
significantly diminished repression compared to the wild-type Meq. These results suggest
that polymorphisms in the basic region of Meq in CVI988 and recent strains in Asia,
Africa, and Europe impair its ability to repress the pp38 promoter activity.

Next, the transactivation activity of Meq constructs with mutations in the basic
region was assessed using meq and chicken bcl-2 promoters. All Meq isoforms increased
meq promoter activity, but the Meq isoforms with mutations exhibited significantly lower
transactivation levels compared to wild-type Meq (Fig. II-2B). Among them, the Meq
isoform carrying mutations at positions 71 and 77, which correspond to the amino acid
sequence found in the CVI988 strain, demonstrated the weakest transactivation activity.

Similarly, all Meq isoforms enhanced bc/-2 promoter activity (Fig. II-2C). However,
the isoforms with a single mutation at position 80 or double mutations at positions 77 and
80 displayed transactivation activities comparable to that of the wild-type Meq. These
findings suggest that polymorphic combinations in the basic region influence Meg-
mediated transcriptional regulation, but the effects appear to vary depending on the

combination of mutations and the type of promoter.

Generation and characterization of recombinant viruses in vitro

To assess whether combinations of polymorphisms at positions 71 and 77 or at
positions 77 and 80 affect MDYV virulence, a recombinant RB-1B-based MDV expressing
Meq71/77 (tfRB-1B_Meq71/77) or Meq77/80 (rRB-1B_Meq77/80) was generated using
a two-step Red recombination strategy (Fig. II-3A; Tischer et al., 2006; Tischer and
Kaufer, 2012), and rMDVs were reconstituted by transfecting the resulting BAC plasmids

into CEFs. To verify that the recombination procedure did not affect viral replication or



meq expression in vitro, viral loads and meq transcription levels were evaluated in CEFs
infected with rRB-1B_Meq, rRB-1B_Meq71/77, and rRB-1B_Meq77/80. No significant
differences in replication kinetics were detected between rRB-1B Meq and rRB-
1B _Meq71/77, and between rRB-1B_Meq and rRB-1B_Meq77/80 (Figs. I1I-3B and D).
Furthermore, RT-qPCR analysis confirmed no differences in the transcriptional level of
meq MRNA in vitro (Figs. 1I-3C and E). These observations indicate that the

recombination procedure did not impair viral replication or megq transcription in vitro.

Analysis of the pathogenesis in chickens infected with rRB-1B_Meq71/77
Virulence of rRB-1B_Meq71/77 in vivo

To assess the effect of polymorphisms at positions 71 and 77 on MDV virulence and
tumorigenesis, one-day-old chickens were infected with 5,000 PFU of either rRB-
1B_Meqor rRB-1B_Meq71/77. At 56 dpi, 60.0% of chickens infected with rRB-1B_Meq
exhibited clinical signs such as leg paralysis and torticollis, and 56.7% developed solid
tumors in visceral organs, including those euthanized at 56 dpi (Figs. 1I-4A and B). In
contrast, no clinical signs or tumor formation were observed in chickens infected with
rRB-1B_Meq71/77.

To determine whether rRB-1B_Meq71/77 retained pathogenic potential at a higher
dose, the second experimental infection was performed using 10,000 PFU. In this setting,
50.0% of chickens infected with rRB-1B Meq showed clinical signs, and 55.0%
developed solid lymphomas (Figs. II-4C and D). However, even at this higher dose, no
clinical signs or tumor formation were observed in the rRB-1B_Meq71/77-infected group.
These results indicate that amino acid substitutions at positions 71 and 77 drastically

decrease MDYV virulence and tumorigenesis.

Changes in lymphoid organ weight in chickens infected with rRB-1B_Meq71/77

Cytolytic replication of MDV induces extensive apoptosis in the thymus and bursa
of Fabricius, leading to atrophy of these lymphoid organs (Berthault et al., 2018).
Additionally, MDV-mediated transformation of CD4* T cells results in their proliferation
and contributes to enlargement in the spleen of infected chickens (Liu et al., 2023). To
evaluate the impact of amino acid polymorphisms at positions 71 and 77 on these
cytolytic replication and transformation induced by rMDYV, the weights of the thymus,
bursa, and spleen were measured at each time point.

The thymus weight in the rRB-1B_Meq-infected group was significantly lower than
that in the control group at 14 dpi, indicating thymic atrophy (Fig. II-5A). Although the
rRB-1B_Meq71/77-infected group also showed a trend toward lower thymus weight at 7
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and 14 dpi, the differences were not statistically significant. The bursa weight was
reduced in rRB-1B_Meqg-infected chickens compared to controls at 14 dpi (Fig. II-5B).
However, no significant differences in the bursa weight were detected between the rRB-
1B _Meq71/77-infected and control groups throughout the experimental period. These
results suggest that rRB-1B_Meq71/77 diminished potential to induce atrophy of the
thymus and bursa compared to rRB-1B_Meq.

The spleen weights in both rMDV-infected groups tended to be elevated compared
to the control group at 7 dpi (Fig. II-5C). From 14 dpi onward, the spleen weight in the
rRB-1B_Meg-infected group increased compared to those of the rRB-1B_Meq71/77-
infected and control groups and was significantly higher at 56 dpi. In contrast, the spleen
weight in the rRB-1B__Meq71/77-infected group did not differ significantly from that of
the control group after 14 dpi. Collectively, rRB-1B_Meq71/77 induces only transient
pathogenic changes in lymphoid tissues during the early phase of infection, but no

significant alterations were observed during the later phase.

Histopathological analysis of chickens infected with rRB-1B_Meq71/77
Histopathological analysis was conducted on chickens at 56 dpi in the second
experimental infection (control group: n = 2; rRB-1B_Meq71/77 group: n = 5; rRB-
1B _Meq group: n = 3). In the rRB-1B_Meg-infected group, all chickens exhibited
extensive infiltration of Meq* cells throughout the spleen and macrophage infiltration in
the red pulp. In contrast, Meq* cells were detected in the spleens of only two out of five
chickens in the rRB-1B_Meq71/77-infected group, and no proliferative tumor lesions
were observed in any of these chickens (Figs. II-6A and B; Table II-2). Similarly,
infiltration of Meq" cells was observed in the thymus and bursa of Fabricius in all
chickens infected with rRB-1B_Meq. In the rRB-1B_Meq71/77-infected group, Meq*
cells were also detected in the thymus and bursa in two of five chickens, but no

proliferative tumor cell infiltration was found in each organ (Figs. lI-6C and D; Table II-
2).

Replication of rRB-1B_Meq71/77 in vivo

To assess the replication kinetics of rRB-1B_Meq71/77 in vivo, viral loads in whole
blood, spleen, thymus, and feather tips were quantified by qPCR. In both the first and
second experiments, the whole blood of chickens infected with rRB-1B Meq71/77
showed significantly lower viral loads during the later phase of infection, compared to
chickens infected with rRB-1B_Meq (Figs. II-7A and B). Similarly, viral loads in the
spleen and thymus were markedly reduced in the rRB-1B_Meq71/77-infected group after

65



14 dpi (Figs. I1I-7C and D). In feather tips, a significant reduction in viral load was also
observed in the rRB-1B_Meq71/77-infected group at 56 dpi (Figs. [I-7E). These results
suggest that the replication efficiency of rRB-1B_Meq71/77 in vivo is significantly lower
than that of rRB-1B_Meq.

Dynamics of CD4* T and Meq" cells in the spleens of chickens infected with rRB-
1B_Meq71/77

The anti-Meq mAbs (kindly provided by Dr. Kurokawa, National Agriculture and
Food Research Organization, Japan) were subsequently employed to analyze Meq* cells.
Before flow cytometric analysis, the applicability of this mAbs was validated through
intracellular staining of DF-1 cells transfected with a Meq expression plasmid and
western blotting (Figs. II-8).

The dynamics of T cell subsets in the spleen of rMDV-infected chickens were
analyzed by flow cytometry at each time point in the first experimental infection. The
absolute number of CD4* T cells was significantly elevated in rRB-1B_Meq-infected
chickens compared to the control group from 28 dpi onward (Figs. II-9A and B). In the
rRB-1B_Meq71/77-infected group, the number of CD4* T cells also increased at 28 dpi
and reached significantly higher levels than those in the control group at 35 dpi. However,
by 56 dpi, the number of CD4" T cells had returned to levels comparable to the control
group. Throughout the experimental period from 14 dpi onward, the absolute number of
CD4" T cells in rRB-1B_Meq71/77-infected chickens remained consistently lower than
in the rRB-1B_Meg-infected group, with a statistically significant difference at 56 dpi.

To characterize the dynamics of infected cells, the proportion of Meq* cells within
the CD4* T cell population was assessed. In rRB-1B_Meq-infected chickens, Meq" CD4*
T cells were detected in all individuals, and both the percentage of Meq" cells among
CD4" T cells and the absolute number of Meq™ CD4* T cells increased progressively
throughout the experimental period (Figs. II-9C and D). In contrast, in rRB-
1B_Meq71/77-infected chickens, the proportion of Meq"™ CD4* T cells peaked at 7 dpi
(7.1%) and thereafter gradually declined to below 1% (Fig. II-9C). At all-time points, the
proportion of Meq" cells among CD4" T cells in the rRB-1B_Meq71/77-infected group
was significantly lower than in the rRB-1B_Meqg-infected group. Moreover, the absolute
number of Meq" CD4* T cells in rRB-1B_Meq71/77-infected chickens did not increase
over time and remained significantly lower than in rRB-1B_Meq-infected chickens from
14 dpi onward (Fig. I1I-9D).
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Dynamics of CD8" T cells and y3 T cells in the spleens of chickens infected with rRB-
1B_Meq71/77

The dynamics of CD8" T cells in rMD V-infected chickens were analyzed. In rRB-
1B_Meg-infected chickens, the absolute number of CD8* T cells tended to increase at 7
dpi compared to the control group. From 14 to 35 dpi, the number of CD8* T cells was
significantly higher in the rRB-1B_Meq group than in the control group (Figs. II-9E and
F). In contrast, chickens infected with rRB-1B_Meq71/77 exhibited a significantly higher
number of CD8" T cells than the control group at 7 dpi. At 28 and 35 dpi, although CD8"*
T cell numbers in the rRB-1B Meq71/77 group remained significantly elevated
compared to the control group, they tended to be lower than those observed in the rRB-
1B Meq group.

Next, the dynamics of yd T cells were also evaluated. In rRB-1B_Meqg-infected
chickens, the absolute number of yd T cells increased slightly at 28 and 35 dpi compared
to the control group (Figs. II-9G and H). In the rRB-1B_Meq71/77 group, the number of
vd T cells was significantly higher than that of the control group at 7 dpi, but this

difference was not observed throughout the later phase of infection.

Dynamics of T cell subsets in the thymus of chickens infected with rRB-
1B_Meq71/77

The dynamics of T cell subsets in the thymus were also analyzed to evaluate the
effects of rRB-1B_Meq71/77 infection. In the rRB-1B_Meq71/77-infected group, the
absolute number of CD4" T cells (TCRyd~ CD3* CD4") was significantly decreased at 7
dpi compared to the control group (Figs. II-10A and B), suggesting that cytolytic infection
of CD4* T cells occurred in the rRB-1B_Meq71/77-infected group during the early phase
of infection. After 14 dpi, both infected groups showed an increased number of CD4* T
cells compared to the control group, with statistically significant differences at several
time points. Despite the overall increase in CD4* T cell numbers in the later phase of
infection, in the rRB-1B_Meq71/77-infected group, the proportion of Meq* cells within
the CD4" T cell population and the absolute number of Meq® CD4* T cells remained lower
than those in the rRB-1B_Meq-infected group from 14 dpi onward (Figs. II-10C and D).
These results suggest that although the number of CD4* T cells increased along with
disease progression, transformed T cells did not expand in the thymus of chickens infected
with rRB-1B_Meq71/77.

Similar dynamics were observed in CD8" T cells (TCRy6-CD3*CD8f"). In both
rMD V-infected groups, the number of CD8" T cells slightly decreased at 7 dpi, followed

by a gradual increase relative to the control group. Statistically significant elevations were
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observed at 28 and 56 dpi in the rRB-1B_Meq71/77-infected group, and at 35 dpi in the
rRB-1B_Meg-infected group (Figs. II-10E and F). In contrast, the absolute number of y6
T cells (TCRyd" CD3%) in the thymus declined at 7 dpi in both rMDV-infected groups,
with a significant reduction observed in the rRB-1B_Meq-infected group compared to the
control group (Figs. II-10G and H). Throughout the experimental period, the number of
vd T cells remained consistently lower in both infected groups than in the control group,

suggesting sustained suppression of Yo T cell subset following rMDYV infection.

Analysis of the pathogenesis in chickens infected with rRB-1B_Meq77/80
Virulence of rRB-1B_Meq77/80 in vivo

To investigate the impact of amino acid substitutions at positions 77 and 80 on the
virulence and tumorigenicity of MDYV, one-day-old chickens were inoculated intra-
abdominally with 5,000 PFU of either rRB-1B Meq or rRB-1B Meq77/80. Two
independent experimental infections were performed.

In the first experiment, 50% of chickens infected with rRB-1B_ _Meq developed
neurological signs, including leg paralysis and torticollis, by 56 dpi. Solid tumors were
observed in visceral organs in half of the rRB-1B_Meq-infected chickens, including those
euthanized at 56 dpi (Figs. [I-11A and B). On the other hand, the group infected with rRB-
1B_Meq77/80 exhibited a significantly reduced mortality rate. However, two chickens in
this group developed clinical signs, such as open-mouth breathing and depression. No
solid tumors were identified in any individuals.

