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N4BP2ECFP fusion expression construct and the pEXRRvector,
the FRIabeled N4BP2 localizes in the cytoplasm. However, when co
expressed with the MefYFP fusion constructs, NABP2-tmcalizes
with megisoforms encoded by high virulence MDVs in the
nucleoplasm and nucleolus. Cells were coustained with DAPI to
visualize the nuclei. Total magnification = X300. Scale bars represent
O > o o PRSPPI 118

Figure 3.14:Schematic representation of the fullength Meq, Meq splice
variants, and Meq bZIP-NTD domain mutants used for mapping
essential binding domainsThe diagrams (above) show the domain
organization of the different Meq proteins. (Pro/Glin:
proline/glutaminerich region, BR: basic region, ZIP: leucine zipper
1] 1] PP 119

Figure 3.15:The Meg-CTD mediates the relocalization of NABP2 to nuclear
and subnuclear compartmentsHD11 cells were cdransfected with
the chicken NABP-ECFP and EYFRagged fulllength Meq, splice
variants, or bZIP domain mutants. The fielhgth Meq rdocalized
N4BP2 from the cytoplasm to the nucleus and nucleolus. However,
when ceexpressed with the Meq/vIL8 splice variants and bZIP
domain mutant constructs, lacking the RRRD of Meq, N4BP2
remained localized in the cytoplasm. Cells were cotst@ned with
DAPI to visualize the nuclei. Total magnification = X300. Scale bars
represent. . . 1.0 .. . 8. 121

Figure 3.16:Cellular proliferation assay of NABP2 expression cell line€CFSE
based growth curve analysis of HTC macrophage cell lines stably
transfected with expression vectors encoding)gBKCMV
vector,(B) RB-1B Meq, andC) Meg/vIL8 expression constructs with
either the empty vector control with endogenous levels of NABP2
(dotted line) or stably cexpressing N4BP2 (solid line). Cell lines
were labeled with carboxyfluorescein succinimidyl ester (CFSE),
plated in triplicate, then harvested at 24 hr timepoints for analysis by
flow cytometry. *P < 0.05, **P < 0.01, **P < 0.001; Studentgébt.
Error bars indicate SEM...........cooooiiiiiiiiieen e 123
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Figure 3.17:Characterization of GONA4L localization. HD11 cells were
transfected with the chicken GON4LY FP fusion expression
construct and were counistained with DAPI to visualize the nuclei.
The FRlabeled GONA4L is distributed throughout the cell, localizing
to the cytoplasm and nucleoplasm, but is excluded from the nucleolus.
Tot al magni fication = X23.00.... I al e bal

Figure 3.18:Co-localization of low virulence Meq isoforms with GONA4L in the
nucleus and nucleolusln HD11 cells cetransfected with the chicken
GONA4L-ECFP fusion expression construct and the pEXHER/ector,
the FRIabeled GONA4L localizes in the cytoplasm and nucleoplasm.
However, when cexpressed with the MefYFP fusion constructs,
GONAL caolocalizes in the nucleoplasm and nucleolus g
isoforms encoded by low virulence MDVs. Cells were coustamned
with DAPI to visualize the nuclei. Total magnification = X300. Scale
bars represent. . 1.0 .M 125

Figure 3.19:Co-localization of high virulence Meq isoforms with GONA4L in
the nucleus and nucleolusin HD11 cells cetransfected with the
chicken GON4LECFP fusion expression construct and the pEYFP
N1 vector, the FRabeled GONA4L localizes in the cytoplasm and
nucleoplasm. However, when-expressed with the Melg§YFP
fusion constructs, GONA4L elocalizes in the nucleoplasm and
nucleolus withmegisoforms encoded by high virulence MDVs. Cells
were countestained with DAPI to visualize the nuclei. Total
magni fication = X300...Sc.al.e..B26rs rep]

Figure 3.20:The Meg-CTD mediates the relocalization of GONA4L to nuclear
and subnuclear compartmentsHD11 cells were cdransfected with
the chicken GONAECFP and EYFRagged fulllength Meq, splice
variants, or bZIP domain mutants. The figlhgth Meq rdocalized
cytoplasmic and nuclear expressed GONA4L into the nucleolus.
However, when c@xpressed with the Meqg/vIL8 splice variants and
bZIP domain mutant constructs, lacking the PERD of Meq,
GONA4L remained localized in the cytoplasm and nucleoplasm. Cells
were countestained with DAPI to visualize the nuclei. Total
magni fication = X300...Sc.al.e..Bh28r s rep]

Figure 4.1: SWI/SNF complex subunits are overrepresented in the proteome
of CD30" MDV -transformed T-reg-like lymphoma cells.
SWI/SNF complex cellular component enrichmen(Af all subunits
in the proteomic data set and(8f) the enriched SWI/SNF subunits
that are significantly differentially regulated.....................cccoveeeis 156
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Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:

Figure 4.6:

Subcellular localization of SWI/SNF componentsHD11 cells were
transfected with the chickg) SMARCCILEYFP (BAF155) oB)
SMARCA4-EYFP (BRG1) fusion expression construct and were
counterstained with DAPI to visualize the nuclei. The-EBeled

BAF155 and BRGL1 localizes to the nucleus and are excluded from the
nucleolus, remaining in the nucleoplasm. Total magnification = X300.
Scale bars r.ep.r.es.ent..10..s.m....157

Retention of BAF155 in the nucleoplasm in the presence of Meq.

In HD11 cells cetransfected with the chicken BAFIESCFP fusion
expression construct and the pEY¥YRR vector, the FRabeled

BAF155 localizes in the nucleoplasm and is excluded from subnuclear
compartments. When eexpressed with the Me§YFP fusion

constructs, BAF155 retains localization in the nucleoplasm, whereas
Meq is abundantly localized in the nucleolus. Cells were counter
stained with DAPI to visualize the nuclei. Total magnification =

X300. Scale bar.s..r.ep.r.e.s.ent..1.058¢e m.

Schematic representation of the fullength Meq, Meq splice
variants, and Meq bZIP-NTD domain mutants used for mapping
essential binding domainsThe diagrams (above) show the domain
organization of the different Meq proteins. (Pro/GIn:
proline/glutaminerich region, BR: basic region, ZIP: leucine zipper
MNOTIT). et 159

The Meg-CTD mediates the relocalization of BRG1 (SMARCA4)

to nuclear and subnuclear compartmentsHD11 cells were co
transfected with the chicken BR&ICFP and EYFRagged fult

length Meq, splice variants, or bZIP domain mutants. Thdduatjth

Meq relocalized BRG1 into the nucleolus. However, when co
expressed with the Meq/vIL8 splice variants and bZIP domain mutant
constructs, lacking the PREBTD of Meq, BRG1 remained localized

in the nucleoplasm. Cells were courséained with DAPI to visualize
the nuclei. Total magnificat.iledn

Schematic representation of fullength Meq isoforms and their
respective CTDsubstitutions used in celocalization studies.The
diagrams (above) show domain organization of the different Meq
proteins and the amino acid substitutions in those domains that are
associated with low (blue) and high (red) virulence strains. (P/Q:
proline/glutaminerich region, BR: basic region, ZIP: leucine zipper
MNOTIT). ettt 162
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Figure 4.7:

Figure 4.8:

Figure 4.9:

Co-localization of Meq isoforms with BRG1 in the nucleus and

nucleolus.In HD11 cells cetransfected with the chicken BRG1

ECFP fusion expression construct and the pE¥XRR/ector, the FP

labeled BRGL1 localizes in the nucleoplasm and is excluded from

subnuclear compartments. However, wherexpressed with the

Meg-EYFP fusion constructs, BRG1-¢ocalizes in the nucleoplasm

and nucleolus witlmegisoforms encoded by MDVs irrespective of

parental strain virulence level or mutations in the Meq coding

sequence. Cells were counstained with DAPI to visualize the

nucl ei. Tot al magni ficati on..3i64X300.

Co-localization of Meq isoforms with BRG1.The quantification of

BRGI1-ECFP celocalization with the MedeYFP isoforms in HD11

cells. Calocalization of BRGIECFP withthe EYFRN1 vector (n =

4), CVI-L Meq (n = 3), RB1B Meq (n = 3), or N Meq (n = 4) in the

nucl eolus was measured by Pearsonos
significant. Turkeyodos test for multi

Proline tetrads and their disruption participate in the Meg-

mediated BRG1 translocation into the nucleus and nucleolutn

HD11 cells cetransfected with the chicken Hlagged BRG1 and

with the T#tagged Meq constructs, BRG1-laralizes in the
nucleoplasm and nucleolus with Meq isoforms encoded by vww+MDV
parental strains. Total magnification = X300. Scale bars represent 10

Figure 4.10:Cellular proliferation assay of BRG1 expression cell lines<CFSE

based cell proliferation analysis of ElFcell lines stably expressing

the(A) vector, IM102 Meq, Meg/VIL8, RBR B Me q , TRPLp Meq,
and N Meq expression constructs with either endogenous levels of

BRG1 or(B) stably ceexpressing chicken BRG1. Cell lines were

labeled with carboxyfluorescein succinimidyl ester (CFSE), plated in

triplicate, and then harvested at 48 hr for analysis by flow cytometry.

l

Turkeyods test for multiple.ca6®pari so
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Figure 4.11:The SWI/SNF coactivator BRG1 increases the transactivation
properties of vwv+Meq. (A) Meq CTD constructdB) There is a

modest but not significant stepwise increase in transcriptional activity

among Meq CTDs. However, transient BRG1 overexpression

demonstrates a marked increase in vv+Meq transactivation potential
by BRGImediated recruitment of the SWI/SNF coactivation complex

in a manner that requires tertraproline disruption. *P < 0.05, **P <

0.01, ***pP < 0.001; Turkeybds test

INAICATE SEM. ... et 169

Figure 4.12:Colocalization of Meq and BRGL1 in nuclear fociRepresentativeni
situimmunofluorescence images (@) BRGL1 or(B) Meqg and BRG1
colocalization in the lymphoblastoid cell lines derived from MD
tumors of MD\tinfected chickens. Shown are representative whole
cell image slices of a-&tack series for DAPI, anieq, and anti

f

BRG1 channel s. Scal.e..bar.s..refMesent

Figure 4.13:Expression levels of endogenous Meqg and BRGL1. (A)
Quantification of endogenous Meq and BRG1 immunofluorescence
staining by measuring mean fluorescence intensity in the n(i)ei,
Immunoblot analysis of endogenous levels of BRG1 in nuclear
extracts, andC) endogenous expression of CD44 in MD

l ymphobl astoid cell l ines. Turkeyos

Error bars iNAiCate SEM..... oo aaames 172

Figure 4.14:Predicted intrinsically disordered regions of Meq Isoforms.
Embedded within the MeGTD is a predicted intrinsically disordered
region (IDR) spanning residues 1432. Shown are representative

Meq proteins of v, vv, and vw+MDV pathotype strains. Regions were

scored as disorder >0.5 to order <0.5 (PONDR score); dotted line:

disordered threshold. Asterisks indicate IDR as predicted by Mohil3B.
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ABSTRACT

Marekodos di sease (MD) of chickens, cause

disease virus (MDV), is prevalent in the poultry industry with consequential economic
losses. A hallmark of MDV infection is the rapid onset dfhphomas in its natural

host. The MDV oncoprotein Media r e kcdR$Q-fragmentencoded protein) is
essential for Icell ymphoma formation. MD is currently controlled in poultry
production through livattenuated or apathogenic vaccines. Despite this control, field
strains have continued to evolve in virulence since the 1970s. Nonsynonymous
polymorphisms identified in the coding sequence of Meq have been correlated with
this evolution of virulence, and our preliminary data suggest that these changes could
be functioning at two stages of infection, namely, during the early replication of
MDVs and in the Tcell transformation phase of infection. Therefore, this study
focuses on the analysis of Meq isoforms at these stages of infection. Using a
combination of recombinant MDVs, mass spectrometry (oedproteomic

analyses, and followp biochemical and functional assays, iveeeidentified key

cellular components and pathways by which MDV field strains have evolved in
virulence to overcome vaccinmediated protection.

MD vaccines provide immunity that protects against lymphomagenesis but
does not prevent infection and transmission of field challenge strains. This non
sterilizing immunity allows MDV to mutate into emergent field strains of higher
virulence that can escape vaccinal immurifgqis under positive selection, and the

selection pressures are largely driven by vaccination. The present study, therefore,
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addresses the hypothesis timattations in Meq have been selected by the innate
immune response elicited by host vaccination during the early lytic infection stage
Mutations common to field strains overcoming protection conferred by vaccines
commonly used in the US (herpesvirus of turkeys, HVT;Madlivirus-2, SB-1)
were identified in the @erminal prolinerich repeatregion(PRR)of Meq. These
mutations map to second position sites of tpt@ine stretches, PPPHP(Q/A)PP.
For very virulent and hypervirulent strains arising in Europe, where an attenuated
MDV -1 strain has been used as a vaccine since the early 1970s (CVI988/Rispens),
mutations in the Meq of high virulence European strains map to the basimihal
and leucine zipper (bZIP) domains.

In the Plateau State of Nigeria, regional field strains have arisen on farms that
administered the CVI988 vaccine at hatch and subsequenticoinated chickens
with HVT at 21 days podtatch at farms receiving these vaccinates. Using maximum
likelihood phylogenetic analysis, we reconstruct the MDV phylogeny of North
American, Eurasian, and African MDYV lineages to address the phylogeographic
relationship between international vaccination practices and discrete vausiiated
selection of Meq. Sequence analysis of the Meq genes from field strain virus identified
mutations in both Nerminal and @erminal domains (NTD and CTD). Our data,
therefore, suggest a direct effect of vaccine strategy on the fitness selection of MDV
field isolates.

To designate virulence to mutations in Meq and their causal role in
overcoming early vaccine responses, strainlBBbased recombinaMDVs
expressing Meq isofornderivedfrom the vaccine, virulenfv), very virulent(vv),

and very virulent plugvv+) pathotypesvere constructed. Groups of unvaccinated and
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in ovoHVT-and HVT/SBvaccinated specific pathogéree chickens were

challenged at hatch with 2000 PFU of each recombinant virus. Pathogenicity was
assessed by measuring viral replication kinetics, the induction of lymphoproliferative
lesions, and mortality. The exchange of prototype Meq isoforms demonstrates
pathotypespecific trends in MEIncidence andmortality rates in the naive host.
However, in the MBimmunized chickens, there were no significant changes in MD
incidence and mortality between the challenge viruses, indicating the complex roles of
these isoforms in pathogenesis and providing insight into the discrete functional
propertiescontributingto Meq pathobiology.

Conceivably, these amino acid substitutions affect specificity at the binding
interface of proteifprotein interactions, which in turn may stabilize the disordered
prolinerich composition of Meq. This work addresses the hypothesisnintations
in the Meq oncoprotein have been selected based on changes in the interactomes of
Meq in latentlyinfected, transformed Jcells.MDV -associated lymphoblastoid cell
lines were subjected to aiMeq immunoprecipitation and subsequent-M&ed
proteomic analysis to profile the endogenous Meq interactome among MDV
pathotypes. Functional gene ontology analysis shows enrichment of DNA repair
associated proteins and chromatin remodeling complexes irhblqgnteractomes of
high-virulence pathotypes.