To further investigate the pathogenic potential of rRB-1B_Meq77/80, an increased
viral dose of 10,000 PFU was administered to one-day-old chickens. Throughout the
experimental period, no dead chickens were observed in the rRB-1B_Meq77/80-infected
group (Fig. II-11C). Although two chickens exhibited transient mild respiratory signs,
including open-mouth breathing, both individuals fully recovered without wasting or
feeding difficulties. By 56 dpi, solid tumor lesions were detected in two chickens from
this group (Fig. II-11D). One chicken developed tumors in the spleen and liver, while the
other showed lesions in the lung, kidney, and glandular stomach. These findings suggest
that the amino acid substitutions at positions 77 and 80 considerably decrease virulence,

although residual oncogenic potential may persist under higher viral challenge conditions.

Changes in lymphoid organ weight in chickens infected with rRB-1B_Meq77/80
To evaluate the effects of amino acid polymorphisms at positions 77 and 80 on
lymphoid tissues of infected chickens, the relative weights of the thymus, bursa, and

spleen were assessed at each time point. At 14, 28, and 35 dpi, the thymus weight was
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significantly reduced in both rMDV-infected groups compared to the control group (Fig.
II-12A), indicating thymic atrophy. However, chickens infected with rRB-1B_Meq77/80
displayed milder thymic atrophy than those infected with rRB-1B_Meq, although the
difference was not statistically significant. Similarly, bursal atrophy was observed at 28
dpi in both infected groups (Fig. II-12B). These findings indicate that rRB-1B_Meq77/80
also causes lymphoid atrophy, but the severity of atrophy in the lymphoid tissues appears
to be milder compared to rRB-1B_Meq. These data suggest that amino acid substitutions
in the basic region influence the severity of lymphoid tissue atrophy.

Progressive enlargement of the spleen was observed in both groups infected with
rMDVs with significant increases in spleen weights compared to those of control group
throughout the experimental period (Fig. II-12C). However, the weight of the spleens of
chickens infected with rRB-1B_Meq77/80 was significantly lower than that of the rRB-
1B_Meg-infected group at 56 dpi (rRB-1B_Meq77/80 vs. rRB-1B_Meq, p = 0.042).
These results suggest that the severity of the pathogenesis in the spleen of rRB-
1B_Meq77/80 is reduced relative to that of rRB-1B_Meq.

Replication of rRB-1B_Meq77/80 in vivo

To investigate the replication kinetics of tMDVs in vivo, viral loads in whole blood
were quantified using qPCR in the first and second experimental infections. In both
experiments, chickens infected with rRB-1B_Meq consistently exhibited higher viral
loads than those infected with rRB-1B Meq77/80, although statistically significant
differences were limited to certain time points (Figs. II-13A and B).

Additionally, viral loads were assessed in the spleen, thymus, and feather tips. In the
spleen and thymus, viral loads in the rRB-1B_Meqg-infected group tended to be elevated
at 28 and 35 dpi compared to those in the rRB-1B_Meq77/80 group (Figs. 1I-13C and D).
In contrast, no significant differences in viral load were detected in the feather tips

between the two infected groups throughout the experimental period (Fig. II-13E).

Dynamics of CD4" T cells and Meq" cells in the PBMCs and spleens of chickens
infected with rRB-1B_Meq77/80

The dynamics of T cell subsets in PBMCs and spleens in the first experimental
infection were analyzed. In this experiment, no significant increase in the proportion of
CD4* T cells was observed in the PBMCs of rMDV-infected chickens (Fig. II-14A).
However, a significantly higher proportion of Meq" cells among CD4* T cells was
detected in the PBMCs of rRB-1B_Meg-infected chickens compared to those infected
with rRB-1B_Meq77/80 at 56 dpi, suggesting an expansion of MDV-transformed cells
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(Fig. II-14B). In contrast, although a gradual increase in the proportion of Meq* cells was
observed in rRB-1B Meq77/80-infected chickens, the rate of increase remained
markedly lower than that of the rRB-1B_Meg-infected group.

A significantly higher proportion of CD4" T cells was detected in the spleens of
chickens infected with rRB-1B_Meq compared to those infected with rRB-1B_Meq77/80
at 56 dpi (p = 0.013; Fig. II-14C). Consistently, the absolute number of CD4* T cells in
the spleen of the rRB-1B_Meg-infected group was elevated compared to the control
group at 35 and 56 dpi. In contrast, the rRB-1B_Meq77/80-infected group exhibited
persistently a lower number of CD4* T cells compared to the rRB-1B_Meq group
throughout the experimental period (Figs. II-14D and E).

Although no significant differences in the proportion of Meq" cells within the CD4*
T cell population between both infected groups were observed at 28 dpi, the proportion
of Meq" cells was significantly lower than in the rRB-1B_Meq77/80-infected group than
in the rRB-1B_Meq group at 35 and 56 dpi (Fig. 1I-14F). Interestingly, relatively high
proportions of Meq" CD4* T cells were still detected in one individual at 35 dpi and two
individuals at 56 dpi in the rRB-1B_Meq77/80-infected group. Additionally, two
individuals, in which higher proportions of Meq® CD4" T cells were observed, exhibited
open-mouth breathing at 44 dpi (Table II-3). The absolute number of Meq™ CD4* T cells
gradually increased in both infected groups over time, but the absolute number was
significantly lower in the rRB-1B_Meq77/80-infected group than in the rRB-1B_Meqg-
infected group at 35 and 56 dpi (Fig. I1I-14G).

Dynamics of CD8" T cells and y6 T cells in the PBMCs and spleens of chickens
infected with rRB-1B_Meq77/80

The dynamics of CD8" T cells in rtMDV-infected chickens were investigated. In
PBMCs from chickens infected with both rtMDVs, the proportion of CD8* T cells
increased at 7 and 14 dpi, although differences were not statistically significant. Notably,
significant elevations in the proportion of CD8* T cells were observed at 35 and 56 dpi in
both infected groups compared to the control group (Fig. II-15A). At 56 dpi, the rRB-
1B_Meq77/80-infected group displayed a significantly higher proportion of CD8* T cells
than the rRB-1B_Meqg-infected group (p = 0.039).

In the spleen, a significant increase in CD8* T cell proportions was observed in rRB-
1B_Meq77/80-infected chickens at 14 dpi compared to the control group (Fig. 1I-15B).
Furthermore, the absolute number of CD8" T cells was significantly elevated in the spleen
of rRB-1B_Meq77/80-infected chickens at 7 and 56 dpi compared to the control group,
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and significantly higher than that in the rRB-1B_Meg-infected chickens at 56 dpi (p =
0.047) (Figs.II-15C and D).

The proportion of yo T cells was also examined. In PBMCs, the percentage of yo T
cells in both rMDV-infected groups tended to be lower than that in the control group at
14 and 28 dpi (Fig. II-15E). Furthermore, the proportion of yd T cells in the rRB-1B_Meq-
infected group was significantly lower than that in both the rRB-1B_Meq77/80-infected
and control groups at 35 dpi (p = 0.043). Similarly, the proportion of yd T cells in the
rRB-1B_Meg-infected group was significantly lower than the control group between 28
and 56 dpi. Although the yo T cell proportion in the spleens of the rRB-1B_Meq77/80-
infected group also exhibited a declining trend compared to the control group at 35 and
56 dpi, the yo T cell proportion remained significantly higher than that of the rRB-
1B_Meg-infected group at 56 dpi (p = 0.0016) (Fig. II-15F). Additionally, the absolute
number of yo T cells in the spleen was significantly higher in the rRB-1B_Meq77/80-
infected group than in the rRB-1B_Meq group at 56 dpi (p = 0.0049) (Figs. II-15G and
H).

Taken together, these data suggest that rRB-1B_Meq77/80 infection did not increase
the number of CD4* T cells in PBMCs and the spleen, whereas rRB-1B_Meq77/80-
infected chickens exhibited a higher number of CD8" T cells in both PBMCs and spleens.
Although the number of y6 T cells was reduced in both rMD V-infected groups relative to
the control group, the RB-1B_Meq77/80-infected group showed a higher proportion of
v6 T cells than the RB-1B_Meg-infected group.

Histopathological analysis of chickens infected with rRB-1B_Meq77/80

Histopathological analysis was conducted using samples collected at 56 dpi in the
second experimental infection (control group: n = 2; rRB-1B_Meq77/80-infected group:
n = 5; rRB-1B_Meg-infected group: n = 3). In the rRB-1B_Meg-infected group, all
chickens exhibited solid tumor formation in the liver, kidneys, and gonads, with extensive
infiltration of Meq" cells observed across multiple organs (Table 11-4). In contrast, only
two out of five chickens infected with rRB-1B_Meq77/80 developed small solid tumors
in the spleen, lungs, and liver, and the extent of lymphoma cell infiltration in each organ
was markedly reduced compared to that in rRB-1B_Meg-infected chickens (Table I1-4).
Moreover, tumor lesions in the livers of rRB-1B_Meq77/80-infected chickens consisted
of Meq" cells and infiltrating lymphocytes (Figs.II-16A and B), which were not observed
in the rRB-1B_Meg-infected group.

In the rRB-1B_Meq77/80-infected group, four chickens exhibited hyperplasia of
bronchus-associated lymphoid tissue (BALT) in the lungs, characterized by marked
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infiltration and proliferation of lymphoid cells within both follicular and interfollicular
regions (Figs. I1I-16C and D). Although small numbers of Meq" lymphocytes were
detected in non-tumor regions of different organs, such as the spleen and thymus of two
chickens, the majority of lymphocytes in the BALT were Meq-negative (Table 11-4; Fig.
II-16E), suggesting inflammatory changes with airway stenosis. IHC detected no pp38-
positive cells, a marker of lytic viral replication, in the lungs of rRB-1B_Meq77/80-
infected chickens (Fig. II-16F). In contrast, neither the control nor rRB-1B_Meg-infected
group exhibited BALT hyperplasia (Figs. [I-16G and H). Instead, some lung samples from
rRB-1B_Meg-infected chickens showed extensive infiltration of Meq* T cells (Table II-
4).

Intranuclear inclusion bodies were consistently observed in the skin of all rRB-
1B_Meg-infected chickens; in addition, IHC analysis revealed pp38™ cells in most FFE
cells (mean proportion of feathers with pp38™ cells: neck skin, 47%; thigh skin, 73%)
(Table II-4). In contrast, no intranuclear inclusion bodies were detected in rRB-
1B_Meq77/80-infected chickens, and pp38* cells were significantly fewer (neck skin,
14%; thigh skin, 0%).

Collectively, these results suggest that rRB-1B Meq77/80 displays markedly
reduced tumorigenic potential and milder disease progression compared with rRB-
I1B_Meq. In contrast, chickens infected with rRB-1B_Meq77/80 seem to exhibit severe
lung inflammation, whereas this finding was absent in chickens infected with rRB-
1B Meq.
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Figure I1-2. Analysis of the effect of polymorphisms in the basic region on Meq-induced
transcriptional regulation

(A) Transrepression effects of the Meq isoforms. The transrepression effects of each Meq isoform on
pp38 promoter-driven luciferase activities were compared. DF-1 cells in each well were transfected
with 300 ng of expression plasmids for each Meq isoform, 500 ng of reporter plasmid, and 5 ng of the
control pRL-TK plasmid. Luciferase activities were analyzed 24 h post-transfection. Firefly luciferase
activity is expressed relative to the mean basal activity in the presence of pCIl-neo after normalization
to Renilla luciferase activity. (B and C) Transactivation activities of the Meq isoforms. The
transactivation activities of each Meq isoform on the (B) meq promoter- and (C) bc/-2 promoter-driven
luciferase activities were compared. DF-1 cells in each well were transfected with 300 ng of expression
plasmids for each Meq isoform, 200 ng of c-Jun expression plasmid, 500 ng of reporter plasmid, and 5
ng of the control pRL-TK plasmid. The gray bars indicate Meq isoforms with the amino acid sequences
in the basic region found in the field strains. The tables below each graph show the amino acid residues
at positions 71, 77, and 80 of each Meq isoform. Error bars indicate the standard deviations. (a: p <
0.01, vs. Meq (71A, 77K, 80D); b: p <0.01, vs. Meq (718, 77E, 80D); c: p <0.01, vs. Meq (71A, 77E,
80Y); Tukey’s multiple comparison test)
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Figure II-3. Reconstitution of rMDVs and their characterization in vitro

(A) Schematic diagrams of the constructs cloned using the RB-1B genome in this study. pRB-
1B_AIRL was used for mutagenesis. meq in the TRL was replaced with RB-1B-meq or meq77/80 via
two-step Red-mediated mutagenesis. (B and D) Chicken embryo fibroblasts (CEFs) were infected
with 50 pfu of rMDVs. The infected cells were collected daily for 6 days, and the viral loads were
analyzed using qPCR. (C and E) mRNA expression of each meq isoform in CEFs infected with rRB-
1B_Meq, rRB-1B_Meq71/77, and rRB-1B_Meq77/80 as confirmed using reverse transcription-
gPCR. The growth and gene expression kinetics among the groups were analyzed using the Kruskal—
Wallis test. N.D., not determined.
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Figure II-4. Mortality and tumor incidence in chickens infected with rRB-1B_Meq71/77
(A and C) Survival rate in chickens infected with rMDVs in (A) the first and (C) the second
experimental infections. Survival differences between groups were analyzed using the log-rank
test; p-values were < 0.01 in both experiments. (B and D) Tumor incidence in chickens infected
with rtMDVs throughout the experimental period, including those euthanized at 56 dpi. Asterisks
indicate significant differences (** p < 0.01; Fisher’s exact test).
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Figure II-5. Change in lymphoid organ weight in chickens infected with rRB-1B_Meq71/77
The dynamics of the lymphoid organ-to-body weight ratios for the (A) thymus, (B) bursa of
Fabricius, and (C) spleens in chickens infected with rRB-1B-Meq or rRB-1B-Meq71/77 were
analyzed at each time point throughout the experimental period. The spleens, thymuses, and
bursas were collected from five chickens per group at 7, 14, 28, and 35 dpi, and from all
remaining chickens (uninfected control group: n = 5, rRB-1B_Meq-infected group: n = 13, rRB-
1B_Meq71/77-infected group: n = 8) at the termination of the experiment at 56 dpi in the first
animal experiment. Statistical significance was determined using Dunn’s test. ** p <0.01 and *

p <0.05.
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Hematoxylin-eosin staining was performed on the spleen (A), thymus (C), and bursa of Fabricius (D) from chickens
in the control, rRB-1B_Meq77/80-infected, and rRB-1B_Meg-infected groups. (B) Immunohistochemical staining
for Meq in the spleen of chickens infected with either rRB-1B_Meq or rRB-1B_Meq71/77.
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Figure II-7. Replication kinetics of rRB-1B_Meq71/77 in vivo

The viral loads in the (A) whole blood in the first experimental infection, (B) whole blood in the
second experimental infection, (C) spleens, (D) thymus, and (E) feather tips from chickens infected
with rRB-1B_Meq or rRB1B_Meq71/77 were determined by qPCR. Asterisks indicate significant
differences (** p <0.01, * p < 0.05; the Mann—Whitney U test)
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Figure I1-8. Verification of binding of anti-Meq monoclonal antibodies

DF-1 cells were transfected with pCI-neo vector inserted with the meq gene. Transfected DF-1 cells
were incubated with anti-Meq monoclonal antibodies (mAbs) for 30 min. The binding was analyzed
using flow cytometry. The red line represents the binding of isotype control antibodies to the
transfected DF-1 cells. The blue line represents the binding of anti-Meq mAbs to the DF-1 cells
transfected with the pCI-neo vector that was not inserted with the gene.
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Figure I1-9. Dynamics of T cell subsets in the spleen of chickens infected with rRB-1B_Meq71/77

Shown are the dynamics of CD4" cells, Meq* cells, CD8" cells, and yd T cells from mononuclear cells isolated from the spleens
of chickens infected with rRB-1B-Meq or rRB-1B-Meq71/77 at each time point during the experimental period. Absolute
numbers of (A) CD4* T cells, (D) Meq" cells, (E) CD8af* T cells, and (G) ySTCR* T cells in the spleen were analyzed. The
ratios of absolute numbers of (B) CD4" T cells, (F) CD8uf* T cells, and (H) ySTCR* T cells in the spleen relative to the control
group were analyzed. (C) The percentages of Meq* cells in the CD4" T cell population in the spleen were analyzed. Asterisks
indicate significant differences (* p < 0.05, **p <0.01; Dunn's test in A, B, E, F,G and H. Mann-Whitney U test in C and D).
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Figure I1-10. Dynamics of T cell subsets in the thymus of chickens infected with rRB-1B_Meq71/77

Shown are the dynamics of CD4" cells, Meq* cells, CD8* cells, and yd T cells from mononuclear cells isolated from the thymus
of chickens infected with rRB-1B-Meq or rRB-1B-Meq71/77 at each time point during the experimental period. Absolute
numbers of (A) CD4" T cells, (D) Meq™ cells, (E) CD8af* T cells, and (G) ydTCR* T cells in the thymus were analyzed. The
ratios of absolute numbers of (B) CD4* T cells, (F) CD8af" T cells, and (H) ydTCR™ T cells in the thymus relative to the control
group were analyzed. (C) The percentages of Meq* cells in the CD4* T cell population in the thymus were analyzed. Asterisks
indicate significant differences (* p < 0.05, **p < 0.01; Dunn's test in A, B, E, F,G and H. Mann-Whitney U test in C and D).
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Figure I1-11. Mortality and tumor incidence in chickens infected with rRB-1B_Meq77/80

(A and C) Survival rate in chickens infected with rMDVs in (A) the first and (C) the second animal
experiments. The survival rates among the groups were analyzed using the Log-rank test. (B and D)
Tumor incidence in chickens infected with rMDVs throughout the experimental infection. Asterisks
indicate significant differences (** p < 0.01; Fisher’s exact test).
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Figure II-12. Change in lymphoid organ weight in chickens infected with rRB-1B_Meq77/80
The dynamics of the lymphoid organ-to-body weight ratios for the (A) thymus, (B) bursa of
Fabricius, and (C) spleen in chickens infected with rRB-1B-Meq or rRB-1B-Meq77/80 were
analyzed at each time point throughout the experimental period. The spleens, thymii, and bursae
were collected from five chickens per group at 7, 14, 28, and 35 dpi, and from all remaining
chickens (uninfected control group: n = 5, rRB-1B_Megq-infected group: n = 11, rRB-
1B_Meq77/80-infected group: n = 14) at the termination of the experiment at 56 dpi in the first
animal experiment, and 35 chickens (control group: n =5, rRB-1B_Meg-infected group: n = 12,
rRB-1B_Meq77/80-infected group: n = 18) at 56 dpi in the second animal experiment. Statistical
significance was determined using the Dunn’s test. ** p <0.01 and * p < 0.05. Significant
differences were observed at 14 dpi (rRB-1B_Meq77/80 vs. control, p = 0.043; rRB-1B_Meq vs.
control, p = 0.036), 28 dpi (rRB-1B_Meq vs. control, p = 0.0008) and 35dpi (rRB-1B_Meq vs.
control, p = 0.0045) in (A), at 28 dpi (rRB-1B_Meq vs. control, p = 0.0164) in (B), and at 7 dpi
(rRB-1B_Meq77/80 vs. control, p = 0.0087), 14 dpi (rRB-1B_Meq77/80 vs. control, p = 0.029;
rRB-1B_Meq vs. control, p = 0.0045), 35 dpi (rRB-1B_Meq vs. control, p = 0.0028), and 56 dpi
(rRB-1B_Meq vs. control, p = 0.015; rRB-1B_Meq77/80 vs. rRB-1B_Meq, p = 0.042) in (C).
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Figure I1-13. Replication Kkinetics of rRB-1B_Meq77/80 in vivo

Viral loads in (A) peripheral blood mononuclear cells (PBMCs) in the first experiment, (B)
PBMC:s in the second experiment, (C) spleen, (D) thymus, and (E) feather tips from chickens
infected with rRB-1B_Meq or rRB1B Meq77/80 were determined using qPCR. Blood samples
were collected from five chickens per group at 7, 14, 28, 35, and 49 dpi, and from 25 chickens in
the first experiment (rRB-1B_Meg-infected group: » = 11, rRB-1B_Meq77/80-infected group: n =
14) and 30 chickens in the second experiment (rRB-1B_Meq-infected group: n = 12, rRB-
1B_Meq77/80-infected group: n = 18) at 56 dpi. Asterisks indicate significant differences (* p <
0.05; the Mann—Whitney U test ).
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Figure I1-14. Dynamics of CD4" T cells and Meq™ cells in chickens infected with rRB-
1B_Meq77/80

Shown are the dynamics of CD4" cells and Meq" from the peripheral blood mononuclear cells
(PBMCs) and spleens of chickens infected with rRB-1B-Meq or rRB-1B-Meq77/80 at each time
point during the experimental period. The percentages of CD4" T cells in the T cell population from
(A) PBMCs and (C) spleens, Meq" cells in the CD4" T cell population from (B) PBMCs and (F)
spleens were analyzed. White dots in the rRB-1B_Meg-infected group represent chickens with solid
tumors in visceral organs. Absolute numbers of (D) CD4" T cells, (G) Meq" CD4" T cells in the
spleen were analyzed. The ratios of absolute numbers of (E) CD4" T cells in the spleen relative to the
control group were analyzed. Asterisks indicate significant differences (* p < 0.05, **p <0.01;
Dunn's test in A, C, D, and E. Mann-Whitney U test in B, F, and G). Significant differences were
observed at 56 dpi (rRB-1B_Meq vs. control, p =0.0015; rRB-1B_Meq77/80 vs. rRB-1B_Meq, p =
0.013) in (C), at 56 dpi (tRB-1B_Meq vs. control, p = 0.018) in (D and E)
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Figure II-15. Dynamics of CD8" T cell and y6 T cells in chickens infected with rRB-1B_Meq77/80

Shown are the dynamics of CD8" cells and yd T cells from the peripheral blood mononuclear cells (PBMCs) and spleens
of chickens infected with rRB-1B-Meq or rRB-1B-Meq77/80 at each time point during the experimental period. The
percentages of CD8" T cells in the T cell population from (A) PBMCs and (B) spleens and ydTCR* T cells in the T cell
population from (E) PBMCs and (F) spleens were analyzed. Absolute numbers of (C) CD8" T cells and (G) ydTCR * T
cells in the spleen were analyzed. The ratios of absolute numbers of (D) CD8* T cells and (H) ydTCR* T cells in the
spleen relative to the control group were analyzed. Asterisks indicate significant differences (* p < 0.05, **p <0.01;
Dunn's test).

Significant differences were observed at 35 dpi (rRB-1B_Meq77/80 vs. control, p = 0.048; rRB-1B_Meq vs. control, p =
0.016) and 56 dpi (rRB-1B_Meq77/80 vs. control, p = 0.0013; rRB-1B_Meq77/80 vs. rRB-1B_Meq, p = 0.039) in (A), at
14 dpi (tRB-1B_Meq77/80 vs. control, p = 0.043) and 28 dpi (rRB-1B_Meq vs. control, p = 0.011) in (B), at 7 dpi (rRB-
1B_Meq77/80 vs. control, p = 0.0070) and 56 dpi (rRB-1B_Meq77/80 vs. control, p = 0.0091; rRB-1B_Meq77/80 vs.
rRB-1B_Meq, p = 0.047) in (C and D), at 28 dpi (rRB-1B_Meq vs. control, p = 0.043), 35 dpi (rRB-1B_Meq vs. control,
p=0.036; rRB-1B_Meq77/80 vs. rRB-1B_Meq, p = 0.043) in (E), at 28 dpi (rRB-1B_Meq vs. control, p = 0.024), 35 dpi
(rRB-1B_Meq vs. control, p = 0.017; rRB-1B_Meq77/80 vs. IRB-1B_Meq, p = 0.060), at 56 dpi ((rRB-1B_Meq vs.
control, p = 0.0004; rRB-1B_Meq77/80 vs. rRB-1B_Meq, p = 0.0016) in (F), and at 56dpi (rRB-1B_Meq vs. control, p =
0.035; rRB-1BMeq77/80 vs. rRB-1B_Meq, p = 0.0049) in (G and H).



A Tumor lesion in the liver (H&E)

Figure II-16. Histopathological analysis of chickens infected with rRB-1B_Meq77/80

(A) Hematoxylin and eosin (H&E) staining and (B) immunohistochemistry (IHC) staining of a tumor lesion from the liver
of an rRB-1B_Meq77/80-infected chicken using anti-Meq monoclonal antibodies. The small panel indicates the presence
of Meq-positive cells. (C-D) H&E, (E) THC staining for Meq, and (F) IHC staining for pp38 in bronchus-associated
lymphoid tissue in the lung of an rRB-1B_Meq77/80-infected chicken. (C) shows a low-magnification image, and (D)
shows a high-magnification image. H&E in the lung of a chicken in (G) the control group and (D) the rRB-1B_Meq-
infected group.



Table I1-2. Summary of the results of the histopathological examination of tissues from chickens infected with rRB-1B Meq71/77.

Sample Bursa of
Virus Lesions Spleen Thymus Remarks
number Fabricius
Tumor cell infiltration ++ + ++ Solid tumors were developed in the kidneys and ovaries. The spleen was noticeably
#1
Meq+ cells ++ + ++ enlarged. Macrophage infiltration was observed in the red pulp of the spleen.
rRB-1B_ Tumor cell infiltration =~ ++ + + Enlargement of the spleen was noted. Macrophage infiltration was observed in the red
#2
Meq Meq" cells + + ++ pulp of the spleen.
Tumor cell infiltration ++ + + Enlargement of the spleen was noted. Macrophage infiltration was observed in the red
#3
Meq" cells + + + pulp of the spleen.
Tumor cell infiltration - - -
#1 -
Meq" cells - - -
Tumor cell infiltration - - -
#2 -
Meq" cells - - -
rRB-1B Tumor cell infiltration - - -
#3 -
Meq71/77 Meq" cells + + +
Tumor cell infiltration - - -
#4 -
Meq" cells - - -
Tumor cell infiltration - - -
#5 -
Meq" cells + + +

These results indicate the percentage of infiltrated tumor cells/Meq-positive cells per five fields of view. +, < 30%; ++, 30-80%



Table II-3. Results of flow cytometric analysis of the spleen of rRB-1B_Meq77/80-infected chickens exhibiting open-mouth breathing in the first experimental infection.