We speculate that Meq interacts with DNA regmssociated proteins during
lytic infection, presumably to alter host genomic stability, leading to an accumulation
of mutations. Somatic mutations in cancer driver genes are necessary to assist Meq in
CD4+ T-cell transformation later in infection when the virus establishes latency. By

proteomic analysis, we identified a candidate Meq interactor, Nedd4 Binding Protein 2
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(N4BP2), involved in DNA repair and recombination through a small MekSed
domain. Domain mapping experiments show that theldaljth Meq reocalizes
N4BP2 from the cytoplasm to the nucleus and nucleolus in ad&f@ndent manner.
The presence of the unspliced, fidhgth Meq throughout infection suggests
the Meq CTD has a nonredundant role with Meq splice variants during early lytic
infection when replicating virus elicits robust host responses of the innate immune
system and DNA damage response pathways that are important selection pressures on
the CTD. The functional constraints in this context may lend Meq pleiotropic
properties to antagonize innate immune signaling pathways and DNA damage
responses by interaction with DNA repair enzymes as a novel mechanism of
vw+MDVs for increased efficiency of viral integration into the host genome during
latency.
The 33 amino acid TD of Meq contains a highly conserved transactivation
domain; however, distinct mutations within an adjacent disordeiritare
characteristic of v,w, and w+ MDV pathotypes. Embedded in the PRR are five to
seven tetrgroline motifs; however, contrary to ancestral strains, fewer proline tetrads
constitute the CTD of contemporary straingogline to glutamine or alanine
substitutions at position two (P[Q/A]PB) partial PRR truncatiarHow these proline
tetrads cooperate in the context of Meq biology remains uncharacterized. However,
the prevailing dogma is that selection for the consecutive reduction of proline tetrads
affects virulence and, therefore, plays a functional role in MDV pathogenesis. We
hypothesized that these substitutions alter the specificity or affinity of poteiain

interactions, mediating a gain of function.
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In support of this hypothesis, we now report that the PRR of the vw+MDV
Meq isoform mediates the nucleolar recruitment of a cellular-A&pendent
chromatin remodeler, BRG1. We show that this specific binding of BRG1 increases
the efficiency in the transcriptional activity of the adjacent CTD in a manner that is
dependent on amino acid residues at positions 153, 176, and 217, suggesting that these
residues determine the uniqgue BRGL1 binding site. We propose a mechanism whereby
Meq occupancy at repressed regulatory loci requires BRG1 cooperation to promote an
open chromosome state by remodeling the chromatin topology. Thus, the complete
transactivation potential of the conserved region in ther@inal transactivation
domain depends on accessibility to promoter and enhancer elements. This finding
provides the first experimental evidence, with amino acid resolution of residues, that
mutations within the PRR of the vw+MDV Meq isoform have been selected by

changes in its interactome.
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Chapter 1
INTRODUCTION

11 Marekds di sease

Marekds di sease (MD) i s,aadT-paralytic, i n
| ymphomagenic pathology of chickens causec
acutetransforming herpesvirubat affects chickens worldwide. Mfibsesa critical
problem facing the poultry industry as the annual economic loss, coupled with the cost
of vaccinationis estimated to be $2 billion (Atkins et al, 2013b) Despite adequate
control of MD in poultry production, MD remains a concern due to breaks in vaccinal
protection as a consequence of the continuing evolution of virulendbeand

emergence of virulent MDV field straifgVitter, 1997)

12 Marekods disease Vvirus

Herpesviruses constitute a large familyddDNA viruses classified into three
subfamilies Alphaherpesvirinae, Betaherpesvirinaad Gammaherpesvirina®DV
is anAlphaherpesvirinagamily member of the genudardivirus. There are three
serotypes of the genbdardivirus, which are designated &allid alphaherpesvirus 2
or GaH\-2 (MDV-1), GaH\+3 (MDV-2), andMeleagrid alphaherpesvirus(MDV -
3). Among them, the causative agent of MD is the avigmiphotropic virus, GaHV
2, commonly referred to as MDY or MDV. MDV -1 viruses and their attenuated

derivatives, MDV/2 and MD\+3 serotypesare naturally nofoncogenic and are used



as vaccines to elicit protection against MD\straingOkazakiet al, 1970; Schat and

Calnek, 1978; Witteet al, 1970, 1984)

1.3 MDYV virulence factors

All three MDV serotypes havedoublestranded DNA genome of
approximately 175 to 180 Kbp with a class E architecture that consists of six regions
namely, unique long (UL) and unigue short (US) regions flanked by the inverted
repeat regions, terminal and internal repeat long (TRL and IRL) and short (TRS and
IRS) (Spatzet al, 2007b) The MDV genome encodes virulence factors in the repeat
regions such aseq(Joneset al, 1992) vIL8 (Parcellset al, 2001) meqg/vIL8
(Jarosinski and Schat, 2007; Liabal, 2021a) vTR(Fragnetet al, 2005, 2003; Trapp
et al, 2006) andpp38(Cui et al, 1991; Reddt al, 2002)that are among the unique
gene products with functions associated with pathogenicity, oncogenicity and
virulence properties. In MDMhduced lymphomas and lymphoblastoid cell lines
established from MD tumors, transcripts identified by restriction mapping to the
MDV-encodecEcoRI Q fragment, hence designatednasq had a notable expression
profile indicative of a transformatieassociated gendoneset al, 1992) The
oncogenic MDV1 strains but not MD\W\2 and MD\£3, encodemeqin the inverted
repeat long (TRL and IRL) regions, atiee déetion of megtranscripts does
substantially impact colony formation and proliferation of transformed lymphoblastoid

or fibroblast cell linegLevy et al, 2005; Xieet al, 1996)



1.4 Pathology

MDYV pathogenesis follows the Cornell Model proposed by Calnek and
colleagueswhodescribe the four phases of infection as: 1) Early cytolytic phase, 2)
Latent phase, 3) Secondary cytolytic phase, and 4) Transformation.

MDYV transmission is horizontand is causeldy inhalinginfectious vira
laden danderThe initial stage of infection occuns the lungs, with infection of
epithelial cells and resident phagocytic cells (Baaten et al., 2009). Macroglaages
phagocytose virus and transport MDV to the primary and secondary lymphoid organs
(Barrowet al, 2003)

MDYV lytically and latently infects lymphocytdSheket al, 1983) During the
cytolytic phase of infection, B lymphocytes are the primary target for productive
replication whereas activated CD4+Relper lymphocytes are the primary target cells
to establish latenc{Baateret al, 2009; Schaét al, 1982b, 1991)

Latentlyinfected CD4+ Tcells undergo MDVmediated neoplastic
transformationprogressindo lymphomaformation, which developgrimarily in

visceral organgOsterriedeet al, 2006)

1.5 Pathotype classification
The oncogenic field strains of the MBVserology are classified into four
pathotypes based on the following scheme of increasing virulence: mild (m), virulent

(v), very virulent (vv), and very virulent plus (vvelassification(Witter et al, 2005)

1.6 Vaccines
The development of an afstancer vaccine was a seminal discovery for

vaccinologistsHowever MD vaccination strategies have undergone several



formulationssince their inceptiom the early 197QA recent review has detailed the
sequential introduction of MD vaccinéSchat, 2016)

MD vaccination programs wergmplementedn 196370 after thecommercial
developmenof the first live attenuated MDA vaccine strain, HPRE6, which was
then used for MD immunization in the UlChurchill et al, 1969b, 1969a)
Contemporaneously with the development of HPIRSseveral laboratoriesolatel
apathogenic herpesviruses from turkeys, termed HVT, tiwéH-C126 straibeing
developed as a commercial vaccine in the(\Water et al, 1970; Okazaket al,

1970; Kawamurat al, 1969)

By 1971, HVT, which has some commantigenicity with MDV but is
nonpathogenic for chickenspuld mount a protective immune response against the
development of MOOQOkazakiet al, 1970) The commercial use of HVT in the USA
followed by its later integration into MD immunization programs of foreign poultry
industries in Eurasiaionstituted an alliance of global intervention against future MD
waves(Baigentet al, 2006; Witter, 2001)

Meanwhile, the isolation of the naturally attenuated CVI1988 MDsfrain
all owed for the devel op meichwavavailaRleisthee ns 6 C\
Netherlands in 1972 and eventuallyoither parts of Eurasi@®ispenset al, 1972a,
1972b)

Toward the end of the 1970s, the rmmcogenic MDV/2 strain called SR
wasisolatedand characterized (Schat and Calnek, 1978grAptimization to
formulate multivalent vaccine# waslater incorporated into US vaccination programs
by 1985(Schatet al, 1982a; Witter, 1982; Wittest al, 1984; Calnelet al, 1983;

Witter and Lee, 1984; Witter, 1987)



Outside of the US, the CVI1988 vaccine offered protection against circulating v
and vv MDVs(Maaset al, 1982) Moreover, the HVT and bivalent vaccines were
substantially outperformed by CVI988 to protect against challenge with US vv and
vv+ pathotypegWitter et al, 1995; Witter, 1992)Thus, die to the evolution of high
virulence MDYV strains in the US, CVI988 was licensed in the USA in 1994. This
milestone aligned the CVI988 vaccine for global application and has since been
recognized as the gold standard for MD vacciogsrotectagainstcontemporary
MDYV field strains.

Currently, the CV1988 vaccinedoes not supersede the functionality or
applicability of the previous generations of vaccines (HRB®eing the exception).
HVT and SB1 vaccines have not yet become obsolete and are still considered the
mainstay in MD vaccination strategies. Monovalent and bivalent vaccines are still
used alone in lowisk, viral desolate areas or in conjunction with CVI1988 as part of

trivalent and revaccination strategies to improve prote¢bamn and Gimeno, 2013)

1.7 Revaccination strategies

Revaccination protocols for administering MD vaccines cosdeeral
advantages over monovalent or bivalent immunization strategies, including enhanced
protection by activating -Tymphocytes and mounting a robust@&ll mediated
response against MDV antigens to delaydhset of early infectiofGimenoet al,
2012a) A heterologous revaccination schedule consists of two components: vaccine
serotype and timing of administering. Adherence to timing and order of vaccine
serotype must be followed for optimal protection. A standardized protocol using the
schedule of administering the first doseovoat 18ED andhesecond dose aneday

of age (18ED/1 day) is recommendgedhere among HVT/HVT+SH, HVT/CVI1988,



and HVT+SB1/CVI988 heterologous combinations, the latter two protocols conferred
the highest protection against early challenge with prototype vw+MDV strain 648A
(Gimenoet al, 2012a, 2012b)

1.8 Selection pressures

Even thoughMD vaccinespratect against virulent MDYV field challengthe
introduction andmprovement of/accines over a few decades are important to
understandingelection pressures on circulating MDYV strains

The industrialization of poultry farmingas associated with an increase
virulence from mild to virulenbeforethe introduction of vaccing#tkins et al,
2013a; Rozins and Day, 2017Mhe introduction of vaccinegas subsequently
associated witldriving the continuum of MDV evolution toward incredsarulence
by eliciting nonsterilizingimmunity that allows fothe selection of MDV genotypes
(Atkins et al, 2013a; Rozins and Day, 2017; Reachl, 2015) Since the initial
characterization of MD, over a century of documented evolutional changes can be
traced back to an intricate contribution of anthropogenic, viral, and host factors that

haveselectedVIDV throughout much of its recorded existence.

1.9 Evolution of MDV Virulence

MD was initially described as a paralysis due to inflammation of the major
nerveg(Marek, 1907) The firstapparenshift in virulence occurred during the mid
1960s and was driven by increased density in poultry production. Vaccines introduced
in 1970, particularly HVT in the US, selected very virulent strains (vwMDV), such as
RB-1B and Md5, which caused increased incidences of lymphomas and immune

suppression. Bivalent vaccination (ME&/+ HVT) was introduced to combat



vwMDVs (Witter et al, 1985, 1984)which drove the emergence of very virulent plus
MDVs (vw+MDVSs) in the early 19908/Nitter, 1997)

1.10 The Meq oncoprotein

1.10.1 Biochemical and functional properties

The viral oncogeneneghas a central role in the pathogenesis of MDV
infection, in which theun-spliced, fultlengthgene codes for the 339 amino acid (aa)
basic leucine zipper (bZIP) transcription factor (T¥)neset al, 1992; Levyet al,
2005; Liuet al, 1998; Lupiankt al, 2004)

1.10.1.1 Protein structure of Meq

The structure of Meq is not yet well defin@®hsed on global pairwise
alignment searchethere are no true Meq homologs of amniote/eukaryotuirak
origin (Batemaret al, 2023) However, computational prediction using sequence
based methods has annotated two intrinsically disordered regions in Meq, one in the
amino (N)terminus(1-80 aa)andtheother in the carboxyl (Germinus(145-172 aa)
(Necciet al, 2021)

1.10.1.2The Meq bZIP domain

The domain architectur@ndlocal sequence homology in the bAiPterminal
domain (bZIPNTD) showarelation to the Jun family of transcription fact@deneset
al., 1992) The basic region (BR) has localization motifs for spatial targeting of Meq to
the nuclear and subnuclear compartments in a cell-cggendent mannékiu et al,
1999, 1997)The leucine zipper (LZ) motif participates in homnand heterodimeric

interactions that bind promiscuously among JUN, FOS, CREB, ATF, and PAR family



membergLevy et al, 2003; Reinkeet al, 2010) Thesedimerization partnergonfer
differentDNA-binding propertieso Meq whereMeq heterodimers bind a CRE/TRE
like sequence termed Meq response element (MERE) Magchomodimers
preferentially bind the DNAvendingassociated ACACAC sequence known as MERE
II, in a cooperative fashion to either activate or repress target gene trans¢Qion

et al, 1996; Levyet al, 2003)

1.10.1.3The Meq C-terminus

TheMeq Gterminal domain (CTD) features a transactivation domain that
cooperates in transcriptional regulation. Transactivation is precisely mapped to amino
acids 209339, with the last 33 aa residues at theeininus being essentjathile
transcriptional repression is attributed to the pretioh repeat (PRRETD (Qianet

al,, 1995)

1.10.2 Meq localization

The MegN-termiruscontains twdasicmotifs designated as BR1 and BR2.
These regionareenriched in basic amino acid residi{asg/Lys) andserve as a
sequencespecific DNAbinding domain (DBD)allowing recognition of response
elements and occupancy at distinct regulatory(iQeanet al, 1995, 1996)The basic
composition also provides intrinsic nuclear targeting sequences that mediate the
localization of Meq to nuclear and sabiclear compartment$he bi-partitenucleolar
localization signal (NoLS) motif in thieasic region BR2sisufficient for nuclear
translocation as well as nucleolar localization, while the nuclear localization signal
(NLS) in BR1is dispensable for the translocation of Meq into the nu¢lsuset al,

1997)



1.10.3 Oncogenic properties

Meq upregulates-JuntargetgeneqLevy et al, 2005)and ERK/MAPK, Jak
STAT, and ErbB signaling pathways to promote cell proliferation, cell survival, and
cell migration(Subramanianet al, 2013) Megbinding proteins includeell cycle
regulatory proteinp53(Denget al, 2010) retinoblastoma (RiKunget al, 2001)
CDK-2 (Liu et al, 1999) and Hsp7@Zhaoet al, 2009) as well as the epigenetic
modifier scaffoldingC-terminal binding proteii (CtBP)(Brown et al, 2006)and
histone deacetylase (HDAC) 1 andlL2ao et al, 2021b)

When overexpressed, Meq induces morphologic changes, anchamndge
serumindependent growth, and shorsethe G1 phaseyhich transforms rodent
(RAT-2) and chicken fibroblagDF-1) cell linesthrough increasedell cycling,
proliferation, and apoptosis resistarites et al, 1998, 1999)Thus, these functions
delineate a regulatory network for Meq as an oncogene t{fatieast, partially

involved in the mechanisms underlying MBiNJuced lymphomagenesis.

1.10.4 Positive selection of Meq

MDYV genomes are diversattributed to a greater mean evolutionary rate of
8.25 x 10 substitutions per site per year compared to other herpesvitiisssal,
2022) Moreover, the principal oncogeneeqis under positive selection with a mean
evolutionary rate of 1.02 x ¥&ubstitutions per site per ye@adhi and Parcells,
2016) This degree of genetic heterogeneity is essential to MDV biology by allowing
meqto evolve under vaccirmediated selection pressures, in which the adaptation to
distinct vaccination practices most likely complements different mechanisms for
pathogenesis. These criteria may suffice for MDV virulence evolutvbiich has

tendedo increase accordingly with several iterations of MD vaccines used in



international poultry enterprises each decade since the 1960s. The mutations in Meq
are partially responsible for the pathogenic differences and resistance to MD vaccines.
In a separate study, we performead/ivo characterization of rMDVs encoding the
megqfrom prototype viruses of v, vv, and vv+ pathotypes, demonstrating the

propensity for vv+ Meq isoforms to confer vaccine resistance and evade vaccinal
immunity (Conradieet al, 2020) This fits our hypothesis that pathotygependent
mutations in the Meq coding sequence, as previously indicatéshiaynblinet al,

2004) were selected by MD vaccines.

1.10.5 Polymorphisms in Meq

Due to nonsynonymous point mutations, ingdatsl alternatively spliced
variants, theneqgopen reading frame differs appreciably between US isolates. We
previously reported on a pathotypic association of distinct genetic variations in
essential regions of the MDV genome, whereby prototype viruses conserve
discernable features in theeqcoding sequence. The detection of size heterogeneity
in themeglocus due to variable length indels corresponding to the PRR region within
the disordered CTD was thought to be a virulence feg@hvanget al, 2002a, 2002b;
Spatzet al, 2007a; Leeet al, 2000) The expansion of the CTIn addition to
nonsynonymous point mutations to the NTD, charactel@ewirulence or
nonpathogenic MDV1 isolates, whereas higher virulence pathotypes lacked the PRR
reiteration(Shamblinet al, 2004)

Empirically, we previously determined that consistent with the vMDV
pathotype of the JIM102 strain, the rMDV encoding the JMh6gabrogates the
pathogenic characteristics of the vwMDV RB1B parent vinugvo (Conradieet al,

2020) Thereby affirming, strains JM, BC, andCU-2 encoding the predominateeq
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species of 1,197 bp (398 aa), due to a 177 bp (59 aa) insertion comprising a domain
duplication of PRRs, is a polymorphism comnamnonglow virulence NA strains.
Although transactivation is not a proper correlate of virulence level, the JM, CV1988,
and BG1 Meq isoforms were generally weaker transcriptional activators than shorter
isoforms encoded by vwMDYV straif€hanget al, 2002c; Ajithdos®t al, 2009;

Okadaet al, 2007) Conceivably, while only one copy of the PRR is required for
complete transactivation activity, the reduced transactivation of these isoforms is a
consequence of the repressive properties of the PRR r@gimmet al, 1995)and that

the insertion of additional PRR copies into the transactivation domain is contributing

to lower pathogenicity.

1.10.6 Role in pathogenesis

Deletion of meq from a very virulent MDV (Md5 strain) ablates oncogenesis
(Lupianiet al, 2004) Thismegnull recombinant MDV (rMDV), rMdBPMeq, exhibits
vaccine properties that protect against challenge and reduce viral replication during
early cytolytic infectionLeeet al, 2008) Chickens infected with variousegmutant
rMDVs did not develop lymphomas by abrogating dimerization andbdR binding
interactions through LZ and PLDLS motif disrupti(Brown et al, 2009; Suchodolski
et al, 2009, 2010; Browet al, 2006) The oncogenic potential of Meq is regulated by
proteinprotein interactions with cellular transcriptionaHaxtors and chromatin
remodeling factors during MDYV infection that are critical for pathoger{esigy et
al., 2003, 2005; Lia@t al, 2021b; Subramaniaset al, 2013; Browret al, 2006)
Moreover, the targeted upregulation of CD30 by NIBgrges<et al, 2004)has a
direct role in the rapid induction of@ell ymphomas by polarizing CD4+@ells

toward Thelper 2 or regulatory T celike phenotype, which is antagonistic of eell

11



mediated immunityShacket al, 2008) Thus, the selection for substitutions in the
bZIP-NTD may evolve under some evolutionary constraints governed by
transcriptional repression or activation of Meq target genes involved in proliferation,
apoptosis, or immunological responses involved-tell dysfunction to promote
lymphoma progression.

Since Meq protein expression is observed early during lymphocyte inf@ction
vivo, the positive selection for PRETD mutations indicates a biological function for
the CTD during the cytolytic phase iofection (Parcellset al, 2012) We postulate
that the functional constraintisadingto conserve residues in the PRRTD of highly
virulent USA strains, which evolved in the context of HVT and HVT/S®#accinated
hosts, are fostered by the pressures imposed by MD vaccines. In effect, these pressures
select for increased evasion of innate immune responses elicited by vaccines,
including MDYV infection, such as the production of type | and Il IFNs and
proinflammatory cytokinegBaatenet al, 2009; Neerukondet al, 2019) Our data,
and those of our colleagues, suggest that the substitutions in thR€ PRRontribute
to pathogenicity as it has been previously reported that a rMDV encoding the vv+ Meq
isoform is resistant to innate immune agonistgitro and overcomes protection in
HVT-vaccinated chickens vivo (Conradieet al, 2020) MDV escapes antiviral
responses by targeting innate immune effectors, presumably by Meq and other gene
products, to mitigate the piaflammatory response to MDV lytic replication. It was
recently shown that the Meq CTD mediates the interaction with STING and IRF7 to
inhibit the cGASSTING DNA sensing pathway and downstream type | IFN induction
(Li et al, 2019)
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Collectively, these studies indicate that Meq is not only essential for the
transformation of lymphocytes to dysregulateéll mediated immunity (anrtumor)
but also a role for the CTD in the evasion of innate immune responses that are elicited

during the cytolytic phase of infection.

1.11 Hypothesisof research

Protein interactions between pathogen and host are driven by their co
evolution Hence, research inquiry into the pleomorphic oncoprotein, kret)jts
cellulartargets extends our breadth of understanding MDV virulence evolution. This
work addresses the following bifurcated hypothesis. We hypothesizd hat
Mutations in the Meq oncoprotein have been selected by the innate immune response
elicited during lytic infection, and/or (2) Mutations in the Meq oncoprotein have been
selected based on changes in the interactomes of Meq in latdatied TFcells.
These hypotheses are not mutually exclusive, althoughré¢ivewl the modularity
within the conserved cellular pathwaygsgeted by viral proteins to facilitate MDV

propagation and virulence during specific phases of infection.
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Chapter 2

THEMEQ GENES OF NI GERI AN MAREKOS DI SEASE
FIELD ISOLATES CONTAIN MUTATIONS COMMON TO BOTH
EUROPEAN AND US HIGH-VIRULENCE STRAINS

2.1 Introduction
Marekds disease (MD) is a lymphoprol i fe
progresses rapidly in domestic chicke@slus gallug. Despite a spectrum of disease
severity, the main signs of MD are the onset of neurological syndromes, lymphoid
atrophy resulting in immune suppression, skin leukosis, and developmeigedf T
lymphomas in visceral organs that culminate in fatality within several weeks of
infection in unvaccinated, susceptible chick@Payne and Venugopal, 2020)
MD is caused by Mar e kAlpbahaetpesvignadgamily vi r us (
member of the genudardivirus, for Mare k @isease virus. To control MD, poultry
producers worldwide employ vaccination programs composed of three genotypes of
commercially available live vaccinethe attenuated MDM. CVI-988
(CVI1988/Rispens), the apathogenic turkey herpesvirus (HV&nagnovalent
vaccine, and as bivalent vaccines paired with eftherdivirus-2, strain SB1 non
oncogenic strain (HVT + SR) for broilers, or MDV1 (HVT + CVI988), for longer
lived chickens (layers, broildsreeders). Vaccinaduced immunity provides liéong
protection against lymphomagenesis. However, despite this control, MD immunization
neither prevents superinfection nor transmission of field strains. TiD¥¥, subsists

within the reservoir host upon exposuaiad infectious dander is shed into the

14



environmentAlthoughnons t er i | i zi ng Ai mperfectod vacci

prolongs the host lifespan and the infectious period in which viruses undergo
continued selectioflGandoret al, 2001; Reaet al, 2015) Consequently, MDVs
mutate continually into emergent field strains of higher viruléidégter, 1997; Witter
et al, 2005)

Presently, MDVL1 field strains are classified into four pathotypes based on the
following scheme of increasing virulence: mild (m), virulent (v), very virulent (vv),
and very virulent plus (vv+). The introduction of msterilizing MD vaccinesvith
increased efficacy to counter vacciresistant pathotypes is hypothesized to
contribute to MDYV virulence evolutiofDavison and Nair, 2005; Witter, 1997)

The viral oncogeneneghas a central role in the pathogenesis of MDV
infection, in which the gene codes for the 339 amino acid (aa) basic leucine zipper
(bZIP) transcription factor (TF). Not only doeseghave a causal role in oncogenicity
(Lupiani et al, 2004) but our group and others have also identified virulence
associated mutations in theeqgene in a pathotype amelgionallydependenianner
(Shamblinet al, 2004; Renzt al, 2012; Padhi and Parcells, 201Based on these
observations, thmeqgene appears to be under strong positive selection pressures
with codons in the CTD being most consistently mutated. It remains unclear, however,
how these mutations imeqprovide a mechanistic basis for changes in virulence and
vaccineinduced immune evasion.

In Nigeria,MDV has likelybeen in circulatioras early ashe 1960gHill and
Davis, 1962; Adene, 1975, 1983ince the expansion of the Nigerian poultry industry
in the 1980s, recurring outbreaks of MD have been documertddhe prevalence of

MD has increased with limited awareness, resources, and infrastructure to ameliorate
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losseqOlabodeet al, 2009; Jwandeet al, 2013; Okwor and Eze, 2011; Musial,
2013; Sanet al, 2017; Wakawat al, 2012; Nawathet al, 1978; Fatunmbi and
Adene, 1986)

Losses due to MEhatburdenpoultry operations on rural, setrmommercial,
and commercial scalémvegrave economic consequences for developing countries
structured on an agi®conomic system. Vaccination practices are seldom used by
semicommercial and backyard poultry operations, upon which the majority of the
population relies for their livelihoo@@wanderet al, 2013) Vaccine procurement is
difficult, and improper vaccination techniques have led to vaccine failure in recent
outbreakgOladeleet al, 2023; Igbokweet al, 2020) In flocks of commercially
improved breeds under intensive management, Nigerian poultry farmers vaccinate
layers due to the high risk of MD, while broilers typically are not vaccinated due to
their shorter lifespafdwanderet al, 2012, 2015; Wakawet al, 2012; Okonkwo,
2015; Adedejet al, 2022; Fatunmbi and Adene, 1986; Mesal, 2013; Sanet al,
2017; Olabodet al, 2009; Oladelet al, 2023; Owoade and Oni, 2008)

Without standardized MD vaccination programs in effex, vaccination
history ofday-old chicks (DOCsprior to arrival afarm sitess often unknown,
leadingto thecommonpractice of farmers indiscriminately vaccinating flocks with
HVT. In recent years, severe outbreaks of MD in vaccinated layer or unvaccinated
broiler flocks indicate that highly virulent MDVs circulating in Nigeria are capable of
breaking through HVT or HVT+CVI988 vaccine protecti@&udedejiet al, 2022)

In our present study, we performed comparative sequence analysis on the
completemeqgene sequences and partial genomes of field isolates from suspected

MD outbreaks in 12 Plateau State farms that occuretdeen 2015 and 2016. These
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are the first MDV genome sequences reported from Western Adncathe mutations
in themegoncogene presented herein can elucidate MDV lineages in Africa.

Meq has been extensively studied in recent phylogenetic analyses from North
America(Padhi and Parcells, 201@&urope: Italy(Mescoliniet al, 2020, 2019and
Polandl Wo ¥ni akows kiSadmadnoamorcek 2@h4; WoTni al
2010) Asia: China(Lv et al, 2017; Tiaret al, 2011; Zhangpt al, 2011, 2016; Het
al., 2018) Japar(Murataet al, 2013, 2020; Ab¢Ellatieff et al, 2018) Turkey
(Yilmaz et al, 2020) India(Prathibheet al, 2018; Kannaket al, 2022; Purcet al,
2018; Gupteaet al, 2016; Sureskt al, 2017) Iran(Ghalyanchilangeroudit al, 2022;
Molouki et al, 2022; Abtinet al, 2022) and Africa: Egyp{Hassaniret al, 2013;
Abdallahet al, 2018)which define the pathogenic and geographic relationships across
the MDV phylogeny. The aim of this study was to use sequence comparison and
molecular phylogenetic analyses to make a parsimonious inference on MDV
pathogenicity and estimate the current virulence level of circulating field strains in this
disease outbreak. We report that emerging Nigerian field strains of a highly virulent
MDV, encoding a novel Meq isoformvas the cause of a severe outbreak of acute MD
in CVI988-vaccinated commercial layer flocks, and based on the composite mutations
observed, suggest that indiscriminate vaccine practices can inadvertently lead to the

emergence of vw++MDV strains.

2.2 Methods and Materials

2.2.1 Study area
Located within Western Africa, The Plateau State, Nigeria, is in the east

central proximity of the North Central geopolitical zone and lies adjacent to the
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borders oiNigeria's NorthWestern and Nortfcastern zones'he area comprises
commercial, seracommercial, and smaholder backyarécale poultry operations

with moderate to high, minimal to low, and minimal biosecurity, respectively. Most of
the commercial sector is based in southern states, while less than 10% are in northern
zones of Nigeria. A current estimate of the poultry population and number of farms in
Plateau state is difficult to ascertain, but recent studies conducted in thethegion
survey a sample population can serve psay for this informatio{(Madukaet al,

2016; Igbokweet al, 2020) Documented cases of poultry diseases have increased

over the years, including the prevalence of MD in this reflaranderet al, 2013)

2.2.2 Case history

Poultry farms in Plateau State experiencing MD outbreaks were reported
between 2015 and 2016. Cases of MD were severe, affecting flocks from 12
commercial poultry farm sites. The exact location of these sites and the number of
chickens wereinavailable; however, each farm site, the flock type, and vaccination
history are specified in Table 2.1. Apart from 1 flock of backyadienoudbroiler
breeds, the production type of the other 11 flocks consisted of commercially improved
broilers and layers. The genetic lines and ages of the affected flocks were not
available. MDassociated tumor incidence and/or clinical signs were identifisok in
unvaccinated broiler flocks arsilk vaccinated layer flocks. The layers were
vaccinated at hatch (1 daf-age) with the commercial vaccine CVI988/Rispens. The
vaccination of layers was performed at the hatcherg DOCs were subsequently
placed upon arrivadtthe farms. Of the CVI988accinated layer flockshreeflocks
were revaccinated with HVT at 21 dagbage. The HVT vaccine was administered at

the farms by local veterinarians.
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Table2.1: Description of Nigerian commercial and backyard flocks investigated

in this study
Farm Site*  Flock Hostof  Tissue Vaccination History? Clinical Signsand gross pathological
1DP Origin Samples® findings
First vaccine Second vaccine
Age Age

Strain (days) Strain  (days)
Chinedu- CMB  Brailers LV, SP, - - -

stunted growth, emaciation, paled mucus

Mari BLR VBY, FTY membrane, prominent keel bone, dark
mucous feces with enteritis

Brown Mari BRM Layers' LVY,HBY  CVI988 1 HVT 21 NA

ECWABLR- EB1  Broiles’ spLv, - - - - stunted growth, ruffled feathers,

1 (Aden) LG, HTY emaciation, paled mucus membrane, tumor
on heart, liver, and spleen

ECWA BLR- EB2 Broilers’  FTY, VB, - - - - stunted growth, emaciation, ruffled

1 (Bilong) HT feathers, paled mucus membrane, tumor
lesions on liver

NGH NGH Layers' FT, BDY CV1988 1 HVT 21 NA

(Rantya)

LayECWA LEC  Layers LV, HT, Cv1988 1 HVT 21 hepatomegaly, serious sanguineous fluid in

(Chijoke) - SP LG abdominal cavity

MH1Mangu MH1  Broilers HT,LVY, - - - - found dead overnight

SP,LGY
MH2Haija MH2 Laye's OV, KD, CVI988 1 - - NA
FTv

S5wkBLR WKB Broilers’ BD,FTY, - - - - on postmortem, liver and spleen were

(Helen) LV, SP enlarged

RT (Morris  RT Layerss  FTY,BD, CVI988 1 - - NA

Rantya) LV, HT

Gangang ~ GDA Layers FT%,VBY  CVI988 1 - - NA

Dashe (G.

Dashe)

BAM BLR BBL Broilers'  vBY,FTY, - - - - No clinical or grosslesions

(Nambam) SP, LV

aThe 12 poultry farmslocated in Plateau State, Nigeria experiencing MD incidence and excessive lossesto MD

b Farm site abbreviations for composing unique sample identifier used in this study

¢ Infected tissue samples collected and tumor dissemination: LV liver, SP spleen, FT feather pulp, LG Lung, HT Heart, OV ovary, KD
kidney, VB venous blood, HB heart blood, BD blood

d4The vaccination schedule and vaccines administered at the sites, unvaccinated flocks were not vaccinated against MD, revaccinated
flocks were immunized at hatch with CV1988/Rispens followed by HVT FC-126 strain vaccine at 21 days post hatch, vaccinated flocks
were administered CV1988/Rispens day of hatch at the hatchery.

* Indicates commercially improved lines; A Indicates backyard broiler breeds; ¥ Indicates confirmed positive for MDV-1 by molecular
detection and diagnoses as well as meq sequence obtained.
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2.2.3 Clinical samples and pathological findings

All farms reported an increase in disease incidence and mortality rates in both
unvaccinated and vaccinated flocks. Clinical signs are given for each flock in Table
2.1, as follows: stunted growth, emaciation, and ruffled feathers. On postmortem
examinationMD-associated gross pathological lesions were found, such as the
accumulation of sanguineous fluid within the peritoneal cavity, hepatomegaly, and
enlargement of the spleen. Visceral lymphomas were found on the heart, liver, and
spleen.

In total, 40 samples were collected from the 12 affeptadtry farms. The
tissue samples for this study were collected during necropsy of infected chickens with
macroscopic tumor lesions present on the liver, spleen, heart, lung, kidney, and ovary.
Blood and feather pulp were also sampled from chigkehigh presentedlinical
signs of MDV infection. Freshly collected solid tumor, blood, and feather pulp
samples were smeared/spotted directly onto the active area of Whatman FTA filter
paper cards (GE Healthcare, UK) and allowed to dry at ambient temperature. For
molecular detection and virus isolation, FTA sample cards were shipped to the animal
Biosafety Level 3 experimental facility (Allen Laboratory) at the University of
Delaware to be further processed. The field samples were obtained by Dr. Luka
Jwander (National Veterinary Research Institute, Vom) and archived under ambient

storage conditions, documented, and reported in Table 2.1 upon arrival.

2.2.4 Importation DNA Extraction of Samples
In accordance with importation regulatidi@yder, 2002)FTA sampling

cards were used as the mediumtfacollection and transportation of the biological
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specimens described in the present study. These samples were imported under USDA

APHIS Importation permit # 134248 to Dr. Brian Ladman, University of Delaware.
Isolation of DNA was carried out within the Allen Laboratory at the University

of Delaware at Biosafety Level 2. For each sample, a sterilepumleh was used to

punch three 2 mm diameter discs from the FTA card into a 1.5 ml sterile-micro

centrifuge tube containing 500 pl Whatman FTRurification Reagent (Thermo

Fisher, Waltham, MA). The tubes were vortexed and allowed to elute nucleic acids at

RT for 15 min. Following this, the tubes were spun for 15 sec at 15,0Q@nuhthe

liquid was transferred to a fresh 1.5 ml tube. To inactivate any potential RNA viruses,

50 ul of 1X TE, RNAse A (25 mg/ml) was addeohd the sampleserefurther

incubated at RT for 30 min. DNA was then extracted using the PK solution (10 mM

Tris-HCI, pH8.0, 10 mM EDTA, pH 8.0, 100 mM sodium chloride, and 2% SDS

(w/v) + 4 mg/mL Proteinase K), vortexed, and incubated atC56vernight. The

DNA was then purified by phenahloroform extraction followed by isopropanol

precipitation, according to staad methodgSambrook and Russell, 2006he DNA

precipitate was washed with 70% ethanol, air dréedl resuspended in 100 pl 1X TE

buffer, pH 7.5.