CD4"/T cell ratio Meq/CD4'T cell ratio
rRB-1B_Meq77/80 #1 (44 dpi) 12.2% 4.42%
rRB-1B_Meq77/80 #2 (44 dpi) 12.8% 8.07%
rRB-1B_Meq77/80 (mean, 56 dpi, n = 14) 21.9% 3.02%
rRB-1B_Meq with tumor (mean; 28, 35, and 56 dpi; n = 6) 56.4% 30.0%

91



92



Tablell-4. Summary of the results of the histopathological examination of tissues from chickens infected with rRB-1B_Meq77/80.

Virus Sample  IHC Spleen Bursa of Fabricius Thymus Proventriculus Lung Brain Cervical Cervical skin Remarks
number peripheral nerves
rRB-1B_ #1 Meq ++: Tumor +: Muscular layer, ++: Medulla ++: Mucosa +: Whole area ++: ++: Nerves +++: Feather pulp This chicken displayed leg paralysis.
Meq lesions interfollicular +: Adipose tissue  +: Muscular layer, Perivascular ++: Skin stroma Tumor formation was observed in the
region, follicles serous membrane region +: Adipose tissue, testis. Enlargement of the sciatic nerve was
follicular epithelium noted. pp38+ follicular epithelium: 32%
pp38 +: Tumor +: Follicles - - - - - ++: Follicular (6/19).
lesions epithelium
#2 Meq +++: Tumor +++: Interfollicular ~ +++: Medulla, +++: Mucosa, serous +++: Tumor +++: Tumor +: Nerves, ++: Follicular This chicken exhibited depression. Tumor
lesions regions perivascular membrane lesions lesions adipose tissue epithelium, skin stroma formation was noted in the liver, kidneys,
+: Muscle layer, lymphocytic +: Muscle layer +: Meninges, +: Feather pulp, adipose ~ and ovaries. The bursa of Fabricius and the
follicles clusters perivascular tissue thymus were atrophied. pp38+ follicular
+: Adipose tissue regions epithelium: 61% (14/23).
pp38  +: Tumor +: Follicles +: Medulla +: Serous membrane +: Tumor - - ++: Follicular
lesions lesions epithelium
#3 Meq +++: Tumor +++: Muscle layer, ++: Medulla, +++: Serous +++: Tumor +: Meninges, +: Nerves, ++: Follicular Tumor formation was observed in the liver,
lesions Interfollicular adipose tissue membrane lesions perivascular adipose tissue epithelium, skin stroma kidneys, ovaries, and intestines. Ascites
regions +: Cortex ++: Mucosa ++: Whole area  regions +: Feather pulp, adipose ~ was present in the abdominal cavity. pp38+
+: Follicles +: Muscle layer tissue follicular epithelium: 50% (12/24).
pp38  ++: Tumor +: Follicular +: Medulla ++: Serous membrane  ++: Tumor - - ++: Follicular
lesions medulla +: Mucosa, muscle lesions epithelium
layer +: Whole area +: Feather pulp
rRB-1B_ #1 Meq ++: Tumor ++: Tumor lesions +: Medulla +: Mucosa +: Whole area, - +: Nerves +: Follicular epithelium,  Tumor formation was observed in the liver
Meq77/80 lesions bronchial skin stroma and spleen. Lymphoid cell accumulation
follicles and lymphofollicular lesions were observed
pp38  +: Tumor - +: Medulla - +: Whole area - - +: Follicular epithelium  in the lungs. The body weight was lower
lesions (-: Bronchial than that of other chickens in the same
follicles) group. pp38+ follicular epithelium: 21%
(7/33).
#2 Meq +: +++: Tumor lesions  +: Medulla +++: Mucosa, serous +++: Tumor +: Meninges, +++: Tumor ++: Feather pulp Tumor formation was observed in the
Parenchyma  +: Follicles membrane lesions perivascular lesions in adipose ~ +: Skin stroma kidneys, proventriculus, and lungs. The
++: Muscle layer regions tissue body weight was lower than that of other
+: Nerves chickens in the same group. pp38+
pp38 - +: Tumor lesions - +: Tumor lesions +: Tumor - - - follicular epithelium: 0% (0/10).
lesions
#3 Meq +: +: Follicular cortex,  +: Medulla +: Mucosa, muscle +: Whole area, - +: Nerves +: Follicular epithelium,  Tumor formation was observed in the liver.
Parenchyma  medulla layer, Serous bronchial feather pulp, skin stroma  Lymphoid cell accumulations and
membrane follicles lymphofollicular lesions were observed in
the lungs. pp38+ follicular epithelium: 21%
pp38 - +: Follicles - +: Muscle layer - +: Parenchyma - +: Follicular epithelium (3/14).
#4 Meq - - +: Medulla - - - - +: Skin stroma Open-mouth breathing, lymphoid cell
accumulation, and lymphofollicular lesions
pp38 _ _ _ _ _ _ _ _ in the lungs were observed. pp38+
follicular epithelium: 0% (0/37).
#5 Meq - - - - - - - - Open-mouth breathing, lymphoid cell
accumulation, and lymphofollicular lesions
pp38 _ _ _ _ _ _ _ _ in the lungs were observed. pp38+

follicular epithelium: 0% (0/10).

The THC results indicate the percentage of Meq/pp38-positive cells per five fields of view. +, < 30%; ++, 30—-80%; +++, >80%; IHC, immunohistochemistry
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DISCUSSION

The amino acid sequences at positions 71, 77, and 80 in the basic region of Meq
display distinct differences depending on the virulence or geographic features of MDV
strains, but whether these differences in amino acid sequences affect the pathogenicity of
MDYV remains unclear. Therefore, in Chapter II, the effect of amino acid polymorphisms
in the basic region on Meq-mediated transcriptional regulation and MDYV virulence was
investigated. Introduction of amino acid substitutions found in the Meq isoforms of
CVI988 (serine and glutamic acid at positions 71 and 77) or in Meq of low-virulence U.S.
strains and recent isolates in Asia, Africa, and Europe (glutamic acid and tyrosine at
positions 77 and 80) into RB-1B-Meq markedly reduced transcriptional regulatory
activity. Consistent with the decrease in the ability of transcriptional regulation, chickens
infected with rRB-1B_Meq71/77 exhibited no clinical signs or solid tumor formation,
and showed a significant reduction in Meq* cells in the spleen and thymus. Similarly,
rRB-1B_Meq77/80 induced lower mortality and tumor incidence than rRB-1B_Meq, but
caused distinct clinical manifestations, including open-mouth breathing and depression.
Flow cytometric analysis revealed elevated proportions of CD8* T cells in both PBMCs
and spleens of rRB-1B_Meq77/80-infected chickens during the acute and later phase of
infection. Histopathological analysis further identified lymphocytic hyperplasia in BALT
in this group, suggesting that severe pulmonary inflammation underlie the respiratory
symptoms. These findings show that only two distinct polymorphisms in the basic region
significantly alter the virulence and influence clinical manifestations.

The amino acid substitutions at positions 71, 77, and 80 were found to reduce
transcriptional repression of the pp38 promoter. While single mutations slightly decreased
the transcriptional repression, double or triple mutations led to a significant reduction,
indicating a potential synergistic effect of these mutations. Meq71/77 (gray bars in Fig.
II-2), corresponding to CVI988-Meq, exhibited lower transcriptional regulation than
wild-type RB-1B-Meq. Previous studies showed that the transactivation activity of Meq
is correlated with the virulence of several field strains (Murata et al., 2011; Sato et al.,
2022), suggesting that the reduced transcriptional regulatory activity of Meq71/77 is
involved in the low virulence of rRB-1B_Meq71/77. Meq77/80 (gray bars in Fig. 1I-2)
also reduced both the transcriptional repression on the pp38 promoter and the
transactivation activity on the meg promoter compared with wild-type RB-1B-Meq. In
agreement with these observations, rRB-1B_Meq77/80 exhibited lower mortality than
rRB-1B_Meq. However, highly virulent strains in Asia, Europe, and Africa also possess

glutamic acid and tyrosine at positions 77 and 80 (Trimpert et al., 2017; Teng et al., 2022;



Patria et al., 2024), and thus, enhanced transactivation activity of Meq may contribute to
the increased virulence of MDYV, but may not be essential. In highly virulent strains in
Asia, Europe, and Africa, enhanced virulence may be mediated by mutations in other viral
genes and/or mechanisms independent on the transcriptional regulation.

Furthermore, the amino acid substitutions at positions 77 and 80 did not alter the
transactivation activity of the bcl-2 promoter. These findings suggest that mutations at
positions 77 and 80 does not uniformly reduce the binding affinity of Meq for all
promoters, but modify promoter specificity, thereby selectively influencing their
regulatory functions. Alternatively, mutations at these positions may influence the nuclear
and nucleolar localization of Meq due to their proximity to localization signals, or affect
the stoichiometry of homo- to heterodimerization (Liu et al., 1997; Levy et al., 2003;
Anobile et al., 2006). Notably, Meq interacts with host proteins such as C-terminal
binding protein and p53 through the basic region (Brown ef al., 2006; Deng et al., 2010),
and polymorphisms in this domain may influence Meq function by altering these
interactions. Therefore, further analyses, such as proximity-dependent biotin labeling and
co-immunoprecipitation, are required to identify proteins that interact with Meq.

Although no significant differences in replication kinetics were detected among
tMDVs in vitro, tTRB-1B_Meg-infected chickens exhibited higher viral loads than
chickens infected with rRB-1B Meq71/77 or rRB-1B_Meq77/80. Flow cytometric
analyses revealed an increase in Meq"™ CD4" T cells, which are believed to contain the
MDYV genome, in the rRB-1B_Meg-infected group, suggesting that the elevated viral
loads in this group reflect the proliferation of transformed CD4* T cells. On the other
hand, rRB-1B_Meq71/77-infected chickens did not develop tumors. Furthermore, no
histopathological changes were observed in rRB-1B_Meq71/77-infected chickens. These
observations show that the transformation potential of rRB-1B_Meq71/77 was markedly
reduced due to the amino acid substitutions at positions 71 and 77. Notably, in the flow
cytometric analysis, the proportion of Meq" CD4* T cells in the spleens of rRB-
1B_Meq71/77-infected chickens was 7.1% at 7 dpi but declined to below 1% after 28 dpi.
Similarly, rRB-1B__Meq77/80 demonstrated a significantly lower mortality and tumor
incidence compared to rRB-1B_Meq. In addition, the proportion of Meq* CD4* T cells in
both PBMCs and spleens of the rRB-1B_Meq77/80-infected group was significantly
lower than that of the rRB-1B_Meg-infected group. In the IHC analysis, only a small
number of Meq" cells were detected in the spleens of rRB-1B Meq77/80-infected
chickens, and these were located at sites distinct from the tumor lesions, unlike those in
rRB-1B_Meg-infected chickens (Table I1I-4). These findings suggest that both rRB-
1B Meq71/77 and rRB-1B Meq77/80 do not efficiently establish latent infection
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effectively or maintain latently infected cells due to impaired function of Meq71/77 and
Meq77/80. Moreover, in the spleens of both groups infected with rRB-1B__Meq71/77 or
rRB-1B_Meq77/80, the numbers of CD8* T cells were significantly elevated at 7 dpi,
while the viral load gradually decreased over time. These data suggest that a robust
cellular immune response is induced in the early phase of infection, leading to the efficient
elimination of infected cells. The basic region of Meq is responsible for binding to
genomic DNA (Levy et al., 2003), and polymorphisms in this domain may alter the
transcriptome regulated by Meq in infected cells. rMDVs encoding distinct Meq variants
display differences in the cellular composition of tumor tissues (Kumar et al., 2012),
suggesting that variation in Meq amino acid sequences influences the expression of genes,
including cytokines and chemokines, within tumor cells. Consequently, future studies
employing transcriptomic analyses of infected cells, such as single-cell RNA sequencing
or enrichment of infected cells using reporter viruses, will be essential to elucidate the
underlying molecular mechanisms.

Interestingly, in the rRB-1B_Meq77/80-infected group in the first experiment, one
chicken at 35 dpi and two chickens at 56 dpi exhibited relatively high proportions of Meq*
CD4* T cells, compared to the other rRB-1B_Meq77/80-infected chickens in the same
group. Similarly, high proportion of Meq" CD4" T cells was observed in rRB-
1B Meq77/80-infected chickens that displayed open-mouth breathing. These
observations raise the possibility that chickens with high Meq™ CD4* T cell proportions
in the rRB-1B_Meq77/80-infected group could have developed open-mouth breathing or
solid tumors by observing for a longer period.

A previous study demonstrated that recombinant RB-1B expressing wild-type
CVI988-Meq completely lost virulence (Conradie et al., 2019). Consistent with the
results in the previous study, the introduction of only two amino acid substitutions at
positions 71 and 77 found in CVI988-Meq into RB-1B-Meq completely abolished the
virulence. These results emphasize the critical role of the basic region of Meq in
determining MDYV virulence. Intriguingly, a recombinant Md5 strain expressing a
chimeric Meq composed of the N-terminal domain of CVI988-Meq and the C-terminal
domain of Md5-Meq (rMd5-CVI/Md5-Meq) still caused MD in 37% of infected chickens,
despite containing the same polymorphisms at positions 71 and 77 as CVI988-Meq
(Ajithdoss et al., 2025). These observations suggest that amino acid polymorphisms in
the transactivation domain of Meq still influence the virulence of tMd5-CVI/Md5-Meq.
Notably, several highly virulent strains, such as N and 648A, share polymorphisms in the
PRRs of the transactivation domain, and MdS also carries a proline-to-alanine substitution
at position 217 (P217A) (Shamblin et al., 2004). In contrast, although RB-1B does not
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have any mutations in the PRRs, and only the P217A substitution significantly enhanced
Meq transactivation activity (Murata ef al., 2011). Therefore, the alanine at position 217
in tMd5-CVI/Md5-Meq may partially account for its residual virulence.