2.2.5 Amplification of meqgenes
We designed two specific PCR primers targeting the translation start and stop
codon to amplify the MD\Wneqgopen reading fram@RF). The forward primer
contairs anNhel site, a MYC epitope taghe first 20 nt of theneqORF, and the
reverse primer with Blind Ill site and the last 19 nt oheq(Table 2.2). The PCR
mixture contained 50 100 ng of sample DNA, primers (1M each), 2X Platinum

SuperFi Il DNA Polymerase Master Mix (Invitrogen), and nucldese water. The
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amplification reaction was conducted under the following conditionsZ $&r 5 min

foll owed by 35 cycles at 95e¢eC f owithd mi n, 60¢C
final extension of 72eC for 5 min in a the
by agarose gel electrophoresis (0.8% agaroseborate/EDTA gel), detected by

ethidium bromide staining (TBE buffer containing 0.5 ug/ml ethidium bromaae)

visualized under an ultraviolet light transilluminator.

Table2.2: Primers used for mutagenesis, PCR, PCR/RFLP, and gPCR analysis

Genetarget Target sequence  Primer sequence Amplicon Reference
position size(bp) sequence

MDV-1gB  63997-64020  F50ATCATTCAGACGACGACATGGACG-30 o Er523390.1

(GaHV-2) 63930-63953  R56TGATCTCTTCAATGGAAACGGGCG-36 ;
59160-59186  F56CCTCGGCATAGTCCAATA-30

?{'32;’\'/2_ g)B 59260-59278 R B56CACGTTTGTAGACCTGAAC-30 110 HQB40738.1

WDv.aqe  DHMOFSHI3  F5OCCAGATCAGCATTTCCATAC-30

(NN 5442854447 RS0GGTTGGAGTTGTTCCATAAA-30 86 AF291866.1

o 4360-4378 F 56CACTGCCACTGGGCTCTGT-36 \C 0525101

- _amo- R 56GCAATGGCAATAAACCTCCAA-30 052540,
ovotrangferrin  #+10-44%0 SOGCAATGEC CCTCCAA-30 i /CM028490.1

F 56 GGCTAGCATGGAACAAAAACTCATCT
Meq 136518-136537 CAGAAGAGGATCTGATGTCTCAGGAGCCAGAGCC-30 1077 EF523390.1
137528-137546 R 56CCCAAGCTTGCGGATCATCAGGGTCTC-36

Meq fusion R 56GCTCTAGAGCAAGCTTGCGGAATCCTCCGGGTCTCC-30 1085
19731-19754 F 56CTT CAC GTA TTG TTA TGG GTA TTT-30
MDV-1gL 5047820501 R56TTA TCC GAT GAA GGT GAT GTA TCA-30 77UTS9  BF523390.1

136175-136199  F586AAAGACGATAGTCATGCATGACGTG-36
Meq locus 137848-137875 R 56 TGTATAGAACGAGAATTTGCCATTTAAG-30 1701/1878 EF523390.1
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2.2.6 Cloning of meqand chicken NFIL3 genes and construction of expression
plasmids

The 1077 bp amplicons containing th#y' C epitope tag fused to the Meq
ORF were excised following agarose gel electrophoresis and extracted using the
QIAquick PCR Purification Kit (Qiagen, Valencia, CA). Thieqgene was topo
cloned into the pCR2-TOPO vector using the TOPO TA cloning kit (Invitrogen,
Thermo Fisher Scientific, Wal t ham, MA) acc
Prior to cloning, PCR products were incubated with Taga&72f or 20 min t o
A-overhangs to increase cloning efficiency. Eight independent clones were screened
via EcaRl digestion of plasmid DNA after plasmid purificatiosingstandard
methods (pheneathloroform extraction and isopropanol precipitation). Positive clones
were propagated on a larger scale and purified wsipiggen Plasmid Purification Kit
(Qiagen, Valencia, CA). At least two independent clones per sample were sequenced
for single nucleotide variations.
The MY C-tagged Meq cassette was ligated into the pBKCMV védotor
construct epitop¢éagged expression vectorsor theMeq C-terminal fusion proteins,
fluorescent protein fusion constructs were generated by PCR mutagenesis to remove
the stop codon in thmeqgcoding sequence. Following PCR amplification, riineq
fusion cassette was TA ligated into the pCR2.1 TOPO vector for sequence validation
and subsequent swdoning. The resulting fusion gene cassette allowed for the
insertion of themeqgene upstream of the fluorescent protein cassette in the pECFP

N1 and pEYFPN1 vectors.

2.2.7 MDYV genome copy number analysis
The genomic DNA samples extracted from FTA cards were analyzed by real

time quantitative PCR for the detection and quantification of MDV viral genomes per
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10,000 cells. DNA stocks were quantified using a nanodrop spectrophotometer and
diluted to 50 ngtl prior to reaction setup. Primer sets were usedgltteertarget the
MDV040 ORFthat codes for the glycoprotein B (gB) of MBMor the chicken
ovotransferrin gene dhehost cellular genome as previously descrifféelerukonda

et al, 2018; Baigenet al, 2016) The gPCR was performed using a Biorad MyiQ2
Two Color RealTime PCR Detection System (Brad Laboratories, Hercules, CA).
The PCR mixture of 2@1 contained 10 iTag Universal SYBR Green Supermix
(Bio-Rad, Hercules, CA), 250 nM of each prim&nd 50 ng of DNA. The thermal
cycling conditions consisted of an initial denaturation aC9fer 3 min, followed by

40 cycles of 95C for 10 s and 5% for 30 s.

2.2.8 Genome sequencing

MDYV -positive samples were processed for rgaeration sequencing by
fragmentation of 5.0rg of total DNA. Sequence libraries were subsequently prepared
using the NEBNext Ultra Il Library Prep Kit (New England Biolglzs)d DNA
sequencing was performed at the lstitir Virologie, Freie Universitat Berlin
(Berlin, Germany) on an lllumina MiSeq platform. The genomes were assed&led
novousing SegMan NGen (DNASTAR, Madison, WI) and were performed using a
reference guided approach. The preprocessed and eiatityed Illumina reads were
mapped against the MDV strain RB1B reference sequ@&ts23390.1). The
sequencing results are summarized in Table 2.3. Consensus genomes were generated

for phylogenetic analysis.
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Table2.3: Draft genome assembly and read summary of MD\ isolates
investigated in this study

MDV-1 Farm site Total reads Assembled Scaffold  Coverage

| solates number reads number length depth
BRM Brown Mari 493,070 384,591 177,635 163.74
CMB Chinedu-Mari BLR 374,276 233,511 186,673 108.58
MH2 MH2 Haija 78,666 57,259 178,145 27.66
NGH NGH (Rantya) 9,388 2,458 177,960 1.95
RT RT (Morris Rantya) 1,096,414 834,621 186,598 392.62

2.2.9 Sanger DNA sequencing

To validate the candidate variants identified by NGS, each cloned Meq gene
wassequenced on a Sanger dideoxy sequencing platform, the ABI 3500 Genetic
Analyzer (Applied Biosystems Inc., Foster City, CA). DNA sequencing was
performed at the University of Delaware (University of Delaware DNA Sequencing &
Genotyping Center, Delaware Biotechnology Institute, Newark, DE). Bidirectional
Sanger sequencing with vectoased primers (M13F and M13R) in conjunction with
internalmegspecific primers as previously descrif@&hamblinet al, 2004)wasused
to identify nonsynonymous point mutations in the polymorphic regions of the Meq
ORF. The sequences obtained were assembled using the SegMan Pro program in
Lasergene (DNASTAR, Madison, WI) with RB1B Meq (EF523390.1) as a reference.
A consensus sequence witidd coverage at each base paas generate@nd

nucleotide variations wemanually called
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2.2.10 Sequence analysis (MSA, pairwise, aa and nt)

The Meq nucleotide and protein accessions used in this study were retrieved
from GenBank and given in Table 2.4. Sequence analysis and alignments were
performed using the bioinformatics software MegAlign Pro (DNASTAR, Madison,
WI). Local alignment searches were initially made with NCBI BLAST to infer
sequence homology. Multiple sequence alignments of nucleotide and protein
sequences were generated using MAFKatohet al, 2002)and Clustal Omega
(Sieverset al, 2011) respectively. Distance matrices were generated using
Uncorrected Pairwise Distance with Global gap removal metrics and presented as
%ldentity via the conversion formula stated within brackets (%ID = 100 * (1

distance)).
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Table2 4:

Description of Meq isoforms and details of the parent MDV strains
investigated in this study

Protein Nucleotide  Strain Country Virulence® Year Isolated Reference

Accession Accession (VL)

AAB48631.1 M89471.1 GA USA \Y 1964 (Schmittle and Eidson, 1968; Jones et al., 1992;

AAP06938.1 AY?243332.1 RBIB w 1981 Shamblin et a., 2004; Schat et al., 1981, 1982)

AAP06937.1 AY243331.1 JMP USA \Y% 1962 (Shamblin et al., 2004; Sevoian et al., 1963)

AAP06941.1 AY243335.1 CVI988-S Netherlands v 1969 (Rispens et a., 1972; Shamblin et al., 2004)

- - H14c3 Hungary 1982

AAP06943.1 AY243337.1 CVI988-L° Netherlands v 1969 (Rispens et a., 1972; Shamblin et al., 2004)

AAR13319.1 AY362707.1 BC-1° Canada \Y 1955 (Shamblin et al., 2004; Akiyamaand Kato,
1974; Spencer et ., 1972)

AAR13320.1 AY362708.1 CU-2° USA m 1968 (Shamblin et al., 2004; Smith and Calnek,
1973)

AAR13321.1 AY362709.1 567 USA \Y - (Shamblin et al., 2004)

AAR13322.1 AY362710.1 571 USA \Y% 1989 (Shamblin et al., 2004)

AAR13323.1 AY362711.1 573 -

AAR13324.1 AY362712.1 617A USA \Y% 1993 (Shamblin et al., 2004)

AAR13325.1 AY362713.1 637 -

AAR13326.1 AY362714.1 549 USA wW 1987 (Witter, 1997; Shamblin et al., 2004)

AAR13327.1 AY362715.1 595 1991

AAR13329.1 AY362717.1 L W+ -

AAR13332.1 AY362720.1 RL 1993

AAR13333.1 AY362721.1 TK 1993

AAR13336.1 AY362724.1 X -

AAR13328.1 AY362716.1 643P USA w 1994 (Witter, 1997; Shamblin et al., 2004)

AAR13337.1 AY362725.1 648A USA W+ 1994 (Witter, 1997; Shamblin et al., 2004; Witter et

AAR13338.1 AY362726.1 660-A 1995 al., 2005)

AAR13339.1 AY362727.1 686 1999

AAR13330.1 AY3627181 N -

AAR13334.1 AY362722.1 U -

ABG22688.1 DQ534532.1 584a USA W+ 1990 (Spatz and Silva, 2007; Witter, 1997; Witter et

AAR13331.1 AY362719.1 New 1999 al., 2005)

AAS78589.1 AY571784.1 ATE Hungary wW 2004

AFX97850.1 JX844666.1 GX0101  China w 2001 (Suetal., 2012; Cheng et a., 2012; Zhang et

AEZ51745.1 JQ314003.1 LMS 2007 al., 2015, 2016)

ALA98838.1 KP888838.1 LTS 2012

ACR02853.1 FJ436096.1 C12/130 UK hv 1992 (Nair et a., 2011; Barrow and Venugopal,

AUB50976.1 MF431493.1 ATE2539 Hungary 2000 1999; Spatz et al., 2011; Trimpert et a., 2017)

AQN78222.1 KU744561.1 HS/1412 China ND 2014 (Lv et al., 2017; Zhang et al., 2011)

AEM63536.1 HQ658627.1 LYC 2006

AEV55050.1 JF742597.1  814P China att 1986 (Zhang et d., 2012)

ALA98815.1 KP888815.1 LCC China ND 2011 (Zhang et al., 2016)

AQN77176.1 KU744555.1 1 China \Y 1974 (Lvetad., 2017)

AUB51061.1 MF431494.1 EU-1 Israel hv 1992 (Trimpert et al., 2017)

AUB51231.1 MF431496.1 Polen5 Poland hv 2010 (Trimpert et a., 2017)

YP_001033993.1 NC_002229.3 Md5 USA WV 1977 (Tulman et al., 2000; Niikura et al., 2006;

AAS01627.1 AY510475.1 Md1l 1977 Witter, 1983; Shamblin et al., 2004)

AAR13335.1 AY362723.1 W 1999

WYC13990.1 OR592064.1 LEC-LG® Nigeria W+ 2015-16

this paper - HPRS16 UK v 1967 (Churchill and Biggs, 1967)

this paper - MR36 Spain w 1994-95 (Kross et a., 1998; Barrow and Venugopal,
1999)

this paper - MR48 Germany w 1994-95 (Kross et a., 1998; Barrow and Venugopal,

1999)

aAbbreviations: ND Not Deter mined, att attenuated, m mild, v virulent, vv very virulent, vv+ very virulent +, hv hypervir ulent
b ndicates the strainswith the 398 amino acid Meq isoform containing the 59 amino acid proline-rich repeat insertion
¢Canonical Nigerian Meq isoform representing CMB-VB, CMB-FT, EB1-LG, EB1-HT, EB2-FT, MH1-LV, MH1-LG, MH2-FT,

MH2-OV
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2.2.11 Phylogenomic analysis

To assess the evolutionary relationship of the Meq isoform encoded by
Nigerian field strains, a protein sequence dataset composed of the Nigerian Meq
isoforms was compared to 26 representative Meq isoforms. The Meq isoforms
included in this analysis are from prototype MDVs and parental viruses isolated from
the US, Europe, and Asia. The dataset used for the phylogenetic analysis of the Meq
isoforms is given in Table 2.4. For reconstructing MID¢volutionary lineages, a
phylogenetic analysis was performed onfitie new partial genomes from Nigeria
comparedo 31 reference MDM partial and complete genomes of different
pathotypes and geographical regon isolation (Table 2.5). Phylogenetic analysis
was performed on these protein and nucleotide datasets with the parameters/ models of
evolution stated as follows: (a.) the phylogenies were estimated with maximum
likelihood optimality criterion which was executed by RAXML v8.2(&2amatakis,
2014) (b.) the maximum likelihood phylogenetic trees were construction by
incorporating rate heterogeneity using the gam@)alistribution model
(GAMMA+P-Invar) along with the general time reversible (GTR) substitution matrix,
and (c.) support values for phylogenetic relationships were obtained by simultaneously
conducting a rapid bootstrap analysis and 1000 bootstrap replicates. MegAlign Pro
(DNASTAR, Madison, WI) was used performmaximum likelihood phylogenetic

analysis and draw trees.
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Table2.5:

Description of GaHV-2 genome sequences investigated in this study

Strain Accession Year Country Pathotype Reference
No. isolated
Mdl1l AY510475 1977 USA Y 16155725
Md5 AF243438 1977 USA Y 10933706
RB1B EF523390 1981 USA A% 17721813
GA AF147806 1964 USA v 2836620
CU-2 EU499381 1968 USA m 17557133
648A JQ806361 1994 USA VV+ 22923089
Bd2 KU173119 2015 USA hv Unpublished
Bf2 KU173118 2015 USA hv Unpublished
Bfl KU173117 2015 USA hv Unpublished
Sd1 KU173116 2015 USA hv Unpublished
Sd2 KU173115 2015 USA hv Unpublished
J1 KU744555 1974 China v 27112385
LCC KU744556 2011 China vv+ 27112385
LTS KU744557 2011 China v+ 27112385
BS/15 MW247181 2015 China v+ 28368367
LCZ MW247188 2007 China Y Unpublished
LHC2 MW247189 2008 China v+ Unpublished
LSY MW247190 2006 China \ Unpublished
LzY MW247192 2006 China v Unpublished
WC/1203 KU744558 2012 China w Unpublished
ZW/15 MW247196 2015 China v+ Unpublished
GX0101 JX844666 2001 China Y 23166235
814 JF742597 1986 China m 21984218
LMS JQ314003 2007 China w 22476905
MD70/13 MF431495 1970 Hungary v 29151863
ATE2539 MF431493 2000 Hungary v+ 29151863
EU-1 MF431494 1992 [taly hv 29151863
CV1988 DQ530348 1969 Netherlands m 17374751
Polen5 MF431496 2010 Poland hv 29151863
C12/130-10 FJ436096 1992 United hv 21450941
Kingdom
C12/130-15 FJ436097 1992 United hv 21450941
Kingdom

NGH 2016 Nigeria ND This study
BRM 2016 Nigeria ND This study
RT 2016 Nigeria ND This study
MH2 2016 Nigeria ND This study
CMB 2016 Nigeria ND This study
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2.2.12 Cell culture and transfections
HD11 and HTC cells, an immortalized chicken macrophage cell line, were
used in this study for transfection experiments. Cell cultures were maintained in high
glucose Dulbeccobés modified Eagl eds medi un
(R&D Systems), 0.5g/mL amphotericin B, and 1X PSN (Gibco, Thermo Fisher
Scientific, Waltham, MA) at 37°C with 5% CCFor colocalization analysis, HD11s
were seeded onto 42ell dishes at a plating density of 2 xX*1lls per well and were
allowed to reach 6@0% confluency at the time of transfection. Prior to transfection,
growth media was replaced with DMEM without antibiotics or antimycotics.
Expression constructs were transfected usmgdf Lipofectamine 2000 (Invitrogen)
and DNAliposome complexes were prepared in serand antibiotiefree DMEM
accordingtdthemanuf act urer s suggestions. Transie

fill in overnight prior to immunofluorescence analysis (IFA).