MDYV induces apoptosis in T cells during the acute phase of MDYV infection, leading
to thymic atrophy (Morimura et al., 1996; Berthault et al., 2018). In the experimental
infections, the thymus weight of all rMDV-infected groups tended to be lower than that
of the control group during the early phase of infection, indicating thymic atrophy
associated with cytolytic infection. Moreover, in the experimental infection with rRB-
I1B_Meq71/77, the absolute numbers of CD4* T, CD8" T, and yo T cells in the thymus of
rMD V-infected chickens were decreased at 7 dpi. Notably, the number of yo T cells in the
infected groups remained consistently lower than in the control group throughout the
experimental period, suggesting high susceptibility of yd T cells to cytolytic infection. In
contrast, the numbers of CD4" and CD8" T cells were increased after 14 dpi in the rMDV-
infected groups. In the rRB-1B_Meq-infected group, this increase in the number of CD4*
T cells coincided with an expansion of Meq" cells, implying the proliferation of MDV-
transformed cells. However, in the thymus of rRB-1B_Meq71/77-infected chickens, no
increase in Meq" cells was observed over time, suggesting that early cytolytic infection
influences the subsequent cellular composition of the thymus. Further investigation is
required to clarify the impact of MDYV infection on immune responses in the thymus and
on T cell differentiation.

CDS8* T cells play a pivotal role in both antiviral and antitumor immunity during
MDYV infection (Sharma et al., 1978; Umthong et al., 2020; Hao et al., 2021). In rRB-
I1B_Meq77/80-infected chickens, both the number and proportion of CD8" T cells
increased during the acute and transformation phases compared to rRB-1B_Meg-infected
chickens, suggesting a role in eliminating infected and/or transformed cells and
contribution to the milder disease progression observed in the rRB-1B Meq77/80-
infected group. However, this increase in the number of CD8" T cells may also be linked
to inflammatory lesions in the lungs, potentially associated with distinct clinical
manifestations such as open-mouth breathing. Further studies are needed to clarify the
relationship between CD8" T cell expansion and the clinical manifestations of rRB-
1B_Meq77/80 infection.

Tumor incidence was significantly increased in yo T cell-knockout chickens during
experimental infection, highlighting the critical role of y6 T cells in immunity against
MDYV infection (Sabsabi et al., 2024). Consistent with the observation in the thymus in
the rRB-1B_Meq-infected chickens, the absolute number of yo T cells in the spleens of
rRB-1B_Meg-infected chickens was lower than that of the control group. The supernatant
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of splenocytes from MD V-infected chickens has been reported to impair the function of
vo T cells (Matsuyama-Kato et al., 2023a). MDV-transformed cells express PGE: and
PD-L1, which may contribute to the establishment of an immunosuppressive environment
(Matsuyama-Kato et al., 2012; Kamble et al., 2021), and these immunosuppressive
molecules may suppress the proliferation of yo T cells. Further investigation is warranted
to clarify the mechanisms of MDV pathogenesis, particularly the influence of
immunosuppressive factors on yo T cells.

Histopathological analysis revealed hyperplasia in the BALT of the lungs of rRB-
1B_Meq77/80-infected chickens; the lesion is absent in both the control and rRB-
I1B_Meg-infected groups. This observation suggests that the impact of the rRB-
1B_Meq77/80 is underestimated because the lesions in the lung were difficult to detect
from clinical signs alone. Notably, two chickens that exhibited open-mouth breathing at
44 dpi in the first experimental infection showed elevated proportions of Meq* CD4* T
cells, implicating a potential association between increased Meq* CD4* cells and this
respiratory manifestation. The lymphocytic hyperplastic bronchitis observed closely
resembled the lesions caused by Mycoplasma spp. infection, though
immunohistochemical staining for Mycoplasma was negative in all samples (data not
shown). In contrast, minimal Meq" lymphocyte infiltration was detected in the
proventriculus, gizzard, brain, or vagus nerve, suggesting that open-mouth breathing is
not linked to digestive or neurological disorders but rather to lung inflammation.

Although mechanisms underlying rRB-1B_Meq77/80-induced inflammation in the
BALT remain unclear, two hypotheses are proposed. First, a small number of transformed
cells may drive inflammation. Given the presence of a few Meq* lymphocytes within the
lymphofollicular lesions in the lung and the reduced transcriptional repression of
Meq77/80, which may impair latency or promote viral reactivation, these Meq" cells may
be insufficient to establish an immunosuppressive environment, thereby resulting in
inflammatory responses. This aligns with the observation that inflammatory cells were
frequently located adjacent to Meq" lymphocytes within tumor lesions in the liver of an
rRB-1B_Meq77/80-infected chicken. Second, polymorphisms in the basic region may
alter its transcriptional targets. Because this region mediates Meq binding to target regions
in the genomic DNA, polymorphisms in the basic region may modify the binding affinity,
leading to altered transcriptomic profiles and potentially increased expression of
proinflammatory cytokines. To test this hypothesis, comparative analysis of target genes
among Meq isoforms wusing chromatin immunoprecipitation sequencing and

electrophoretic mobility shift assays is required. Additionally, direct transcriptomic
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comparisons of infected cells via single-cell RNA sequencing may yield critical insights
into the molecular basis of these pathological differences.

IHC analysis for Meq revealed that tumor lesions in the livers of rRB-1B__Meq77/80-
infected chicken contained a large number of Meqg-negative lymphocytes. Given the
increased number of CD8" T cells in the rRB-1B__Meq77/80-infected group, it is possible
that effector T cells infiltrated the tumor lesions. A previous study has indicated that
differences in the amino acid sequences of Meq are sufficient to alter the cellular
composition of tumor tissues (Kumar ef al., 2012), potentially altering the transcriptome
of transformed cells, including the expression of cytokines and chemokines.
Consequently, variations in the Meq amino acid sequences may modify the tumor
microenvironment. I[HC analyses using antibodies against macrophages, NK cells, or
other lymphoid populations may clarify whether differences in tumor composition reflect
variations in the Meq amino acid sequences.

Observations from the experimental infections suggest that polymorphisms in the
basic region of highly virulent strains from the US, such as RB-1B, have contributed to
the evolution toward enhanced virulence, whereas MDYV isolates from Asia, Africa, and
Europe have followed distinct evolutionary pathways, potentially altering clinical
manifestations. Recent isolates in Asia have also been reported to contain mutations in
PRRs and deletions in the transactivation domain (Murata et al., 2013, 2021; Yu et al.,
2013; Zhuang et al., 2015; Deng et al., 2021; Wannaratana et al., 2022; Motai et al., 2024).
For the comprehensive understanding of the relationship between the amino acid
sequence of Meq and MDYV virulence, the combined effects of mutations in multiple
domains of Meq need to be examined. Notably, even two amino acid substitutions in the
basic region unexpectedly altered clinical manifestations, such as open-mouth breathing.
Field strains encoding Meq with the same amino acid residues at positions 77 and 80 as
Meq77/80 may develop similar respiratory signs. In contrast to typical clinical signs,
including lymphomas and neurological disorders, MD cases with respiratory
manifestations may be overlooked, potentially leading to underestimation of the impact

of MD on the poultry industry. Strengthening MDYV field surveillance is essential.
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SUMMARY

Although the vaccine strain CVI988 carries an insertion in the transactivation
domain of Meq, it remains nonpathogenic despite the accelerated tumorigenesis of MDV
due to the insertion in Meq. Accordingly, Chapter II focused on characteristic amino acid
polymorphisms in the basic region of Meq, with particular attention to the combination
of amino acid residues at positions 71 and 77 present in CVI988 (Meq71/77), and the
combination at positions 77 and 80 identified in recent highly virulent isolates in Asia,
Africa, and Europe (Meq77/80).

Reporter assays revealed that most amino acid substitutions in the basic region
reduced transcriptional regulatory activity. Furthermore, these polymorphisms exhibited
synergistic effects in decreasing Meq-mediated transcriptional regulation. In the
experimental infection, rRB-1B_Meq71/77-infected chickens exhibited neither clinical
signs nor lymphoma development. Flow cytometric analysis revealed no expansion of
Meq" infected cells in this group, but a significant increase in the numbers of CD8" T
cells and yd T cells at the early phase of infection. Although IHC analysis identified a few
Meq" cells in several organs, histopathological analysis confirmed the absence of MD-
associated lesions. These results indicate that the polymorphisms at positions 71 and 77
in the CVI988 strain are sufficient to abolish MDYV virulence. rRB-1B_Meq77/80 also
showed reduced mortality and tumor incidence, while it unexpectedly induced other
clinical signs, including open-mouth breathing and depression, in infected chickens. Flow
cytometric analysis revealed a decrease in Meq" cells, accompanied by a significant
increase in CD8" T cell populations, during the acute phase. Histopathological analysis
identified hyperplasia in bronchus-associated lymphoid tissue in the lungs. Furthermore,
IHC analysis revealed infiltration of Meq-negative lymphocytes into tumor lesions in the
liver of rRB-1B_Meq77/80-infected chickens. Collectively, these findings indicate that
only two polymorphisms in the basic region of Meq drastically reduce both Meqg-
mediated transcriptional regulation and MDYV virulence, and thus potentially alter the

pathogenesis.

100



CHAPTER 111

Programmed cell death-1 expression in T cell subsets in chickens
infected with Marek’s disease virus
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INTRODUCTION

Previous studies have demonstrated that vv+MDV field strains induce robust
immunosuppression in chickens (Faiz et al., 2017; Gimeno and Schat, 2018). The MD V-
induced immunosuppression is partly attributable to the inhibitory factors released from
MDV-transformed cells, such as TGF-3 and PGE: (Gurung et al., 2017; Kamble et al.,
2021), as well as the cytolytic replication in lymphocytes, leading to atrophy in lymphoid
organs (Faiz et al., 2018; Berthault et al., 2018). In Chapter I, infection with rRB-1B_L-
Meq resulted in a decreased proportion of yd T cells, particularly CD8a" yd T cells, in
infected chickens, which coincided with an expansion of CD4* T cells. These findings
suggest that MDV-transformed cells suppress the proliferation of CD8a" yd T cells.
Furthermore, in the experimental infections described in Chapter II, rRB-1B_Meq—
infected chickens showed a tendency toward the reduction in absolute numbers of CD8*
T cells in the spleen during the late phase of infection compared with uninfected chickens.
Similarly, the absolute numbers of y6 T cells tended to decline in both the spleen and
thymus of rRB-1B_Meg-infected chickens. These findings suggest that rRB-1B_Meq
infection induced immunosuppression in chickens in the terminal phase of infection.

PD-1 is an immunoinhibitory receptor expressed on the surface of activated T and B
cells (Freeman et al., 2000). In chickens, both PD-1 and its ligand, PD-L1, have been
identified, and their interaction has been shown to suppress IFN-y production by T cells
(Matsuyama-Kato et al., 2012). The PD-1/PD-L1 axis plays a crucial role in facilitating
immune evasion of tumor cells in a range of human and animal cancers, including
melanoma and leukemia (Freeman et al., 2000; Ikebuchi et al., 2010; Kleffel ez al., 2015;
Maekawa et al., 2016). Chronic viral infections are also known to induce exhaustion in T
cells. Infections with oncogenic retroviruses, such as human T-cell leukemia virus and
bovine leukemia virus, cause an increase in PD-1 expression in CD4" and CD8* T cells
in accordance with disease progression, resulting in an increase in the number of
exhausted T cells, which exhibit impaired effector functions, including reduced cytokine
production (Kozako et al., 2009; Ikebuchi et al., 2010). A similar role for the PD-1/PD-
L1 pathway has been proposed in MDYV infection. In MDV-infected chickens, pd-1
mRNA expression in CD4* and CD8" T cells increased during the early and secondary
cytolytic phases (Parvizi et al., 2010). Moreover, mRNA expressions of both pd-/ and
pd-11 have been detected in tumor lesions using laser capture microdissection and nested
RT-PCR, and the expression level of pd-1 mRNA showed a positive correlation with meq
mRNA expression (Matsuyama-Kato et al., 2012), suggesting elevated PD-1 expression
in MDV-transformed cells. However, the protein expression of PD-1 and PD-L1 in
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transformed cells and in infiltrating T cell subsets within tumor lesions remains undefined,
and the precise contribution of the PD-1/PD-L1 pathway to immunosuppression during
MDYV infection is yet to be elucidated.

In Chapter I1I, to clarify the involvement of PD-1 in MDV pathogenesis, the protein
expression of PD-1 in T cell subsets and the effect of PD-1 expression on the effector
function of CD8* T and yd T cells was examined. Flow cytometric analysis was employed
to determine the proportions of PD-1-expressing CD4*, CD8*, and yo T cells in the
spleens and tumor tissues of chickens that developed lymphomas, to elucidate the
relationship between PD-1 expression and MDV-induced immunosuppression. The
proportions of PD-1-expressing cells in Meq-positive and Meq-negative CD4" T cells
were compared to assess PD-1 expression in MDV-infected cells from chickens with
tumors. Additionally, to evaluate the potential impact of PD-1 expression on the function
of effector cells, the proportions of IFN-y-positive cells among PD-1-expressing CD8* T

and yd T cells were analyzed.
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MATERIALS AND METHODS

Ethics statement

All animal experiments were approved by the Institutional Animal Care and Use
Committee of Hokkaido University (Approval Number: 22-0088). All experiments were
performed following the relevant guidelines and regulations of the Faculty of Veterinary
Medicine of Hokkaido University, which is fully accredited by the Association for

Assessment and Accreditation of Laboratory Animal Care International.

Cells

CEFs were isolated from 10-day-old fertilized eggs (Iwamura Hatchery Co. Ltd.) as
described in Chapter I. CEFs were maintained in Eagle’s Minimum Essential Medium
supplemented with 10% tryptose phosphate broth (Difco Laboratories), 0.03% L-
glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin, 10% calf serum (Sigma-
Aldrich), and 0.1% sodium bicarbonate. DF-1, a continuous chicken fibroblast cell line,
was maintained in Dulbecco’s Modified Eagle’s Medium (FUJIFILM Wako Pure
Chemical Corporation) supplemented with 0.03% L-glutamine, 100 U/mL penicillin,
100 pg/mL streptomycin, and 10% fetal bovine serum (MP Biomedicals). CEFs and DF-
1 cells were incubated in a humidified atmosphere containing 5% CO- at 37°C and 39 °C,

respectively.

Generation of recombinant viruses

In this experiment, rRB-1B_Meq described in Chapters I and II was used. Briefly,
The native meq in the TRL region of pRB-1B_AIRL was replaced with RB-1B-meq using
a two-step Red recombination strategy (Tischer et al., 2006; Tischer and Kaufer,
2012).r-MDVs were reconstituted by transfecting the BAC plasmids and pCAGGS-Cre
(Gene Bridges GmbH) into CEFs using the CalPhos Mammalian Transfection Kit (Takara
Bio Inc.). Reconstituted rRB-1B_Meq were passaged several times on CEFs and stored
at —80 °C in Cell Banker 1 (Nippon Zenyaku Kogyo Co., Ltd.). Restoration of the IRL
region and removal of BAC sequences were confirmed by PCR. Viral titers were

determined by plaque assays as previously reported (Engel ef al., 2012).

Experimental infection
Fertilized eggs from white leghorn chickens (Iwamura Hatchery Co. Ltd.) were
hatched in the laboratory, and the chicks were raised in isolators. A total of 36 one-day-

old chicks were randomly assigned to three groups and housed separately. Chickens were
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inoculated intraperitoneally with 5,000 PFU of rRB-1B_Meq (n =26) or PBS (pH 7.4) as
a negative control (n=10). During experimental infection, each group of chickens was
housed separately in an individual isolator following group assignment. After inoculation
with tMDV, chickens were monitored daily for clinical signs of MD for 8 weeks.
Chickens exhibiting clinical signs during the experimental period were euthanized by
collecting heparinized whole blood from the heart under deep general anesthesia induced
by isoflurane inhalation (Zoetis Japan), followed by necropsy to assess the presence of
gross tumor lesions. All remaining chickens without clinical signs at the end of the
experimental period (56 dpi) were euthanized ( rRB-1B_Meq-infected group: n = 13). In
addition, spleens from the control group were collected at 35 and 56 dpi for flow
cytometric analysis. Mononuclear cells from spleen suspensions were isolated by density
gradient centrifugation using Percoll (GE Healthcare) and preserved in Cell Banker 1

(Nippon Zenyaku Kogyo Co., Ltd.) for subsequent flow cytometric analysis.

Flow cytometric analysis
(i) Evaluation of the availability of chicken PD-1 polyclonal antibody for flow
cytometric analysis

For generating the anti-chicken PD-1 polyclonal antibody, antisera were obtained
from a rabbit immunized with a synthetic peptide corresponding to 114—131 amino acid
regions of chicken PD-1 (accession number XP_ 422723) (Sigma-Aldrich). The open
reading frame of chicken PD-1 was amplified and inserted into the pCl-neo vector
(Promega, Madison). DF-1 cells were transfected with 300 ng of the PD-1 expression
plasmid using Lipofectamine 2000 (Thermo Fisher Scientific) according to the
manufacturer’s protocol. At 24 hours after transfection, the availability of the anti-PD-1
polyclonal antibody in flow cytometric analysis was evaluated by detecting PD-1
expression in DF-1 cells using a FACSLyric flow cytometer (BD Biosciences). The anti-
chicken PD-1 polyclonal antibodies successfully detected PD-1 expression in DF-1 cells
transfected with the PD-1 expression plasmid (Fig.III-1).
(ii) CD4' T Cell Staining

Mononuclear cells (5 x 10°) isolated from the spleen and tumor tissues were placed
in 96-well round-bottom plates and washed twice with FACS buffer. Blocking was
performed using PBS containing 10% chicken serum (Thermo Fisher Scientific) at 25 °C
for 15 min. The cells were incubated with either rabbit anti-chicken PD-1 polyclonal
antibodies or negative rabbit antisera (Sigma-Aldrich) for 30 min at 4 °C, followed by
two washes with 200 puL of FACS buffer. Surface staining was carried out using mouse

anti-chicken CD3e mAbs conjugated with PerCP-Cy5.5 (Southern Biotech), mouse anti-
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chicken CD4 mAbs conjugated with PE-Cy7 (Southern Biotech), and mouse anti-rabbit
IgGi1 mAbs conjugated with APC (Thermo Fisher Scientific) for 30 min at 4 °C in the
dark. Dead cells were identified using Fixable Viability Dye eFluor780 (Thermo Fisher
Scientific). After two washes with FACS buffer, cells were resuspended in 200 pL of
Cytofix/Cytoperm solution (BD Biosciences) and incubated for 30 min at 4 °C, followed
by three washes with Perm/Wash solution (BD Biosciences). Intracellular staining was
then performed using mouse anti-Meq mAbs conjugated with PE or mouse IgG1 isotype
mAbs conjugated with PE (Southern Biotech) for 40 min at 4 °C in the dark, with two
subsequent washes using Perm/Wash solution. Finally, cells were resuspended in 300 pL
of FACS buffer and analyzed on a FACSLyric flow cytometer (BD Biosciences). The
gating strategy is presented in Fig. I1I-2.
(iii) CD8" T Cell and yo T Cell Staining

Mononuclear cells (5 x 10°) isolated from the spleen and tumor tissues were seeded
into 96-well round-bottom plates and incubated in RPMI-1640 medium (Sigma-Aldrich)
containing brefeldin A (Sigma-Aldrich) for 4 hours at 41 °C in 5% CO: under
unstimulated conditions. For stimulated cultures, the cells were incubated in RPMI-1640
medium supplemented with phorbol 12-myristate 13-acetate (PMA) (FUJIFILM Wako
Pure Chemical Corporation), ionomycin (Sigma-Aldrich), and brefeldin A for 4 hours at
41 °C in 5% CO:.. Following incubation, cells were washed twice with FACS buffer and
blocked with PBS containing 10% chicken serum (Thermo Fisher Scientific) at 25 °C for
15 min. Surface staining was performed with rabbit anti-chicken PD-1 polyclonal
antibodies or negative rabbit antisera (Sigma-Aldrich) for 30 min at 4 °C, followed by
two washes with 200 pL of FACS buffer. The cells were then stained with mouse anti-
chicken CD3e mAbs conjugated with PerCP-Cy5.5 (Southern Biotech), mouse anti-
chicken y6 TCR mAbs conjugated with PE-Cy7 (Southern Biotech), anti-chicken CD§J3
mAbs conjugated with FITC (Southern Biotech), and mouse anti-rabbit IgGl mAbs
conjugated with APC (Thermo Fisher Scientific) for 30 min at 4 °C in the dark. Dead
cells were identified using Fixable Viability Dye eFluor780 (Thermo Fisher Scientific).
After two washes with FACS buffer, cells were resuspended in 200 pL of
Cytofix/Cytoperm solution (BD Biosciences) and incubated for 30 min at 4 °C, followed
by three washes with Perm/Wash solution (BD Biosciences). Intracellular staining was
then carried out using mouse anti-chicken IFN-y mAbs conjugated with biotin (detection
antibody from Chicken IFN-y CytoSet™, Invitrogen) or mouse IgG; isotype mAbs
conjugated with biotin (BioLegend, San Diego, CA, USA) for 40 min at 4 °C in the dark,
followed by two washes with Perm/Wash solution. Subsequently, the cells were incubated

with streptavidin conjugated with PE (Invitrogen) for 40 min at room temperature in the
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dark and washed twice with Perm/Wash solution. Finally, cells were resuspended in 300
uL of FACS buffer and analyzed using a FACSLyric flow cytometer (BD Biosciences).
The gating strategy is shown in Fig. III-3.

Statistical analyses

Statistical analyses were conducted using R Statistical Software (version 4.0.3; R
Foundation for Statistical Computing). Differences in the proportion of T cell subsets in
chickens were analyzed using the Kruskal-Wallis test followed by Dunn’s post hoc test.
The proportions of IFN-y* cells within the same individuals were compared using the

Wilcoxon signed-rank test. Results with p < 0.05 were considered statistically significant.
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Figure III-1. Verification of binding of anti-chicken programmed cell death 1 (PD-1) polyclonal
antibodies

(A) DF-1 cells were transfected with the pCl-neo vector inserted with the chicken pd-1 gene. Transfected
DF-1 cells were incubated with anti-chicken PD-1 polyclonal antibodies for 30 min. The binding to each
molecule was analyzed using flow cytometry. The red line represents the binding of isotype control
antibodies to the transfected DF-1 cells. The blue line represents the binding of anti-PD-1 polyclonal
antibodies to the DF-1 cells transfected with the pCIl-neo vector that were not inserted with the gene. (B)
Transient expression of the chicken PD-1 construct in DF-1 cells was determined by western blotting
using anti-chicken PD-1 polyclonal antibodies.



x1000
250

CD3+ CD3+
4
200 Singlet 4 0 10
10 )
S 3
Z(') 150 Q @ Living cell a 10"
7] g Q
@ 100 < i
—» 9 —p g
50 'S 8
10" §
» . 10
0 50 100 150 200 2‘;(; 00 S0 100 150 200 250 L0 50 100 150 200 250 s |
FSC-A X FSC-H X1000 FSC-A oo S100 0 103 10* 108
CD4 PE-Cy7
Meq: Isotype Meq: Anti-Meq mAbs Meq: Anti-Meq mAbs
PD-1: Not added PD-1: Isotype PD-1: Anti-PD-1 pAbs
Meg- Meg+ ¢, Meg- Meq+ 1", Meqg- Meq+
10 PD-1+ PO PD-1+ PD-1+ PD-1+ PD-1+
10* 1d' o
(o] [¢]
&}
% < 3
g £ g
Meg+
| PD-1- PD-1-
10 10° o
-102 0w 103 104 108 2102 0 102 10° 104 105 1020 102 10° 104 105
Meq-PE Meg-PE Meq-PE

Figure I11-2. Gating strategy for analyzing CD4"* T cells.
A representative gating strategy is shown for analyzing CD4" T cells.
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Figure III-3. Gating strategy for analyzing CD8" T cells and yd T cells.

A representative gating strategy is shown for analyzing CD8" T cells and yd T cells.
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RESULTS

CD4' T cells transformed by MDYV exhibit a high proportion of PD-1" cells

To evaluate PD-1 expression in T cell subsets from chickens that developed MD,
chickens were infected with rRB-1B_Meq and monitored for 8 weeks post-infection. Of
the 26 rRB-1B_Meqg-infected chickens, 13 developed solid tumors in visceral organs. In
these chickens with tumors, both the spleen and tumor tissues contained a higher
proportion of CD4" T cells compared to those of the control group (Fig. III-4A).

The anti-Meq mAbs (kindly provided by Dr. Kurokawa, National Agriculture and
Food Research Organization, Japan) were subsequently employed to analyze Meq* cells
in the spleen and tumor tissues of chickens with MD. Meq® CD4* T cells were detected
in both spleens and tumors, with significantly higher proportions observed in tumor
tissues compared to spleens (Fig. III-5A). These findings suggest that both the spleen and
tumor tissues of chickens with MD contain MDV-transformed CD4* T cells.

To investigate PD-1 expression in MDV-transformed CD4" T cells, the proportions
of PD-17 cells within total CD4* T cells in the spleen and tumor tissues were first analyzed.
Compared with the spleen of uninfected chickens, the proportions of PD-17 CD4* T cells
were significantly higher in both the spleen and tumor tissues of chickens with MD (Figs.
III-5B and C). Furthermore, within CD4* T cells, PD-1* cell proportions were
significantly higher in Meq" than Meq~ cells in both the spleen and tumor tissues (Figs.
III-5B and D). These results show that PD-1 expression is increased in CD4* T cells,
particularly in transformed CD4* T cells expressing Meq, in chickens with MD.

Expressions of IFN-y and PD-1 in CD8" T cells in chickens with MD

The proportion of CD8" T cells expressing [FN-y was examined to assess their
function in chickens with MD. Compared with the spleen of the control group, the
proportion of CD8" T cells was reduced in the spleen and tumor tissues of chickens with
MD (Fig. 1lI-4B), likely due to the expansion of transformed CD4* T cells. The
percentage of IFN-y* CD8* T cells was significantly higher in tumor tissues than in the
spleens of both control and infected chickens (Fig. III-6A). In contrast, no significant
difference was observed in the proportion of IFN-y* CD8* T cells in the spleens between
infected and control groups under unstimulated conditions.