2.2.13 Stable cell line generation

For the stable expression of Meq constructs in HTC cells, transfected cells
were passaged onto 60 mm culture dishes 24 hrs after transfection. At 48 hrs post
transfection, cells were selected using 890mL G418 forsevendaysandthen
maintained ira culture medium containing 40@/mL G418 (Gold Biotechnology,

Inc., St. Louis, MO) until cell proliferation assays were conducted.

2.2.14 Antibodies

The rabbit antMeq polyclonal serum used was pooled-&m¢iq antisera from
rabbits immunized witl. colrexpressed Meq amino terminus addb and was
generously provided by Dr. Hans Cheng (USBBROL) and preadsorbed against
ETOH-fixed chicken cell lines HD11, HTC, CU94and DF1 cells.Goat antirabbit
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conjugated with Alexa 568 or Alexa 488 and goat-arduse Alexa 568ere used as
secondary antibodigdlolecular Probes, Thermo Fisher Scientific, Waltham, MA)
Antibodies were prepared in antibody diluent (1X PBS, pH 7.4, 3% goat serum, 1%
BSA, 0.1% saponin, 0.1% Najat a final dilution of 1:100 for primary antibodies

and 1:200 for secondary antibodies.

2.2.15 Immunofluorescence analysis

For the localization study, HD11s were transiently transfected with 200 ng of
the LEC-LG megexpression vectors (pBKCMWIYC-Meq or pECFPN1-MYC-
Meq) per well in a 12vell plate. After 24 hrs, transfected cells were fixed with 1%
paraformaldehyde in PBS for 30 minytéslowed by three washes with PBS. Cells
were blocked for 1 hr in blocking buffer (1X PBS, pH 7.4, 3% goat serum, 1% BSA,
0.1% saponin, 0.1% NaiNprior to staining with the polyclonal antibody to Meq
(rabbit serum) or the mouse aMiYC epitope tag antibody (hybridoma supernatant)
for 2 hrsat RT. Cells were incubated with secondary antibodies fordt RT. After
each staining step, cells were wegthree times with wash buffer (1X PBS, pH 7.4,
1% BSA, 0.1% Nab) thencounterstained with DAPI imaging buffer (1X PBS, pH
7.4, 10% glycerol, 6 nM DAPI). Image acquisition was performed with a Nikon
Eclipse TE2006J inverted epifluorescent microscope with a Plan Fluor 20X
objective Nikon Digital Sight DSQiMc cameraand Nikon NIS Elements imaging
software (v5.02).

2.2.16 Carboxyfluorescein succinimidyl ester (CFSEgrowth curve analysis
Stable HTC cell lines expressing the RB1B Meq BEE€-LG Meq genes were
labeled with carboxyfluorescein succinimidyl ester (CFSE) atM@er 10 to 1¢
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cells in wash buffer (1X PBS, pH 7.4, 1% BSA, 0.1% Mair 30 minutes before
guenching and washing to remove unincorporated CFSE with DMEM+10% FBS.
Cells were resuspeadin DMEM-10% FBS and pladin triplicate on 12well cell
culture dishes at 5 x 1@ells per well. For each expression cell line, an initial 2% 10
cells were sampled for the O hr timepoint prior to plating. Each triplicate group was
harvested using TrypLE (Gibco, Thermo Fisher Scientific, Waltham, MA) to
dissociate cells at 24, 48, 72, and 96 hr pamts, fixedin 4% paraformaldehyde in
PBS, then stored in wash buffer at@until FACs analysis. Data were collected on
10,000 cellsandthecellular division of CFSHabeled cells was assessed by
measuring fluorescence on a FACSCalibur flow cytometer (Bdoickinson, CA,
USA). The X Mean fluorescence intensity at each time point (T) was normalized to
the O hr time point (T = Ohr) to represent the growth rate (X mean fluorescence
intensity at T = Ohr/ X mean fluorescence intensity at T = x hr, where x hr = 0, 24, 48,

72, or 96 hr time point).

2.2.17 Glycoprotein L (gL) mutation assay (PCRRFLP)

The gL locus was amplified from each of the DNA samples with 17 High
Fidelity DNA polymerase 2X master mix (Intact Genomics, St. Louis, MO), the gL
specific pathotyping primers (Table 2.2), nuclelise water, and 50 ng of sample
DNA in a total reaction volume of 5@L. The PCR was carried out under the
following cycling conditions: 94C for 5 min followed by 35 cycles at 93 for 1 m,
55 C for 1 m, 72C for 1 m and a final extension of 7€ for 5 min in a thermal
cycler. The PCR products were subsequently purified by ethanol precipitation and
resuspended in 1L TE buffer. Restriction fragment length polymorphism (RFLP)

was conducted to detect the presence or absence of the 12 nt deletion in the gL gene as
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previously describe(Santinet al, 2006) Briefly, the 759/771 bp amplicon containing

the 12 ntinsertion or deletion (indel) was digested wittDitid restriction

endonuclease (New England Biolabs Inc., Beverly, MA) to cleave once or twice at the
recognition site that resides in the region of genetic variation. The digested amplicons
were resolved on a 1% agarose gel alongside positive and negative controls prepared
from TK-1 and RB1B viral DNA, respectively. The 12 nt indel was discerned

qualitatively by the resultant fragments.

2.2.18 Statistical Analysis
Statistical analyses were performed using GraphPad Prism v5.01 (GraphPad
Software, Inc., USA). The growth curves were analyggdgBonf err oni 6 s mul t

comparisons test.

2.2.19 Nucleotide Sequence Accession Numbers
The nucleotide sequences identified in the present study were deposited into
the GenBank database. The designated GenBank accession numbers are indicated in

Table 2.6.
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Table2.6: Information on meqgnucleotide sequences submitted to GenBank

Farm site Flock Hostof Tissue  IsolatelD Clone Accession
ID origin  sample No. No.

Chinedu-M ari CMB Broile™ Venous CMB-VB 1,2 OR592056

BLR blood

Chinedu-Mari CMB  Broiler” Feather CMB-FT 2 OR592057

BLR pulp

Brown Mari BRM  Layer® Liver BRM-LV 6 OR592058
tumor

Brown Mari BRM  Layey¥ Heart BRM-HB 6 OR592059
blood

ECWA BLR-1 EB1 Broiler" Lung EB1-LG 2 OR592060

(Aden)

ECWABLR-1 EB1 Broiler” Heart EB1-HT 1,2 OR592061

(Aden) tumor

ECWA BLR-1 EB2 Broiler" Feather EB2-FT 4 OR592062

(Bilong) pulp

NGH (Rantya) NGH Layey Blood NGH-BD 5 OR592063

Lay ECWA LEC Laye¥ Lung LEC-LG 4 OR592064

(Chijoke)

MH1 Mangu MH1  Broiler” Liver MH1-LV 1 OR592065
tumor

MH1 Mangu MH1  Broiler? Lung MH1-LG 2 OR592066

MH2 Haija MH2  Laye® Feather MH2-FT 1 OR592067
pulp

MH2 Haija MH2 Laye® Ovarian MH2-OV 7 OR592068
tumor

5wk BLR WKB  Broiler" Feather WKB-FT 11 OR592069

(Helen) pulp

RT (Morris RT Layer® Feather RT-FT 4,5  OR592070

Rantya) pulp

Gangang Dashe GDA  Laye®  Feather GDA-FT 23,8 OR592071

(G. Dashe) pulp

Gangang Dashe GDA Layer A Venous GDA-VB 2,5 OR592072

(G. Dashe) blood

BAM BLR BBL Broiler" Venous BBL-VB 7 OR592073

(Nambam) blood

BAM BLR BBL Broiler™ Feather BBL-FT 3 OR592074

(Nambam) pulp

* unvaccinated commercial broilers; ACV1988 (1 dph) vaccinated commercial
layers; Y CVI988/HVT (1 dph/ 21 dph) vaccinated commercial layers, 3
unvaccinated backyard broiler breeds
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2.3 Results

2.3.1 Gross pathology

Acute MD clinical signs, pathological alterations, and death were reported in a
total of 12 poultry flocks fronfive commercial broiler farmxynebackyard broiler
farm, andsix commercial layer farms.

The chickens from flocks suspected of MDV infection presented common
clinical signs indicative of acute MD (Table 2.1). Cases were most severe in the
unvaccinated broiler flocks, with veterinarian records indicating stunted growth,
emaciation, ruffled feathers, pale mucous membrane, dark mucous feces with enteritis,
and prominent keel bone (Table 2.1). Postirtem reports indicate overt
splenomegaly and hepatomegaly with lymphomatous lesions and gross visceral
lymphoma on the heart, liver, and spleen during necropsy of broilers (Table 2.1).
Notably, the unvaccinated flock of backyandigenoudbroilers (MH1) experienced
high levels of mortalitywith chickens found dead suddenly overnight (Table 2.1). The
common gross pathological alterations observed during necropsy of vaccinated layer
flocks were hepatomegaly with lymphoma and accumulation of sanguineous fluid
within the adnominal cavity (Table 2.1).

Other gross tumors of the liver, spleen, lung, heart, ovaries, and kidneys were
observedand solid tumorsalong with the surrounding tissugere collected (Table
2.1). Atotal of 40 samples comprising solid tumors, infected tissues, feather pulp, and
blood were sampled from different birds from the same farm and recorded along with
the common gross pathological findings within each flock. The severity of tumor

incidence and mortality was pervasive and invariable in both unvaccinated broiler and
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vaccinated layer flocks; therefore, these cases were defined as clinical diagnoses of

MD by the veterinarian on site.

2.3.2 Molecular Analysis

To identify MDV as the causative agent of the neoplasm and gross lymphoid
tumors, all tissue samples were examinsmhgPCRbased diagnostic methods.
Detection of MDV genes for glycoprotein B (gB), glycoprotein L (gL), andhleg
oncogene in 75% (30/40) of field samples from the 12 flocks suffering from suspected
MD confirmed that all flocks were positive for MDV infection (Table 2.7). Out of the
40 samples, the 30 MD positive samples represent all 12 flttekdsis, at least one
tissue sample from each flock contained detectable amountabpaiticles. Theneq
gene was detected in 85.7% of samples tested by conventiorabiend®CR (Table
2.7) and vassubsequently cloned for downstream sequence analysis.

These moleculabased diagnostics were MDYV target specifiereforg our
methods preclude detection of-tection with adventitious agents, such as
reticuloendotheliosis virus (REV) and chicken infectious anemia virus (CIAV).
Consistent with the pathology and clinical diagnoses of MD, MDV was detected in all

poultry flocks irrespective of vaccination history.
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Table2.7: Molecular detection and diagnostic for MDV infection on specimens
from diseased chickens

SampleID gL PCR-RFLPgL MeqCDS Viral genome
amplicon genotype(bp) amplicon copies/10,000
size (bp) size (bp)

CMB-LV - - - 1.95E+02

CMB-SP - - 1,020 2.90E+02

CMB-VB 771 359, 251, 161 1,020 nd

CMB-FT 771 359, 251, 161 1,020 1.87E+04

BRM-LV 771 359, 251, 161 1,020 2.10E+02

BRM-HB 771 359, 251, 161 1,020 5.00E+01

EB1-SP - - 1,020 3.80E+02

EB1-LV - - 1,020 nd

EB1-LG 771 359, 251, 161 1,020 nd

EB1-HT 771 359, 251, 161 1,020 1.04E+03

EB2-FT 771 359, 251, 161 1,020 1.30E+01

EB2-VB - - nd 1.10E+01

EB2-HT nd - - nd

NGH-FT - - 1,020 3.13E+03

NGH-BD nd - 1,020 7.60E+02

LEC-LV - - 1,020 5.00E+00

LEC-HT 771 359, 251, 161 1,020 4.90E+02

LEC-SP - - 1,020 9.00E+00

LEC-LG 771 359, 251, 161 1,020 8.10E+01

MH1-HT - - 1,020 nd

MH1-LV 771 359, 251, 161 1,020 1.10E+01

MH1-SP - - nd nd

MH1-LG 771 359, 251, 161 1,020 3.60E+01

MH2-0V 771 359, 251, 161 1,020 4.00E+01

MH2-KD 771 359, 251, 161 1,020 nd

MH2-FT - - 1,020 1.56E+04

WKB-BL - - 1,020 nd

WKB-FT - - 1,020 nd

WKB-LV nd - - nd

WKB-SP nd - nd nd

RT-FT - - 1,020 2.07E+04

RT-BD - - - 1.10E+01

RT-LV nd - nd 1.10E+01

RT-HT nd - - nd

GDA-FT nd - 1,020 nd

GDA-VB nd - 1,020 nd

BBL-VB - - 1,020 nd

BBL-FT nd - 1,020 nd

BBL-SP - - nd nd

BBL-LV nd - 1,020 nd

aPredicted size for gL amplicon is 771bp or 759 bp based on reference
sequences. P Glycoprotein L (gL) gene amplicons screened for RFLP
markers by PCR-RFLP analysis to differentiate variations in genotypes.
Resultative RFLP patterns are marked by restriction endonuclease
fragments sizes of 359, 251, and 161 bp; a 12 nt deletion in the gL geneis
indicated by 508 and 251 bp fragments. nd = not detected by PCR
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2.3.3 Molecular characterization- PCR-RFLP

The 12 nt insertion or deletion (indel) in the gL gene is a virulence feature
associated with USA field straiiShamblinet al, 2004) in which vaccinanediated
pressures select for the deletion that ablates four amino acids at a putative MHC
signal peptide cleavage s{t8haikhet al, 2013)that is encoded by some HVT or
bivalent vaccine resistant vw+MDV§TavlaridesHontzet al, 2009; Santiret al,
2006) Based on the circumstance of the MD outbreak in vaccinated Nigerian flocks,
the 12 nt gL deletion was examined by RBRLP (Figure 2.1). Our results indicate
that gL deletion is absent in Nigerian field strains (Table 2.7), suggesting that these
field strains evolved under vaccineediated selection pressures that differed from

vaccineresistant vv+ USA field strains.

2.3.4 Virus reconstitution

To characterize the pathogenicity of the Nigerian MDYV strain, we attempted to
isolatethevirus from specimens collected from chickens showing signs of clinical
disease. Given that the infected samples were obtained as FTA card specimens, we
were unable to successfully isolatéectious viral DNAby traditional virological
methods due to pathogen inactivation and DNA shearing from FTA card matrices.
Following this attempt, subsequent efforts to resuscitate the virus by generating an

infectious recombinant BAC clone weaso unsuccessful (data not shown)

2.3.5 Draft Genome assembly

Upon diagnosing suspected MD incidence and with respect to genome copy
numbers of infected clinical samples, we used Illumina HiSeq 2000 NGS to sequence
the viral genomes from five flocks experiencing cases of MD, including BRM, CMB,

MH2, NGH, and RT. Flocks with severe clinical signs and vaccination history from
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each of the vaccination protocols used were represented in this sample set. Partial
genomes were assembled as scaffolds ranging in length from 1718633 bp in

length using the RB1B reference genome to guide the assembly. We found the
Nigerian strain genomes to resemble other alphaherpesviruses in size and organization
into the characteristic class E genome architecture, containing six genomic regions
(TRL-UL-IRL-IRS-US-TRS). The details of the five isolates and summary of

assembled reads for each genome are given in Table 2.3.

2.3.6 MDV -1 genome phylogenetic analysis

To determine the phylogeographic relationship and evolutionary lineage of the
emergence of new Nigerian field isolates, we built phylogenetic treesthging
maximum likelihood approach. MDV genomes are divergent in that the direction of
evolution is presumably driven by constraints relatethé@o-divergence of virus and
host lineages, including the differences in international vaccination practices, poultry
production intensification, and host genetic diversity. According to previous
phylogenetic and comparative genomic analysis, the reconstruction of MDV
phylogeny based on complete or partial genomes indicates that NA and Eurasian
stains emerged from independent evolutionary pgtihet al, 2022; Heet al, 2018;
Trimpertet al, 2017)

We performed sequence alignments on the genomes of 36 international MDV
isolates collected between 1964 and 2016 from NA, Europe, Asia, and West Africa.
The partial genomes of the Nigerian field isolates present a limitation within our
phylogenetic analysis. However, MDV sgkenomic segments can give insight into
evolutionary dynamics, where the phylogenetiesteased on the Ukubregion

support the construction of phylogeny based on complete gendmesal, 2022; He
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et al, 2018) To account for inaccurate inferences of phylogeny, we also constructed a
phylogenetic tree based on sequences of the Ultesgibn. The construction of

unrooted phylogenetic trees revealmonophyletic grouping of strains into NA and
Eurasian clades (Figure 2.2).

Within this geographical framework, MH2, CMB, BRM, and RT were grouped
with the other Eurasian strains into a clade, whereas NGH clusters in the NA clade due
to close genetic relation with the RB1B strain. MH2 and CMB genomes have close
genetic relatednesas do BRM and RT genomes; accordingly, these genomes cluster
with recently isolated strains from Europe (Hungary, Israel, and Poland) in the
European subclade. The latter two genomes cluster with European strains and share a
more recent common ancestor with the hv Polish strain, Polen5. Notably, MH2 and
CMB genomes constitute a distinct subclade that is separate from BRM, RT, and other
Eurasian strains, implying the Nigerian field strains could have evolved
independently.

Because of the paucity of MDV genomes sequenced from Western Africa, we
could not determine if the Nigerian strain conforms to a clade associated with Afro
Eurasia. The phylogenetic tree based on the complete genomes closely resembles the
topology of the tree based on the UL subregions (Figure 2.3), with the exception of
MH2, which shares genetic relatedness to the genome from the CVI988 vaccine strain
originally isolated from Europe (Netherlands) and together these strains form a
separate clade with RB1B and NGH. Our data suggests that the NA, European, Asian
and Nigerian (MH2 and CMB) strains had divergent evolution, while the division of
BRM and RT from that of NGH, respectivelyto the Eurasian and NA clades,

indicates at least two independent virus introductions into Nigeria.
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2.3.7 Sequence analysis

To complement the MDV phylogeny and sequence heterogeneity at the
genome levelwe investigated themeqggene sequence of the Nigerian MDV field
strains. Given the genetic variability within tireeglocus of MDV field strains that
typically corresponds to parental strain pathotype, we addressed the polymorphisms
that would characterize the level of pathogenicity of circulating strains in Nigeria.

Sanger sequencing ofeqgled to the identification athreedistinct isoforms of
themeqgene among the Nigerian field strains. All mutations identifiedégwere
either synonymous or nesynonymous point mutations. Theegnucleotide sequence
of thefive genomes sequenced by NG&saeonfirmed by Sanger sequencing and
evaluated for sequence homology with representative MDVs. To further validate NGS
results, we expanded our analysis by sequermmgfrom 1 to 2 tissue samples
collected from each flock suffering from MD. The sequencerexfof each isolate
were deposited in GenBaifKable 2.§. Among the Nigerian field isolates, theeq
genes from 19 clinical samples all contain the 1,020 bp ORF encoding the 339 aa Meq
as the predominate isoform. The detection of indel genetic variations, particularly the
177 bp insertion, was not represented in the sample set.

The 19meqgenes included in this analysis show modest genetic heterogeneity
with the sequence identity ranging from 98.92 to 100% and 97.35 to 100% of
positions in aligned nucleotide and amino acid sequences, respectively. BLAST
searches found that the predominatxjgene detected among the Nigerian field
isolatesis unique, with 10 of the 19 isolates not represented in the GenBank database,
as no identical sequences were found at the time of searching.

Pairwise comparisons of the Meq coding sequences of representative MDVs

with the Nigerian isolates are given in Table 2.8. The nucleotide sequences of isolates
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CMB, MH2, EB1, EB2, LEC, and MH1 ranged in identitgm 98.92 to 99.02% with

the RB1Bmeq.The deduced amino acid sequences share 97.35% identity with RB1B
Meq (Table 2.9). Sequence identities across the Meq proteins vary from 97.05 to
98.82% according to the representative Meq isoforms, with the highest sequence
homology between the 10 Nigerian isolates from flocks CMB, MH2, EB1, EB2, LEC,
and MH1with those of highly virulent European MDVs (C12/130 and ATE2539),
followed by vw+ MDVs from the USA. These data indicate that circulating MDYV field
strains isolated from Nigerian poultry flocks contain an accumulation of

nonsynonymous point mutations within the principal oncogene.
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Additionally, the BLAST searches found homologous sequences to 9 of the 19
meqgenes encoded by the Nigerian field isolates and with those of previously
identified MDV strains deposited in the GenBank database. Among these Nigerian
field strains, theneqgenes from the isolates NGH and BBL are 100% identical with
the RB1Bmeqat both the nucleotide and amino acid levels, Table 2.8 and Table 2.9,
respectively.

For isolates BRM, RT, WKB, and GDA, timeqgenes share 99.61% identity
with RB1B meq while the sequence idetytiat the amino acid level is 98.82%. The
sequence identities at the nucleotide and amino acid levels are identical (100%) to
Polen5meq a hypervirulent strain isolated from Poland in 2010. Based on sequence
homology of themeqgene, we can infer the parent strain virus, and hehese
results suggest the circulation of other highly virulent MDV strains of European origin
in Nigerian poultry flocks.

The recent outbreaks of MD in Nigeria and the severitheflisease in
vaccinated chickersuggesh high virulence strain in circulation. The study herein
presents an emergent MDV field strain that encodes a novel Meq isoform identified in
50% (n=6) of the infected and diseased flocks.

As opposed to Meq isoforms of high virulence parental viruses isolated from
NA and Europe, the predominate Meq isoform from Nigerian field isolates (CMB,
MH2, EB1, EB2, LEC, and MH1) has accumulated4sgnonymous point mutatisan
in the region coding for essential domains within both the aminoai) carboxyl
(C)-terminal proximity of the Meq protein. With the exception of two transversions,
the nonsynonymous point mutations meegwere G>A transitions at the nucleotide

level, resulting in the amino acid substitutions described herein. By comparing the
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protein sequence of the canonical Nigerian Meq isoform and the RB1B Meq, we
identified a total ohineamino acid substitutions. Position of residue substitution
based on alignment of Meq proteins with the canonical Meq sequence from Nigerian
field isolateLEC-LG are given in Table 2.10 and are: K77E, D80Y, A88T, Q93R,
T139A, P176A, T180A, P217A, and E263D.
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In comparison to vv and hv European straihe LEC-LG Meq is conserved at
distinct amino acid positions within thetdrminal region of Meq. Amino acid
residues at positions E77 and Y80 of théelminal basic regioareconserved across
vv and hv European strains (C12/130, ATE2539; EPolen5, MR48, MR36, and
ATE). In the LZ maotif, residues at position T88 and R93 are conserved with
pC12/13010, pC12/136a15, ATE2539, and ATE strains.

In contrast to European strains, tHeC-LG Meq has conserved substitutions
with vw+ USA strains (648A, 686, N, 584a, and TK) at residues A176 and A217 in the
C-terminal, PRR domain. The substitution of proline residues at 176 and 217 for
alanine interrupts the proline tetrads (PPPP) at the second pabiiceby reducing

the number of proline tetrads to three compared to five in RB1B Meq.

2.3.8 Phylogenetic analysis

A phylogenetic analysis was performed using the entire Meq sequence t
investigate the molecular phylogenetic relationships among representative MDV
strains. The virulencassociated mutations in theeqgene have been extensively
studied. Thusywe used thigene to determine the pathogenic relatedness of the
Nigerian parent strain based on the genetic heterogeneity of the oncogene among
prototype strains having pathotype classification. To avoid compositional biases, we
aligned the deduced amino acid sequences aiétfgenes encoded by NA and
Eurasian strains. The Meq tree reconstructs the divergent evolution of MDV ,strains
which supports the phylogenetic tree based on complete genomes (Figure 2.4). Similar
to the partial genome sequenc&C-LG Meq is a descendent of the European lineage
and shares a recent common ancestor with vv and hv MDV's from Europe (C12/130,

ATE2539, ATE). Notably, these Meq isoforms have diverged from a common
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ancestor shared by European and Asian strains. Isolates BRM, RT, WKB, and GDA
cluster with European (Polen5 and MR48) strains, while NGH and BBL cluster in a
clade of North American (RB1B, Md5, 584A, N, and 648A) strains. Given the
heterologous sampling of Nigerian strains with either close genetic relatedness to
Polen5 or other Eurasian straingregenome level, the clustering of the canonical
Meq isoform with European strains raises the possibility that the Nigerian strain may
have an evolutionary predecessor with European origin.

The mutations accumulating in both the bANPD and the PRECTD of the
canonical Nigerian Meq isoform in juxtaposition to the sequence diversity ameng
genes renders it difficult to distinguish virulence determinants by phylogenetic
analysis. Given the functional modularity of these two domains, we partitioned the
Meq protein into two moieties constituting the bZIP domain (Figure 2.5a) and the
transactivation domain (Figure 2.6a). We constructed ML phylogenetic trees with the
partial Meq sequence of prototype strains fitbeUSA, along with European and
Asian strains.

The phylogeographic diversity among the partial Meq trees and the
geographical relationships are generally consistent with the topologies of the complete
genome, UL subregion, and fléngth Meq phylogenetic trees. However, we can gain
more granularity in the pathogenetic relationship among strains. The phylogenetic tree
based on the bZHRTD reveaédtwo major clades (Figure 2.5b), with close
relatedness in the bZIP domain from all high virulence USA strains and were divided
into a single clade, while the other isoforms constitute the other clade. The latter is
subdivided with the bZIP domains of higitulence Eurasian strains clustering

together and attenuatéat-virulence strains (mMDV and vMDV) forming a separate

48



subclade. The PRRTD phylogenetic tree shows that the CTD among all high
virulence USA strains were closely relatbdving evolved iradifferent direction

from all low virulence strains (Figure 2.6b). As expected, the canonical Nigerian Meq
bZIP-NTD clusters with vv and hv European (C12/130, ATE2539, ATE) strains,
whereas the PRRTD shares close relatedness to vw+ NA (N, 584A, and TK) strains.
Thus, we can infer that Nigerian strains encode virulence features common to both hv
and vv+ MDVs, which may compound and contribute to increased pathogenicity
accordingly. The genetic variants of tmeqgoncogene could point to one of the
mechanisms driving pathogenic alterations in association with increasing virulence of
MDYV field strains; howevelin vivo, pathogenicity studies are required to evaluate the

vaccine resistance of the Nigerian field strain.

2.3.9 Cellular proliferation dynamics

Given that Meq is an oncoprotein that has been shown to have modest
transformation potential by mediating processes involved in cellular proliferation, cell
cycle, and apoptotic pathways that have essential underpinningsér T
lymphomagenesis, we asked whether both BYT® and PRRCTD mutations
cumulatively contribute to growth properties. We performed CB&ted growth
curve analysis on cell lines expressitifC-LG Meq, RB1B Megor control vector.
Our results show that although cells expressing the vwMDVIRB/eq demonstrated
a marginal increase at 24 hrs, ttteC-LG Meq exhibieda significant increase in cell
proliferation at 72 and 96 hr time points compared to the control vector (Figure 2.7).
These results indicate that the accumulation of mutations in both theNdZRand
PRRCTD have a prominent effect on cellular proliferatidbaken together with the

pathogenesis reported in vaccinated chickens infected with the Nigerian BV
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virus evolved undefunctional constraints that enhance the oncogenic properties of

Meg.

2.3.10 Localization dynamics

In comparison to RB1B Me@ur sequences analysis reveals substitutions in
BR2 at positions 71, 77, and 80 that are conserveadER/LG Meq and Meq isoforms
of higher virulence strains from Europe (Table 2, H3)well as the CVI988 straiwe
asked whether these amino acid differences disrupt the nuclear and subnuclear
localization dynamics of Meq.

In HD11 cells expressing the M¥taggedLEC-LG Meq, we found Meq
localized to the nucleus and accumulated in the nucleolus in abundance, which
resulted in a characteristic bulging morphology (Figure 2.8a). This subnuclear
compartmentalization of Meq was similarly observed forB€-LG Meq fusion to
ECFP (Figure 2.8b and 8c). Our results showtEaE-LG Meq localizes to the
nucleus and nucleolus, indicating that these three resitduast affect the
characteristic localization signaling properties of BR2.

As a bZIP protein, the LZ region of Meq is notable for mediating
homodimerization and heterodimeric interactions with JUN, FOS, CREB, &d~
more recentlyPAR family memberg¢Levy et al, 2003; Reinkest al, 2010)
Formation of both Meq hom@and heterodimers are required for oncogenic
transformation of ymphocytegBrown et al, 2009; Suchodolslet al, 2010, 2009)
whereby the intrinsic stability of Medun heterodimers specifies DN#nding at AR
1 sites to upregulate transformatiassociated target gengvy et al, 2005)

Consideringhatdimerization is an integral componaitthe functional and

structural properties of Meq, we investigated whether the amino acid differences in the
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bZIP-NTD among Meq isoforms will retain the ability tolexalize the PAR family
member NFIL3. The association of JM, RB1B,addLEC-LG Meg-EYFP isoforms
with NFIL3-ECFP fusion constructs in the nucleus and nucleolus was examined by
colocalization analysiderinuclear localization of NFIEBCFP was observed when
expressed in cells alone (Figure 2.8d). In celegpressing NFILECFP and each of
the MegEYFP isoforms reveal that NFIL3 and Meq colocalize in the nucleoplasm
and nucleolus irrespective of substitutions in the bXTRD (JM), PRRCTD (N
strain), or bothI(EC-LG) compared to RB1B Meq (Figure2:8& These data indicate
that mutations in the bZIRTD of LEC-LG Meq do not cause anomalous re
localization of Meq dimerization partners such as NIFIL3. However, based on
colocalization alonewve cannot exclude that residues at positions 88 and 93 may alter
the stability at the interface of LZ interhelical interactions or promiscuity with novel
cellular bZIP partners.

Taken together, the above results show that K77E, D80Y, A88T, and Q93R
substitutions in the bZHRTD of the Nigerian Meq isoform are inconsequential to
nuclear localization and subnucleafoealization dynamics of Meq either as a hemo

or heterodimeric complex.

2.4 Discussion

MDV -1 virulence evolution is predominately attributedhieextensive use of
nonsterilizing, live vaccines based on MBY 2, and 3genotypeswhich isattributed
to the use ofmperfect vaccinegGandoret al, 2001; Reaet al, 2015) This concept
is based omonsistent mutations observedeimerging field strains with respect to
pathotypic classification, vaccine resistance, and year of isolation in thg\Wtar,

1997; Witteret al,, 2005) On an international scalkbowever, individual
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circumstances of MD prevalence ahe&emergence of vaccine resistant strains in
each country necessitated distinct introduction of these vaccines.

Contemporaneously with the introduction of HRR&In Europe during the
1970s(Churchillet al, 1969a, 1969hXhe US poultry industry employed vaccination
programs based on the HVT strain FC1@&azakiet al, 1970) Both vaccines
conferred effective protection against circulating vMDV strains in commercial flocks;
however, Europe adopted the HVT vaccine as a surrogate to-Hi@RiSortly after
licensure by the USDA in 197Biggset al, 1970; Purchaset al, 1971, 1972)

Meanwhile the isolation of the attenuated CVI988 strain allowed for the
development of the second MBY¥serotype vaccinavhich became available in
Europe in 197ZRispenset al, 1972b, 1972a)Thereafter, CVI988 was the preferred
vaccine in Europewhere protection against vwMDV strains is conferred by
administering as a monovalent or as a component of polyvalent vaccines and
revaccination program&imeno, 2004; Maast al, 1982) Licensure constraints
restricted other countries in NA and Asia from procuring CV|3288&it eventually
became a widely available vaccine by 198dd, to date, it is commercially employed
worldwidein longerlived chickens (layer, broiler breeder)

Similarly, the HVT monovalent vaccine was also used briefly in Japan before
outbreaks in HVivaccinated flocks became apparent following the introduction in
1972, which in turn necessitated the procurement of additional provisions. Vaccination
programs have since changed following the introduction of CVI988 in 1985 and
CVI1988+HVT bivalent vaccines in 1988 to control vaccine resistant field strains

(Murataet al, 2020)
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In China, commercially available monovalent HVT and bivalent HVT-ASB
vaccines were introduced in the 1980s, followed by the later introduction of seflotype
vaccines. However, prior to the widespread availability of CVI988, the isolation of the
avirulent strain 814 in 1986, which shaesssommon ancestry with CV1988, offered
immediate protectiofZhanget al, 2012)

Immunization with CV1988 and 814 monovalent vaccines or CVI988+HVT
bivalent vaccines are currently used in commercial layers and breeder flocks, while
commercial meatype birds are vaccinated with monovalent H{BLInet al, 2017)

Conversely, the USA continued the usage of HVT as a monovalent vaccine to
curtail MD losses for about a decade longer before a reduction in effectiveness became
apparen{Witter, 1983; Witteret al, 1980) This led to the incorporation of the
HVT+SB-1 bivalent vaccine into US vaccination programs in 1985, which provided
enhancd protection against emerging vwMDV strai(®chatet al, 1982a; Witter,

1982) Vaccine resistant field strains became prevalent again in the, E9@Ds
eventually the approval of CVI988 entailed effective control measures against
vw+MDV strains circulating throughout US poultry flocR#&itter, 1992; Wittert al,
1995) Up until the 21st century, MDV field strains have demonstrated a stepwise
increase in virulence each decade since the 188ter, 1997)

Although this trend is thought to be perpetuated by the extensive use-of non
sterilizing, live vaccines, the emergence of another shift in virulence has yet to be
documented. This control is likely due to the protective properties conferred by
vaccination with CVI1988; however, reliance on CVI988 to protect against
contemporary field strains is a strategy fraught with possible points of vaccine failure.

In fact, reports of CVI988 vaccine failures, emergence of vaccine resistant vwv+MDV
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field strains, and CVI988 recombination with field stramas been observaa recent
years(Shiet al, 2020; Adedejet al, 2022; Zhuangt al, 2015; Heet al, 2020; Lvet
al., 2017; Krost al, 1998; Suret al, 2017; Zhangpt al, 2011, 2015)

MD outbreaks still recur due to the stochasticity within field conditions that are
contributed by variations in vaccine serotype, vaccination practices, flock
compositionhost geneticspanagement practicesnd geographical regions,
especially thosathigh risk for outbreaks of communicable poultry diseases.