To determine whether CD8" T cells in chickens with MD retain their ability to
produce IFN-y, isolated cells were stimulated with PMA and ionomycin. In all groups,
the stimulation increased the proportion of IFN-y* CD8" T cells compared with

unstimulated cells. Notably, after the stimulation, the spleens of chickens with MD



showed a significantly higher proportion of IFN-y* CD8" T cells than the control group,
while no significant difference was shown under unstimulated conditions.

PD-1 expression in CD8* T cells from chickens with MD was subsequently
examined. The proportion of PD-1* CD8" T cells in the spleens of chickens with MD was
significantly higher than that in the control group, while the proportion in tumor tissues
tended to be increased compared with that in the control group (p = 0.062; Figs.IlI-6B
and C). To evaluate the cytokine production of PD-1* CD8* T cells, the proportion of IFN-
v* cells was compared between PD-1* and PD-1- CD8* T cell populations in the spleens
of uninfected and infected chickens. Within the PD-1- CD8" T cell subset, the proportion
of IFN-y* cells in the infected chickens was elevated relative to that in uninfected controls,
while no significant difference was detected in the proportion of IFN-y* cells between
infected and uninfected groups within the PD-1* CD8" T cell subset (Figs. 2B and D).
These observations suggest that cytokine production from PD-1* CD8* T cells is impaired
in chickens with MD.

Expressions of IFN-y and PD-1 in y6 T cells in chickens with MD

In rRB-1B_Meg-infected chickens, the proportions of yd T cells in both the spleen
and tumor tissues were also significantly reduced compared to those in the control group
(Fig. IT-4C). The proportion of IFN-y* yd T cells in tumor tissues was significantly higher
than in the spleens in both controls and infected chickens (Fig.IlI-7A). In contrast, the
proportion of IFN-y* yd T cells in the spleens of rRB-1B_Meg-infected chickens was
comparable to that in the control group (Fig.IlI-7A). Furthermore, under mitogen
stimulation, a significant increase in the proportion of IFN-y* yo T cells was observed in
the spleens of both control and infected groups (Fig.I1I-7A). However, in the tumor tissue
of infected chickens, no significant difference was detected between stimulated and
unstimulated cultures (Fig.I1I-7A).

Similar to conventional af3 T cells, y0 T cells may undergo exhaustion after
prolonged exposure to pathogen- or tumor-associated antigens (Chen et al., 2022). To
assess this possibility in MDV infection, the proportion of PD-1* cells among total yo T
cells was examined in chickens with rRB-1B_Meq. Significantly higher proportions of
PD-17 yd T cells were detected in the spleens of chickens with MD compared with the
control group (Figs. I1I-7B and C). In tumor tissues, the proportion of PD-1* yo T cells
was also elevated relative to the control group, although the difference is not significant
(p = 0.051, Fig.III- 7C). To investigate the relationship between PD-1 expression and
IFN-y production in yd T cells, the proportions of IFN-y* cells in PD-1* and PD-1"y3 T

cells were compared in the spleens of uninfected and infected chickens. In the spleens of
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the control group, PD-17yd T cells displayed a significantly higher proportion of IFN-y*
cells than PD-1" 3 T cells (Figs. III-7B and D). In contrast, no significant difference in
the proportion of IFN-y* cells between PD-1" and PD-1"vyd T cells was detected in the
spleens of chickens with MD. Moreover, PD-1* v T cells from rRB-1B_Meq-infected
chickens exhibited significantly lower proportions of IFN-y* cells compared with those
from controls (Figs.III-7B and D). Collectively, these findings suggest that PD-1* yo6 T
cells in MDV-infected chickens exhibit impaired effector function.
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Figure I11-4. The percentages of T cell subsets in the spleen and tumor tissue
The percentages of (A) CD4" T cells, (B) CD8" T cells, and (C) yd T cells in the T cell population from
spleens and tumor tissues were analyzed.
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Figure ITI-5. CD4" T cells transformed by MDYV highly express PD-1

The expression of PD-1 and Meq in the CD4" T cells was analyzed (control group: n = 10, the spleen of
MDV-infected chicken: n = 13, the tumor tissue of MDV-infected chicken: n = 13). (A) A representative
gating strategy is shown for analyzing CD4" T cells. (B) The percentages of PD-1" CD4" T cells in the
CD4" T cell population from spleens and tumor tissues were analyzed. (C and D) The percentages of PD-
1" T cells were compared between spleens and tumor tissues in (C) Meq® CD4" T cells and (D) Meq
CD4" T cells. (E and F) The percentages of PD-17 CD4" T cells were compared between Meq™ CD4" T
cells and Meq” CD4" T cells in the spleen of (E) the control group and (F) the MDV-infected group.
Asterisks indicate significant differences (** p <0.01,* p < 0.05; Dunn’s test (between the groups),
Wilcoxon signed-rank sum (within the same individual)).
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Figure I11-6. Expression of interferon-y (IFN-y) and PD-1 in CD8" T cells in MD V-infected
chickens

The expression of PD-1 and IFN-y in the CD8" T cells was analyzed (control group: n = 10, the spleen
of MDV-infected chicken: n =9, the tumor tissue of MD V-infected chicken: n = 9) (A) The
percentages of IFN-y" CD8" T cells in the CD8" T cell population from spleens and tumor tissues were
analyzed after unstimulated and stimulated culture. (B) A representative gating strategy is shown for
analyzing CD8" T cells. (C) The percentages of PD-1* CD8" T cells in the CD8" T cell population
from spleens and tumor tissues were analyzed. (D and E) The percentages of IFN-y" T cells were
compared between PD-17 CD8" T cells and PD-1— CD8" T cells in the spleen of (D) the control group
and (E) the MDV-infected group. Asterisks indicate significant differences (** p <0.01,* p <0.05;
Dunn’s test (between the groups), Wilcoxon signed-rank sum (within the same individual)).
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DISCUSSION

The PD-1/PD-L1 pathway has been shown to exert immunosuppression via T cell
exhaustion in many types of tumors and chronic infections (Freeman et al., 2000;
Ikebuchi et al., 2010; Kleffel et al., 2015; Mackawa et al., 2016). The increased
expression of pd-/ mRNA has also been shown during the pathological stage of MDV-
infected chickens (Matsuyama-Kato et al., 2012). Additionally, the decreased proportion
of CD8" T cells and y6 T cells observed in Chapters I and II are reminiscent of
immunosuppression in the terminal phase of MDV infection. Therefore, in Chapter I1I, to
investigate the involvement of PD-1 in MDYV pathogenesis, the protein expression of PD-
1 in T cell subsets was analyzed, and the effect of PD-1 expression on the effector function
of CD8" T cells and yd T cells was evaluated. Flow cytometric analysis revealed an
increased proportion of PD-1-expressing CD4" T cells in MDV-infected chickens.
Furthermore, Meq® CD4" T cells displayed significantly higher PD-1 expression than
Meq CD4* T cells. In tumor tissues, higher proportions of CD8" T cells and yd T cells
expressed IFN-y compared with those in the spleens of both uninfected and infected
chickens. In the CD8* T cell population, the proportion of IFN-y* cells in PD-1" cells in
the spleens of infected chickens was higher than that of uninfected chickens, whereas no
difference was detected in the proportion of IFN-y* cells in PD-1* cells between the
infected and uninfected groups. In y3 T cell populations, the proportion of IFN-y* cells in
tumor tissues did not change following mitogen stimulation. Furthermore, no significant
difference in the proportion of IFN-y* yd T cells in the spleens of infected chickens was
observed, regardless of PD-1 expression, whereas the proportion of IFN-y* vy T cells was
higher in PD-1" cells in the spleens in the uninfected group. Collectively, these findings
suggest that tumor cells exhibit a PD-1-expressing phenotype, while PD-1 expression in
CDS8" T cells and yo T cells is associated with diminished immune response during MD
development.

The proportion of PD-1-expressing cells was significantly higher in Meq* CD4* T
cells than in Meq~ CD4* T cells, suggesting that MDV-transformed cells elevate PD-1
expression. Two possible mechanisms may account for this observation. The first
hypothesis is that MDV preferentially transforms CD4* T cells expressing PD-1. In
humans and mice, activated T cells display high PD-1 expression (Raimondi et al., 2006),
and MDV-transformed cells express CD25, a marker of T-cell activation (Burgess and
Davison, 2002). These observations raise the possibility that MDYV selectively establishes
latency in activated PD-1" CD4" T cells and subsequently transforms them. An alternative

explanation is that MDV-transformed cells may respond to soluble factors from immune



cells in the tumor microenvironment, and then express PD-1. For instance, IFN-y is a
potent inducer of PD-1 expression in both humans and mice (Keir et al., 2008), and
previous analyses have shown a positive correlation between pd-/ and ifn-y mRNA levels
in tumor lesions from MDV-infected chickens (Matsuyama-Kato et al., 2012). In this
chapter, the proportion of IFN-y-expressing CD8" T cells and yo T cells was higher in
tumor tissues than in the spleens from uninfected and infected chickens, suggesting that
PD-1 expression in transformed cells is triggered by cytokines such as IFN-y in the tumor
microenvironment. Consequently, high PD-1 expression in MDV-transformed CD4* T
cells may reflect the pre-transformation phenotype or the factors in the tumor
microenvironment. Additionally, PD-1 expression might give an advantage to tumor cells.
MDV-transformed T cells possess a phenotype resembling Treg cells that express mTGF-
B. In murine models of chronic lymphocytic choriomeningitis virus infection, Treg cells
with elevated PD-1 expression can suppress CD8" T cell proliferation and cytokine
production via the PD-1/PD-L1 interaction (Park ef al., 2015). PD-1 expressed on MDV-
transformed CD4* T cells may contribute to impaired cytokine production by CD8* T
cells. Further studies are required to clarify the role of PD-1 in the immune evasion by
transformed cells.

Under unstimulated conditions with mitogen, no significant difference was detected
in the proportions of IFN-y-expressing CD8* T cells in the spleens of uninfected and
infected chickens. In contrast, following mitogen stimulation, the proportion of IFN-y*
CDS8* T cells was increased in the spleens of infected chickens and was significantly
higher than that in uninfected chickens. Previous studies have shown that MDV-
transformed cells downregulate MHC class I expression, facilitating evasion from
effector T-cell recognition (Morimura et al., 1996). Moreover, CD8" T cells in MDV-
infected chickens exhibit reduced responsiveness to TCR-mediated stimulation
(Morimura et al., 1996). The stimulation used in this chapter, PMA and ionomycin,
bypasses the TCR signaling pathway and directly activates NF-kB in T cells. This
suggests that CD8* T cells with impaired responsiveness to TCR-mediated stimulation
could still produce IFN-y after stimulation with PMA and ionomycin. Taken together,
these findings suggest that a subset of CD8* T cells in the spleens of MD V-infected
chickens can still produce cytokines but fails to recognize tumor cells via the TCR, which
likely explains why IFN-y expression in CD8" T cells in infected chickens remained
comparable to that in uninfected chickens under unstimulated conditions.

Consistent with a previous study that pd-/ mRNA expression is elevated in CD8* T
cells of MDV-infected chickens (Parvizi et al., 2010), flow cytometric analysis in this

chapter demonstrated an increased proportion of PD-1-expressing CD8" T cells in both
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the spleen and tumor tissues of chickens with MD. Furthermore, in the spleen of the
infected group, the proportion of IFN-y-expressing cells in PD-1- CD8" T cells was higher
than in uninfected groups, suggesting an expansion of CD8* T cells specific to infected
and/or transformed cells. In contrast, no difference was observed in the proportion of IFN-
y—expressing cells in PD-17 CD8* T cells in the spleens between uninfected and infected
chickens. These findings suggest that PD-1 expression is associated with diminished IFN-
v production in CD8" T cells in chickens with MD. Further studies, including the response
of CD8" T cells to viral antigens, such as cytokine production and PD-1 expression, are
necessary to elucidate the mechanisms underlying the reduced function in CD8* T cells.
A previous research has shown that supernatants from cultured splenocytes of MDV-
infected chickens can suppress IFN-y expression in yd T cells (Matsuyama-Kato ef al.,
2023a). In the present analysis, the proportion of IFN-y* yd T cells in tumor tissues was
not increased following mitogen stimulation, whereas the stimulation enhanced IFN-y
production in yd T cells from the spleens. These observations suggest that the function of
v6 T cells could be profoundly impaired by components of the tumor microenvironment.
In the spleens of uninfected chickens, PD-1* yo T cells displayed a significantly higher
proportion of IFN-y-expressing cells compared to PD-1-yd T cells, indicating that some
PD-1-expressing v T cells in uninfected chickens possess an IFN-y-producing phenotype.
In contrast, in the spleens of chickens with MD, no increase in IFN-y expression was
detected in PD-17yd T cells relative to PD-1- 3 T cells, suggesting impaired function of
PD-17 y3 T cells in chickens with MD. For a more comprehensive understanding of the
PD-1/PD-L1 pathway in MDV pathogenesis, the development of antibodies targeting PD-
1 ligands, such as PD-L1, followed by expression analyses, would be valuable.
Additionally, in humans and mice, exhausted yd T cells co-express other immune
checkpoint molecules, including cytotoxic T-lymphocyte—associated protein 4 and
lymphocyte-activation gene 3, alongside PD-1. Further investigation of the expression of
other immune checkpoint molecules on y6 T cells would be important for elucidating their

role in MD pathogenesis.
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SUMMARY

Highly virulent MDYV field strains have been shown to induce immunosuppression
in chickens. In the experimental infections described in Chapter II, rRB-1B_Meg-infected
chickens tended to reduce the numbers of CD8* T cells and yd T cells in both the spleen
and thymus. Given that the PD-1/PD-L1 axis has previously been proposed to be involved
in MDV pathogenesis, Chapter III aimed to investigate the expression of PD-1 in CD4",
CDS8*, and yo T cell subsets in the spleen and tumor tissues of chickens with MD and its
association with IFN-y expression in each T cell subset.