In Nigerian, the status of susceptibility to MD entails national concern as MD
outbreaks affecting commercial poultry farms are on thg(disanderet al, 2013)
and with reports indicating incessant yearly increases in the frequency of disease
(Musaet al, 2013; Sanet al, 2017; Olabodet al, 2009; Wakawat al, 2012)
Historically, the adoption of routine MD immunization programs has never been
firmly established in NigeriéBiggs, 1982; Fatunmbi and Adene, 1986accination
and revaccination practices are seldom used by farmers due to poor awaehess,
veterinarian consultations, vaccine procurement, and other logistical limitations of live
attenuated vaccingdwanderet al, 2013, 2015, 2012; Dunn and Gimeno, 2013)

The administration of HVT is more frequently used than any other serotype for
the protection of commercial flocks, followed by CVI1988, then-ERwandelet al,

2012) This is problematic in highisk areas for MD outbreaksuch as Plateau State
(Jwanderet al, 2015) considering HVT does not confer protection against vv or vv+
MDYV challenge(Witter, 1997) Consequently, MD incidence was frequently
diagnosed in unvaccinated birds compared to vaccinated birds,dvalence was

high, irrespective of vaccination histof\Wakawaet al, 2012) Nevertheless, the

increased usage of CV1988 reported in the last decade in N{@en and Gimeno,
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2013)and the adoption of MD vaccines amongst farmers in Jos, PlateausState
promising(lgbokweet al, 2020)

With respect tahegeographic circulation of MDV field strains and regional
dissemination of commercially available vaccines, the introduction of vaccine
programs to mitigate MD incidence over the last several decades is most similar in
European and Asian poultry enterprises compared to the US poultry indwstry
the earlier integration dhe CV1988 vaccine in Europe and Asia contrastthe US
practiced prolongdusage of HVT and adopted the HVT+SBL1 bivalent vaccine prior
to the introduction of CVI1988. This dichotomy underlying international vaccination
practices contextualizes the MDV phylogeny, where the divergent evolution of NA
and Eurasian field isolates reconstructs a monophyletic topology on the basis of
geographical relationshiggble et al, 2018; Liet al, 2022; Lvet al, 2017; Trimperet
al., 2017)

In the present work, the phylogenetic reconstruction of a geographical
framework gave the same topology as what has been characterized previously. In this
framework, there were three notable features revealed by the phylogenetic analysis of
the partial genomes of Nigerian field strains. First, NGH clusters in the NA clade and
was distantly related to the RB1B genome. Second, BRM and Wilcluse
relatedness to the Polen5 genome and clusters with other Europeairstiaen
Eurasian Clade. Finally, MH2 and CMB genomes share a common evolutionary
lineage with the European and Asian strains within the Eurasian clade.

Our findings provide strong evidence that the outbreaks in Nigeria were caused
by multiple introductions or cairculation of highly virulent MDV strains due to the

heterologous sampling of three genetically distinct viruses. Countries in the Eastern
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Hemisphere are experiencing increasing MD preval@Doen and Gimeno, 2013;
Songet al, 2022)in addition to changes in pathogenesis as indicated by reports from
China and Europe that characterize novel emerging virulent field isolates indtdT
CV1988-vaccinated commercial flockSunet al, 2017; Tiaret al, 2011; Gonget al,
2013; Shiet al, 2020; Krosst al, 1998; Barrow and Venugopal, 1999; Zhanal,

2016, 2015)Surveillance of these strairssneeded, but we predict they are pervasive
and capable of spreading into Africa or at least the ancestral strains.

Polen5, a hypervirulent Polish strain isolated in 2010, has become an epidemic
strain spreading throughout Eurasia and has since been isolated from outbreaks in
Italy, Iran, and ChingHe et al, 2018; Moloukiet al,, 2022; Ghalyanchilangerouet
al., 2022; Mescolingt al, 2020, 2019)The close similarity of BRM and RT with the
genome of Polen5 and the absence of the gL mutation suggests the Nigerian strains
have European ancestry.

I nterestingly, Ni geri ads f obwopktati on st c
(Adene and Oguntade, 200@)hich raises the possibility that the introductiortrod
virus into Nigeria is from importing contaminated parent stock, (i@taminated
shipping materials and packaging). With this proximity to Pqglandddition to the
pervasive nature of the Polen5 strain throughout Eurasia and Africa during the
sampling period of 2022016, our findings inform the potential risk of transboundary
transmission of MDV via international dissemination (transport) of poultry products.

The Nigerian strains CMB and MH2 are located in a separate subclade with no
other strainsand the genomes have diverged from a common ancestry with Eurasian
strains. Therefore, we cannot determine the exact origin of the Nigerian strains, but we

speculate that the Nigerian strain has evolved in the context of improper vaccination
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practices ovetime, which has selected for the mutationsrieq.Alternatively, the
emergence of the Nigerian strains can lle aovarecombination event.

With regard to the latter, the relatedness of the CVI988 and MH2 within the
UL subregion collectively with the eoirculation of the Polen5 strain and RB1B
strain, we surmise that the Nigerian field strains are derivatives of NA and European
parent strains as a result of recombination events in the UL or US subregions. MH2
was sampled from a CVI98&ccinated layer flock antherefore may rather
represent a heterogenous stock. Nonetheless, the CV1988 vaccine strain has been
shown to recombine with Chinese field strainswhich Polen5 was predicted as a
putative minor parent straiile et al, 2020) Theprevalencef Polen5 along with
recombination events involving other Eurasian strains such as ATE2539 to produce
recent Chinese strainmay not only account for the divergence from Chinese strains
isolated prior to the 1990s but also as major parental strains in other recombination
eventg(Li et al, 2022; Heet al, 2018; Lvet al, 2017) These events indicate the
contribution of MDV recombination to MDV virulence evolutiofhus further
recombination analysis of Nigerian field strains is warranted.

Another important finding in our study was that canonical Nigerian Meq
isoforms shared a common recent ancestor with vv and hv MDYV strains from Europe
(C12/130, ATE2539, and ATEImplying that the Nigerian field strains have adapted
to a higher virulence pathotype. The phylogenetic relationship of parental strains at the
genome level (Figure 2.2 and 2.3ascongruent with the topologies of the
phylogenetic trees reconstructed based on the sequence of the cognate Meq isoform

(Figure 2.4). It has been previously established that the RL region of-M@homes
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contains the genes of virulence factors in which genetic diversity among strains can
reconstruct phylogeny and relatedness based on pathog¢8juattz and Silva, 2007)
Due to the limitation of partial genome sequence in the present study, we opted
to focus our analysis on the polymorphismsni@qto accurately estimatbevirulence
|l evel of Nigerian strains in |ieu of a O0be
rMDVs encoding th& EC-LG megare needed to confirm the pathogeniaityivo
and to determine whether mutations can provide resistance to CV1988 vaccination.
The Nigerian strain is a lucid example of this vacaimediated selection of
mutations irmeq The composite structure of Meq is composed of a{NTP and a
PRRCTD, each with discrete functional propertiesnd both hee evolved in different
directions. Substitutions at positions 77, 80, 88, 93, 139, 176, 180, 217, and 263
which correspond to distinct residues within these domanesassociated with
virulence. Of these substitutions, positions 77 and 80 in theNZIP and 139 and
176 in the PRRCTD are under significant positive selection press(Paslhi and
Parcells, 2016)The NTD of the Nigerian Meq isoform shasesommon ancestry
with Eurasian strains due to the acquisition of mutations in the proximity of the bZIP
region that are conserved in highly pathogenic European strains. By stark ¢timgrast
CTD of the Nigerian Meq reflects a separate evolutionary path by conserving
substitutions in the PRR region of vv or vv+ US strains.
The bZIP substitutions may alter the binding promiscuity of dimer partners
along with their DNAbinding affinity, while the PRR substitutions likely increase
transcriptional activity, and together, we found that the combinafitimese in the

Nigerian Megwas shown to promote proliferation of celisgure 2.7)
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We postulate that the pressutieatselect for mutations in the Nigerian strain
are indistinguishable from those in which parental strains from NA or Eurasia evolved.
For instance, European strains have been selected in the context of monovalent or
bivalent MDV-1 serotype vaccines (HPRIS and CVI988)On the other handUS
strains have evolved to overcome monovalent HVT and HV Tt ®Balent
commercial vaccines but not protection conferred by CVI988. Although MD vaccine
strains are antigenically related, serotjpeinlike serotype 2 and 3 vaccinescods
ameghomolog. Owing to such divergence in the repeat long region, the pressures
imposed by CVI988 vaccination appear to be different than those of HVT and
HVT+SB-1 vaccines but mutually elicit piaflammatory, type | and Il interferon
(IFN), and interferon stimulating genes (ISG) as part of the innate immune responses
to early infection.

For instance, in HVT and HVT+SB in ovovaccinated chicks, INdgand
TLR3 transcripts are upregulated in splenocytes, wherea$ kNl TLR21
transcripts are upregulated in the spleen of CVi@88/0vaccinated chicks
(Neerukondaet al, 2019; Gimenet al, 2018) This raises the possibility that these
mutations cumulatively provide an evolutionary advantage to overcome vaccinal
immunity, either at the level of innate immunity by subvertimgeffector mechanism
of the host immune system or cellular transformation by leveraging host mechanisms
involved in cell cycle regulation, cell proliferatioand apoptosis.

There is uncertaintgboutthe pathotype classification or genotypic
composition of circulating strains in Nigeridowever we suggest that the practice of
using a highly effective vaccine at hatch (CVI988), followed by a lower efficacy

vaccine (HVT) at 21 dplselectdor increasedMDV virulence and selection of highly
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virulent pathotypes. As a result, attempts to control MD by revaccination schedules
with heterologous and homologous vaccines in commercial layers and pullets have
been reported in current literature without much success in the protection against
Nigerian MDYV field strains currently in circulation throughout Plateau State poultry
farms(Adedejiet al, 2022; Oladelet al, 2023)

Apart from molecular diagnostics, these studies mainly investigate the
pathological characteristics of vaccine resistant strains but inadequately address the
molecular or phylogenetic characteristics tted@inethevirulence level of the
causative MDV agent. This is due to a paucity of genome sequencing of MDV field
isolates fromNigeria Thus, the partial genome sequences drafted in the present study
provide the initial molecular and phylogenetic characterization of MDV field strains in
West Africa, which will aid in understanding the evolutionary dynamics of circulating
strains in Nigeria. Furthermore, we include the clinical history and main pathological
findings of the affected flocks to complement the genetic basis underlying the severity
of this case. Standard pathotyping assays are required to assess the virulence level of
the Nigerian field strains arttleir resistance to modern vaccines. Though difficulties
in isolating viable virugsfrom infected tissue specimens mean pathogenicity
experiments to characterize the Nigerian field stranesiot possible.

In the present case stydyowever, we speculate that based on the clinical
manifestation of MD with disease and mortality in all 12 flocks irrespective of
vaccination status in addition to the mutations inrttegjoncogene, Nigerian strains
exhibit the propensity to increase pathogenic characteristics to a level exceeding the

vv+ pathotype classificatio®ur data suggeshis outbreak and the profound
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pathological features in CVI98&ccinated and revaccinated flockerecaused by
administering vaccines improperlyhich has in turn, led to vaccine failure.

Vaccination history for the affected flocks includes unvaccinated broilers and
CV1988 vaccinated layers that were administahedsaccine at the hatchery and, in
some cases, were revaccinated with HVT at 21 days ofalyeinistering a second
more protective vaccine than that of the primary vaccine will induce a robust immune
response that leads to a good outcome for protection against early field challenge
(Gimenoet al, 2012a, 2012b)Our data suggesthen less effective seroty@eor-3
vaccination is preceded by CVI988 immunizatitren protection is suboptimal.

This revaccination practice is commonly used by Nigerian poultry operations
and has been reported once prior in an outbreak in Bresciatliaiyvas associated
with excessive mortality in broiler flocks caused by the emergent vwMDV field isolate
Crescent(Powell and Lombardini, 1986Ve reason that the timings well as the
order in whichthevaccine serotype was administeredused immunity failure against
highly virulent MDVs and is not suitable for higlsk areas that are particularly
susceptible to MD. Alternatively, improper vaccination technique may have
exasperated field conditions and prolonged replicateauling tothe vaccine
mediated selection of distinct mutations in theqoncogene and the emergence of
new variant strains.

In summarywe report the sequence of an emergent MDYV field strain from
Nigeria. Although an increase in MDV virulence surpassing the vv+ pathotype has not
been determined, within the last two decadeguence analyses of circulating MDVs
continue to show genetic heterogeneity in the Meq locus. In alignment with this trend,

our sequence analysis identifies a unique Meq isoform from those encoded by
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ancestral MDV strains that have emerged between the years 1960 and early 2000s. In
the highly pathogenic field strains from this period, the selection for virtlence
associated residues in either the NTD or CTD of Meq are mutually exclusive. In
contrastthe Nigerian MDV has undergone selection for substitutions in both domains
that leave a mosaic of shared ancestry with NA and Eurasian straimsay, in fact

havebeenselected for a vv+MDYV isolate
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Figure2.1: PCR/RFLP analysis of the glycoprotein L (gL) locusThe Nigerian
field strain gL amplicons were resolved on an agarose gel for the
PCR/RFLP detection of a common 12 nt deletion. The gL locus was
amplified by PCR to yield a 771 bp or 759 bp amplicon. Amplicons are
shown with and withouDdel digestion. The gL deletion is characterized
by the 759, 508, and 251 bp bands, whereas the 771, 359, 251, and 161
bp bands indicate strains without the deletion.

64



CV1988 Netherlands 1969
CU-2 USA 1968

GAUSA 1964

RE-1B USA 1981
MD70/13 Hungary 1970
Mds USA 1977
Md11 USA 1977
648A USA 1994
= | sa1 usazmns

Sd2 USA 2015
10 0l
Bd2 USA 2015
BI1 USA 2015

i Bf2 USA 2015
ATE2539 Hungary 2000

i 00 RT Nigeria 2016 =

Polen5 Poland 2010
EU-1 Isreal 1992

CMB Nigeria 2016 =

BRM Nigeria 2016 z

NGH Nigeria 2016 z

[ MH2 Nigeria 2016 z

[~ pC12/130-10 UK 1992

57 [
o4

LCC China 2011
(] ‘WC/1203 China 2012

96 LTS China 2011

BS/15 China 20015
LZY China 2006

ZW/15 China 2015

LCZ China 2007

10

LHC2 China 2008

E J-1China 1974
100

814 China 1986

0.001

GX0101 China 2001

L pC12/130-15 UK 1992

LSY China 2006

LMS China 2007

Continent

N orth America
— EUrasia
e Africa

Figure2.2: The cocirculating field strains causing the MD outbreak in Nigeria
are phylogenetically related to strains from NA and Eurasia.
Maximum likelihood estimate tree based on international MDfrains
using 36 complete and partial gnomonic sequences, incléidang
sequences from MD positive flocks identified in Plateau State, Njgeria

20152016 (indicated byher e d

triangle, 2z)

W i

on 1000 replications to shathereliability of tree topology. Bootstrap

support values were drawn on each node of the tree. Labels include

t

strain, country of isolation, and sampling year. Black = North America,
green = Eurasia, and red = Afridéhe ale bar represents 0.001

substitutions per codon site.
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Figure2.3:

Phylogenetic tree based on the genomic subgion supports the

MDYV -1 phylogeny.Maximum likelihood estimate tree of 36
international MD\£1 strains using the unique long (UL) stdgion
sequences, includintye sequences from MD positive flocks identified
in Plateau State, Nigerian 20152016 (indicated by red triangle ).
Confidence levels of tree topologyereassessed using 1000 bootstrap
replications and support values were drawn on each node of the tree.
Labels include strain, country of isolation, and sampling year. Black =
North America, green = Eurasia, and red = AfriChe <ale bar
represents 0.001 substitutions per codon site.
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Figure2.4: MDV phylogeny and full-length Meq isoforms from strains of North
American, Eurasian, and African lineagesMaximum likelihood
estimate tree based on the Meq protein coding sequence of Nigerian field
strains and 26 representative Meq isofoemsoded by strains from
North America, Europe, and Asia. Bootstrap values were based on 1000
replicationsandwere drawn on each node of the tree. Black triangles
(z) i nheéWMery sdfoems identified in this study. The parental
strain region of isolation for each Meq is represdity branch colar
black = North America, green = Eurasia, red = Afritlae <ale bar
represents 0.01 substitutions per codon site.
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Figure2.5: Canonical Nigerian Meq bZIP-NTD has phylogenetic relatedness to
highly pathogenic European strains selected in the context of CVI988
vaccination (A) Schematic representation of Meq domain architecture.
The bZIRNTD sequence from-120 aa used for the phylogenetic
analysis is highlightedB) Maximum likelihood estimate tree of 27 Meq
proteincoding sequences, including the canonical Nigerian Meq
(indicatedbyab | ack triangle z2z). Bootstrap v
replicationsand wee drawn on each node of the trébe sale bar
represents 0.01 substitutions per codon E&g Substitution table of
European Meq protein sequencessgiobally aligned with substitutions
in reference to the RB1B Meq indicated in boldface.
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Figure2.6: Canonical Nigerian Meq PRRCTD has phylogenetic relatedness to
vv and vv+ USA strains selected in the context of HVT and
HVT+SB-1 vaccination(A) Schematic representation of Meq domain
architecture. The PRRTD sequence from 12339 aa used for the
phylogenetic analysis is highlightgd®) Maximum likelihood estimate
tree of 27 Meq proteicoding sequences, including the canonical
Nigerian Meq (indicatedbgb | ack tr i angl e z) . Boot s
based on 1000 replicatioasd wae drawn on each node of the trébe
scale bar represents 0.01 substitutions per codonGif&ubstitution
table of USA Meq protein sequenceasglobally aligned with
substitutions in reference to the RB1B Meq indicated in boldface.
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Figure2.7: Cellular proliferation assay of the Nigerian Meq IsoformCFSEbased
growth curve analysis of HTC macrophage cell lines stably transfected
with expression vectors encoding either the HBBMeq or the Nigerian
Meq. Cell lines were labeled with carboxyfluorescein succinimidyl ester
(CFSE), plated in triplicate, then harvested at 24 hr timepoints for
analysis by flow cytometry. *P < 0.05, *P < 0.01, **P < 0.001, ***P
< 0.0001; Bonferroni's multiple comparisons test compared to vector
control. Error bars indicate SEM.
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Figure2.8: Localization and re-localization dynamics of the Nigerian Meq
isoform Chickenmacrophage HD11 cells were transfected with(fe
andB) MYC-tagged LEGLG or (C) ECFP fusion LECLG Meq
expression constructs and nuclei stained with DAPI. Cells were ceunter
stained with antibodies {& andB) Meq and(B) the cMYC epitope
tag. HD11 cells expressing tfie-1) ECFP fusion chicken NFIL3 dE-
I) co-expressing EYFP fusion LECG Meq fusion expression
constructs. Total magnification = X300. Scale bars represemnl0
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Chapter 3