Flow cytometric analysis demonstrated an increased proportion of PD-1-expressing
CD4* T cells, the primary targets of MDV tumorigenesis, in both the spleen and tumor
tissues of chickens with MD. In CD4" T cells, the proportion of PD-1" cells was higher
in Meg-positive cells than in Meq-negative cells. In the spleens of chickens with MD,
increased proportions of PD-1" cells within CD8* T cells and y3 T cells were observed
relative to uninfected controls. Notably, the proportion of IFN-y-producing PD-1* CD8*
T cells was not increased in the spleens of chickens with MD. Furthermore, under the
condition with mitogen stimulation, IFN-y* cells in the y6 T cell populations within tumor
tissues remained unchanged. In the spleens of chickens with MD, no difference was
detected in the proportion of IFN-y-producing yo T cells between PD-1* and PD-1" cells,
although in uninfected chickens, the PD-17 cells exhibited a higher proportion. These
results suggest that PD-1-expressing CD8* T cells and yo T cells exhibit functional
impairment following MD onset, potentially contributing to MDV-induced
immunosuppression. These findings provide novel insights into MDYV pathogenesis and

the immune response in infected chickens.
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CONCLUSION

Marek’s disease virus (MDV) causes Marek’s disease (MD), characterized by
malignant lymphomas, immunosuppression, and neurological disorders, such as leg
paralysis and torticollis. The development of effective attenuated vaccines has
substantially reduced the incidence of MD to date. However, the increased virulence of
field MDV strains has led to vaccine breaks, with MD cases reported in vaccinated flocks
worldwide. Meq, MDV oncoprotein, harbors polymorphisms and insertion/deletion
sequences that are shared with field strains depending on their virulence. Experimental
infections with rMDV demonstrated that the amino acid sequence of Meq can influence
MDV virulence. However, the molecular mechanisms by which Meq alters MDV
virulence, and the specific amino acid residues involved in this mechanism, remain poorly
understood. The present study examined the relationship between the amino acid
sequences in Meq and MDYV virulence, and explored the mechanisms contributing to
immunosuppression in MDYV pathogenesis.

In Chapter I, to investigate the mechanisms underlying the increased virulence by
the insertion in the transactivation domain of Meq, the effect of the insertion on Meq
function and the processes of disease development were analyzed in details. Reporter
assays demonstrated that the insertion enhanced transactivation activity on several
promoters related to oncogenesis. The insertion also increased Meq protein stability,
potentially resulting in the elevated transactivation activity. Infection with a recombinant
MDV (tMDV) based on RB-1B, a very virulent MDYV strain, carrying the insertion in
Meq (rRB-1B_L-Meq) led to early expansion of mTGF-B—expressing CD4" T cells, a
characteristic phenotype of MDV-transformed cells. However, flow cytometric analysis
of tumor lesions showed no substantial differences in cellular composition between rRB-
1B _L-Meqg- and rRB-1B Meqg-infected chickens. Transcriptome profiling revealed
similar gene expression patterns in the two infected-groups, but Gene Ontology (GO)
enrichment analyses of differentially expressed genes identified distinct biological
signatures. Tumors from rRB-1B_L-Meqg—infected chickens exhibited enrichment in
immune-related GO terms, such as “T cell proliferation” and “chemotaxis”. These results
suggest that the insertion does not alter Meq transcriptional targets but accelerates
tumorigenesis by increasing protein stability and enhancing transactivation function (Fig.
3).

In Chapter II, amino acid polymorphisms in the basic region of Meq were examined,
focusing on the combination at positions 71 and 77 found in the attenuated vaccine strain
CVI988 (Meq71/77) and the combination at positions 77 and 80 identified in recent
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isolates with high virulence in Asia, Africa, and Europe (Meq77/80). Reporter assays
demonstrated that most amino acid substitutions at positions 71, 77, and 80 in the basic
region into RB-1B-Meq reduced transcriptional regulatory activity. In experimental
infections, chickens challenged with an RB-1B-based rMDYV encoding Meq71/77 (rRB-
1B_Meq71/77) displayed no MD signs and showed no expansion of Meq* cells. Moreover,
histopathological analysis confirmed the absence of MD-associated lesions. In contrast,
rRB-1B_Meq77/80 infection resulted in reduced mortality and tumor incidence, but it
caused unexpected clinical signs, including open-mouth breathing, different from those
in tRB-1B encoding native RB-1B-Meq. In addition, in the later phase of infection,
Meq" cells were maintained at low levels, accompanied with a significant increase in
CDS8* T cell populations. Intriguingly, histopathological analysis identified hyperplasia in
the bronchus-associated lymphoid tissues of the lungs. These findings indicate that the
combination of two specific polymorphisms in the basic region of Meq markedly reduce
Meqg-mediated transcriptional regulation and MDV virulence, and potentially alter
clinical manifestations.

In Chapter III, the potential involvement of the PD-1/PD-L1 axis in MDV
pathogenesis was examined by assessing PD-1 expression in CD4*, CD8*, and gamma-
delta (yd) T cell subsets within the spleen and tumor tissues of chickens with MD, along
with its association with IFN-y production in each subset. Flow cytometric analysis
demonstrated elevated proportions of PD-1" cells across all three T cell populations in
chickens with MD. In CD4" T cells, the proportion of PD-1" cells was higher in Meq-
positive cells than in Meq-negative cells, suggesting that high proportion of MDV-
transformed cells expresses PD-1. In CD8" T cells, the proportion of IFN-y-producing
cells was not increased in PD-1* cells of the spleens of chickens with MD. Under culture
conditions of mitogen stimulation, IFN-y expression in y0 T cells from tumor tissues
remained unchanged, regardless of PD-1 expression. In addition, in the spleens of
chickens with MD, no significant difference was observed in the proportion of IFN-y—
producing yo T cells between PD-1* and PD-1" subsets, whereas in uninfected chickens,
the PD-1* subset showed a higher proportion. These findings suggest that PD-1-
expressing CD8" and yo T cells exhibit impaired effector function following the onset of
MD, potentially contributing to MDV-induced immunosuppression.

This study shows that amino acid polymorphisms in the basic region are important
determinants of MDYV virulence. In addition, insertion in the transactivation domain
appear to enhance MDV virulence by increasing the stability and transcriptional
regulatory capacity of Meq. The mechanisms that differences in amino acid sequences in
the basic region influence MDV virulence may differ from those of the transactivation
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domain, and further investigation is required to elucidate how the amino acid sequences
of Meq cause differences in the virulence. Additionally, analyses in the relationship
between PD-1 expression and their IFN-y production in cells possessing effector
functions, such as CD8" T cells and yd T cells, showed a potential role of the PD-1/PD-
L1 axis in immunosuppression in MD pathogenesis. Collectively, these findings provide
insights into the mechanisms underlying enhanced MDV virulence and its survival
strategies in the field, as well as practical implications for the development of more
effective vaccines and the prediction of regional shifts in MDV virulence, thereby

supporting improved disease control.
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Basic region Transactivation domain

Polymorphisms Insertion sequence
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transcriptional regulation of Meq

Figure 3. Schematic representation of the effects of mutations in Meq
Polymorphisms in the basic region alter virulence and clinical manifestations. Insertion sequence
enhances virulence by increasing protein stability and transcriptional regulation activity of Meq.
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SUMMARY IN JAPANESE

S E

~ L v 7T A VA (Marek’s disease virus, MDV) 1%, SV L xE, 50EH)
il BERRIE R 7 & OMREIR Z R & T2~ Ly 79 (MD) 25| & 27,
FbAET 7 F U ORR%E WKL D . MD OFATHIE ST E 723, BrAME
OIFFMERTRIZE, TFET 7 F UHRHBICEBIT S MD OFRIER] (V7 F 7
VA7) PRSI TG SN TWDH MDYV O A a7 a7 A > Th b Meqld,
CD4* T MIfA DT EIAHUZ KA TH U | JHEPEIZIS U TR0/ A R KRS %
BTHTERMBNTND, FEFRIZ, ERIEGZ LY Meq D7 I/ BRI R
JAMEICB L S D Z 0N &Nz, LvL, TOFEMR) FHERECRE 457 2
J BRFEILIZ O W TIE S ICiEIH S Tuneyy, £ 2 TARFETIE, Meq D7 2
J BEld % & MDV OYRJEME & OBk 2 gt U IR BETE RIS B 53 % 43 11 2 B
EMNZTHZEEEBNE LT,

% 1 B TIX, Meq OHAGIEMALRETEI P OB D38 % 2 583 5 4>
THERE A AT L7z, fRAECSIN, Meq & v /N7 DO ZEM 21 L8, &5,
LR—=Z—=7 v EAI2XK0, MDV OEFLIZEE T 2 7' m £ — & — (&2 PR
952 & LM LT, RB-1B #EH KD L-Meq % Froffl#f = MDV (tRB-1B_L-
Meq) % fif - 72 EYiRER ClX, MDV OEGME & [F URBH TH 5 mTGF- ¥
Bl CD4'T Mo RN BIEE Shv, BT R OIS RmE S ivlz, —J5 T,
7u—H% A A MY — T, TGN OMIREARIZBE R 2T b LT, &
© 12 RNA-sequencing fi#HT CH RS D N7 27 U 7 — L35 IEOFHES
PRI E NI, D DORTRND | FABSNTERGAER 2 2L ST, Meq D%
EME EBREIEMALRE R M L3825 2 & CIEBER 2 RESE5 2 ERNRBR S
77

%11 B Cld, Meq OIIEMEREI O 7 X VBAZIICHEH L, U7 F 8k CVI9SS
IZROOLND TN FZEHE 7T EZEBOT X VB OMAEDE Meq71/77). B &
OCIEDT T 77V, 3—uy  "GERRICIEET 2 77 FH & 80 FHD
MG HE (Meq77/80) ZMAT L=, LAR—4%—7 vt A TiL, T OHIENE
FEIRICERD HNDT I BREHAN ., Meq DIREFHEIREZ IR T S8 5 Z L 23R
SNz, BT, 2TNH ORI EZEAN LM 2 MDV (rRB-1B_Meq71/77, rRB-
1B Meq77/80) % FW T2 &G FEERIC I\ T, rRB-1B_Meq71/77 /&Y% CTld MD @
FEIER Meq GHEMIR OSBRI T, & BRI AEIZB W TEH MD
DIEAZ R TR RITFE O b2 hr o 7o, —J7, rRB-1B_Meq77/80 Ji&4s TIIAE T =
BLOESEBEAERNMET L2 00, B AR £ RB-1B-Meq % F-DfH# 2
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MDV & 37 D9Ek 2 2 U JWBLFAIBRATIC & 0 Q8 SRS U 2 SR O R T
RO BTz, TILDORERN G HHEMEIRICKIT D 2 207 X BRALY
DRAEDEIZL Y | Meq DERGFRFIHESS MDV OJiEMENZL L, S B2
REDRBIANZ & B E KT T AlREtEN R STz,

51 BTl BB ER ORISR I EIZ Sz CD8 T fiflddks LT
gamma-delta (y8) T MO~ PD-1/PD-L1 #&¥&IC X 2 o2 | o B 5%
L 72, MD JIER O M L ONEEMHMEN T, CD4*, CD8*, v& T gV 3
IZBWTY PD-1 GIEMIEOEIEAEEM L T, 52 CD4 T MiIIE Tt Meq 15
%%%TTDI%%%%#@ROHME%HD?T%@TMHNw%$%®ﬁ@

WRD BRI T, TEEEARE D v§ T Ml CIIgEs#% b IFN-y £ Lk
ADBEI N>, S BT, FREGLE O Mg kD v T Ml Tl PD-1 [k
AIIIZHE~. PD-1 BEMERAEIZ IFN-y 23 @E3EEL L TN 23, MD FIEH O [
e yd T HIETlE, PD-1 Bthds K OEMEMARRT I féﬁwyﬁé®##m
Lo lo, T b DOFERIL, PD-1 BGtE T MR OMERE A~ X 5 MD OJEkE
B ORPZIME~DORE G- 2 R~ LT\ 5,

AAFZEIE Meq DORRBIEMEALFATI BRI 36 1T D ABLHIN S & /8 7 L TEME &
R EVEMEALRE 2 HE58 L MDV OJRJEMEZ @ 5 2 & I MEfEI O 7 X R
DNREMECIREE 2 L &5 Z L. & 51T PD-1/PD-L1 #%#25 MDV O %2 41
BT 52 LML, 2D ORIZ, MDV O EHEEL ]
HERAE 1T B 2 B A VR | PRIV AR m i IR O HBL T IS, K0 iR U
7 F BRI EMT AEERMLTH D,
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