COMPARATIVE PROTEOMIC ANALYSIS OF MDV MEQ PROTEIN
INTERACTOME S

3.1 Introduction
Marekdos disease (MD) is,aadTparalytic, imn
|l ymphomagenic pathology of c¢chicken caused
acutetransforming herpesvirus. Between the years 1960 and MA90vas reportedly
a cause of concern dueitsincrease in prevalence and disease severity. Efforts to
characterize circulating field strains by pathotype showed a stepwise increase in
virulence that correlates with vaccine introduction during this pediescribed athe
vaccinemediated virulence evolution of MDVitter, 1997) However, since the
increased usefdhe CVI988/Rispens vaccine ihe USin the early 2000s, there have
not been any reports of another shift in virulence in the ensuing two decades.
Here we investigated the oncogenic mechanism of MiD§uced
lymphomagenesis by a viral oncogene encoding a basic leucine zipper protein (bZIP)
called Meq. The Meq proteis requiredto induceT-cell lymphomaLupianiet al,
2004) As a bZIP protein, Meq can form horrend heterodimers with cellular bZIP
proteins through its coiledoil, leucine zipper domain, artklis protein isessential for
MDYV -mediatedoncogenesigkung et al, 2001; Levyet al, 2005, 2003; Reinket al,
2010) Meq has many hallmarks of viral oncoproteins, in that it binds cell cycle

regulatory factorgKung et al, 2001) chromatin modifier¢Brown et al, 2006) and
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acts as both a transcriptional activator and repressor, depending on dimerization state
and context.

Decades of vaccindriven evolution have resulted in positive selection for
mutations in MedqPadhi and Parcells, 2016; Shamlgtral, 2004) Severabf these
polymorphisms are within a disordered protizh repeat region (PRR) in the C
terminal domain (CTD). We hypothesil that the mutations in the Meqg oncoprotein
have been selected based on changgs imteractome to evade vaccinaimunity.

Here, we report the findings from anvivo pathogenicity study where we infected
immunized chickens with recombinant MDVs containing different lgegesn a
common background genome (BB strain) to assess their causal role in overcoming
early vaccine responsesdditionally, usingmass spectrometryS)-based proteomic
approach and orthogonal strategies, we identified novel-iimgsinteractions in the
context of latenthinfected CD4+ Hlymphoma cells angrofiled the differential

interactomes othese differenMeq isoforms.

3.2 Methods and Materials

3.2.1 Ethics Statement

Animal studies were conducted in compliance with the approved animal care
protocols and under thgniversity of Delaware Institutional Animal Care and Use
Committee guidelinesThe approved protocols for thevivo studies were 64R019
0 and 64R-20220, standard operating procedure (SOP) #3, MDV pathogenesis
studies with the designated PI being Dr. Mark Parcells-ANF-S, BISC, MMSC).
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3.2.2 Celllines and cell culture conditions
Chicken embryo fibroblasts (CEFs) were prepared frordadyeold SPF
chicken embryos (Charles River) and cultured in Medium 199 (M199) supplemented
with 10% fetal bovine serum, Orfly/mL antimycotic (amphotericin B, Corning,
Corning, NY), and 1X Penicillin, Streptomycin, Neomycin (PSN) antibiotics. CU91
(REV), CU12, CU47, MSHL, UD35, UD36, UD40, and UA53 MD lymphoblastoid
cell lines were maintained in |Iscoveds moo
supplemented with 20% fetal bovine serum (FBS; R&D Systems, Inc, Minneapolis,
MN), 1X insulintransferrinselenium, 1X nonessential amino acidsj2 b-
mercaptoethanol, 4 mM-glutamine, 0.51g/mL antimycotic (amphotericin B,
Corning, Corning, NY), and 1X PSN antibiotics at 41°C with 5% @ humidity
controlled incubator. For transfection and fluorescent protein visualization
experiments, HD11 and HTC chicken macrophage cells were cultured in high glucose
Dul beccodés modi fied Eagledbs medium ( DMEM)
Systems), 0.5gy/mL amphotericin B, and 1X PSN (except where stated, reagents
were manufactured by Gibco, Thermo Fisher Scientific, Waltham, MA) at 37°C with

5% CQ.

3.2.3 Transfections
HD11 or HTC cells were plated 24 hrs prior to transfection and transiently
transfected once cells reached ~65% confluency usigglipofectamine 2000
Transfection Reagent (Invitrogen). The DNiposome complexes were prepared in
serum and antibiotiefree DMEM accordingtthema nuf act ur er 6s sugges

were incubated to 4 hrs pesansfection at 37°C prior to the addition of fresh DMEM
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complete growth media and incubated overnight a€3At 18 hrs postransfection

the culture media was changed to fresh media and allowed to grow for 24 hrs.

3.2.4 Plasmids

All expression constructs encoding the chicken ORFs for NABP2, GON4L, and
SMARCC1 were amplified from cDNA templates isolated from Mid¥ected
chicken specimens using Platinum SuperFi Il DNA polymerase (Invitrogen, Thermo
Fisher Scientific, Waltham, MA) as indicatedAppendix B The CDS for each gene
was amplified as multiple partial fragment
ends of each fragmerand gelpurified amplicons were TA ligated into pCR2.1
TOPO vector (Invitrogen). For theMYC-SMARCC1 construct, primers were
designed at the UTRs and paired with a complementary internal primer to PCR
amplify the correspondingf&rminal and @erminal fragments separately.

The Nterminal and @erminal coding regions of HAI4BP2 were amplified
separately, with pri mer sandde s3i6g neendd sato ft hteh ec
region and paired with an internal primer having an overlap of complementary
sequences.

The HA-GONA4L construct was amplified as three partial fragments. Fhe N
terminal and @erminal fragments were amplified with primer pairs designed at the
UTRs to span an overadmpp3oagesesgueihnhcehefint

Mo d i f 4aendd-er38®mf the coding region of each gene were generated by
PCRmediated mutagenesis, introducungique restriction sites (underlinetgnking
the start codon and stop codomhe forward primer appends the indicated epitope tag
sequence to the-ierminus while the reverse allosfor the discretionary generation

of C-terminal fusion constructs. For the contiguous assembly efiiudjth coding
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sequences, equal molar amounts of each fragment were combined with Platinum

SuperFi Il DNA polymerase (Invitrogen, Thermo Fisher Scientific, Waltham, MA)

and placed in a thermocycler programmed for 15 cycles to anneal and extend

overl apping sequences of the compl ementary
amplified in a subsequent PCR by the addition of the outermost primers (boldface).

The resulting fullength coding region was gel purified prior to cloning into pCR2.1

TOPO vector (Invitrogen) for-MYC-SMARCC1 and HAN4BP2 or pMiniT2.0

vector (New England Biolabs Inc., Beverly, MA) for HBONA4L.

Expression vectors were constructed by subotpthe PCRgenerated and
sequencevalidated genes intithe pBK-CMV vector (Stratagene) via compatible
restriction sites or into the pECH¥PL (CLONTECH) vector at thelhd andXhad
restriction sites to generate art&tminal fusion to ECFP. The construction of all
plasmids vasvalidated by Sanger sequencing conducted at the University of Delaware
(University of Delaware DNA Sequencing & Genotyping Center, Delaware
Biotechnology Institute, Newark, DE). Consensus sequences with at-feddt 3
coverage at each base pair were assemétetinucleotide variations were called
manually. Details on the gene target reference sequence with the corresponding primer
sequences for amplification, mutagenesis, and sequencing are enumefgeendix
A. The T#tagged Meq expression plasmids (from MDYV strains CVI988, JM102, RB
1B, TRPLD, and N Meq isoforms) and for Meq deletion mutants-HEBMeq,

Meg/vIL8, Meg/vIL8Dexon3, Meq bZIP, and Meqg/vIL8 bZIP) were previously
generated by subcloning into pBBMV and pEYFPN1 vectors(Kumaret al, 2012;
Anobile et al, 2006)
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3.2.5 Antibodies
Rabbit polyclonal Meq antisera (a gift from Dr. Hans Cheng, USADXOL)
from several bleeds were pooled andadsorbed sequentially against ethéinad

CU91, CEF, HD11land HTC cell lines.

3.2.6 In vivo pathogenesis, recombinant MDV virulence and efficacy ah ovo
vaccination

3.2.6.1 Vaccine virus strains

The HVT monovalent vaccine was prepared from the Intervet seed stock HVT
FC126 MSV + 15 CEF 268UL-2016. To prepare thdVT/SB-1 bivalent vaccine, the
HVT stock was combined with the SBVaccine Stock JV312 Merial Batch #3
2/6/12.

3.2.6.2 Experimental Chickens

Specific pathogeifree singlecomb white leghorns were purchased as
embryonated eggs from Charles River Laboratory. Upon argggk were set in a
temperature and humidified controlled incubator maintained & 38d 60%
humidity until hatch (E2€21). Fertile eggs were sorted into three groapsl embryos
were administered 5,000 PFU of HVT monovalent vaccine or 5,000 PFU/ 2,000 PFU
of HVT/SB-1 bivalent vaccines ovoat E18. An unvaccinated group was included as
a control. At hatch, chickens were-boused in polycarbonate isolators under negative
pressure in the animal Biosafety Level 3 experimental facility (Allen Laboratory) at

the University of Delaware. Feed and water were provaelbitum.
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3.2.6.3 Recombinant virus strains

All recombinant MDV viruses used in animal experiments were previously
generated by twatep redmediated recombination and characteri@@dnradieet al,
2019, 2020)Briefly, the genome of the very virulent RBB strain which hadacopy
of the repeats flanking the unique long region of the virus deletedl(BBe| Wds)
mutagenized at theemainingMeq locus to construct recombinants that encode Meq
isoforms from the CVI988/Rispens vaccine strain (&VICVIL), vMDV strains
(JM102, 617A), vwwMDV parent strain (RBB), vwv+MDV strain (N), and the RB
1B/N chimera Meq (TRPD). Recombinant MDV viruses were obtained as infectious
bacterial artificial chromosome (BAC) DNA and were transfected into CEBReby
calcium phosphate method. Following reconstitution of the MDyenomein which
the copy ofmeqgloci was duplicated to regenerate equal repeats flanking the unique
long region via homologous recombinatiaell-associated virustocks were
propagatedndfrozen in liquid nitrogen prior to titration on CEF. The pathogenesis in
unvaccinated SPF chickens infected with the recombinant viruses was deposited into

the figshare repositonhftps://doi.org/10.1371/journal.ppat.1009104.90éxid

reported as supporting information to an independerty(Conradieet al, 2020)
The GenBank accession numbers smdvo pathogenicity study characterizing the

recombinant viruses are referenced in Table

82


https://doi.org/10.1371/journal.ppat.1009104.s001

Table3.1: Recombinant viruses used inn vivo study.

meq isoform GenBank Parent virus  GenBank PMID

accession virulence accession
RB-1B AY243332.1 vwMDV MT797629 33306739
JM/102wW HM488348.1 vMDV MT813453 33306739
CVI1988/Rispens (S) AY243335.1 VaccineMDV  MT797630 33306739, 31597721
CV1988/Rispens (L) Vaccine MDV 31597721
617A AY362712.1 vMDV 33306739
Triple mutanta -
N (MK) AY362718.1 vww+MDV MT797631 33306739

ajsaRB/N chimeric Meg consisting of the RB1B NTD and N CTD which differs from RB1B at
positions P153Q, P174A, P214A

3.2.6.4 Animal study
Day-old, vaccinated chicks of the monovalent and bivalent vaccine groups
were distributed evenly into eight groups, each of which contdiédds and
housed in separate isolators. The animals were challenged via thabdtmainal
route with 2,000 PFU of parental RBB Meq, CVI988S Meq, CVI988L, JM102
Meq, 617A Meq, TRPD Meq, or N Meq.
As a control, mocknfected chickens were inoculated with M199 medium.
With each group, unvaccinated chicks were challenged with 2,000 PFU of parent RB
1B Meq (n = 18), CHS Meq (n = 16), C\AL Meq (n = 18), IM102 Meq (n = 17),
617A Meq (n = 18), TRPD Meq (n = 18), N Meq (n = 18) or diluent (n = 15).
At 7, 14, 21 and 28 days poshfection (dpi), two chickens per treatment
group from each challenge group were removed for sampling to measure viral genome
copy number in peripheral blood mononuclear cells (PBMC) and spleen cells. For

whole blood samples, chickens were bled by cardiac puncture and immediately
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euthanized. Duringhenecropsy, chickens were examined for overt tumor lesart
spleens were collected. The remaining chickens were kept for evaluation of mortality
and tumor incidence. Clinical signs of MD, namely paralysis, torticollis, ataxia, and
redleg, were monitored by routine checks perfornggedque dieand any chickens
presenting MDVspecific signsvere humanely euthanized. For chickens that
succumbed to MD, a postmortem examination was conducted. All remaining chickens
were euthanized, and all lesions were recorded upon termination of the experiment at

53 dpi.

3.2.6.5 Sample preparation

Spleens from infected chickens were homogenized on ice using glass
Tenbroeck tissue grinders. Subsequently, spleen cell homogenate was filtered through
asterile cheesecloth and washed witheodd M199 medium supplemented with
antibiotics. Whole blood samples were collected in heparinized syringes and overlaid
onto a histopaque 1119 (Sigma, St. Louis, MO) gradient in 15cc polystyreng tubes
and PBMCs were separated following density gradient centrifugation at 700g for 30

min.

3.2.6.6 DNA extraction

Total DNA was isolated from spleen cells and PBMCs of infected chickens by
lysis in the PK solution (10 mM THEICI, pH 8.0, 10 mM EDTA, pH 8.0, 100 mM
sodium chloride, and 2% SDS (w/v) + 4 mg/mL Proteinase K) for 1 hr & 37
followed by phenoekhloroform extraction and isopropanol precipitation, according to
standard methodSambrook and Russell, 2008he DNA precipitate was washed

with 70% ethanol, aidried and resuspended in TE buffer.
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3.2.6.7 Viral genome copy number quantification

The genomic DNA samples extracted from infected spleen cell homogenate
and PBMCs were analyzed by réimhe quantitative PCR for the detection and
guantification of recombinant MDAL, HVT, and SB1 viral genomes per 10,000
cells. DNA stocks were quantified using a nanodrop spectrophotometer and diluted to
50 ngM prior to reaction setup. MDV serotysecific primer sets were used to
target norconserved sites of MD\L, MDV-2, and MD\£3 open reading frames
(ORF) coding for the glycoprotein B (gB), and primers for the chicken ovotransferrin
gene of host cellular genome as previously desciiNegrukondaet al, 2018;
Baigentet al, 2016) The gPCR was performed using a CFX384 Touch-Reaé
PCR Detection System (Bi@ad Laboratories, Hercules, CA). The PCR mixture of 10
m contained 51 iTaq Universal SYBR Green Supermix (Bitad, Hercules, CA),
250 nM of each primeand 50 ng of DNA. The thermal cycling conditions consisted
of an initial denaturation at 9% for 3 min, followed by 40 cycles of 9& for 10 s

and 55 C for 30 s.

3.2.7 Stable cell line generation

For the stable expression of FM4BP2 or ceexpression with T-RB-1B Meq
and T#Meg/vIL8 constructs in HTCs, the pBEMV empty vector, T/RB-1B Me¢
and T#Meg/vIL8-expression plasmids were transientlytcansfected with equal
molar amounts of either the pB&MYV vector or pBKkHA-N4BP2 plasmid. At 24 hrs
posttransfection, cells were selected using 80mL G418 forsevendays then
maintained ima culture medium containing 40@y/mL G418 until cell proliferation

assays were conducted.
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3.2.8 Immunoprecipitation and Proteomics

For endogenous immunoprecipitation studies, whole cell lysates were prepared
from MD lymphoblastoid cell lines CU91, CU12, CU47, M@BUD35, UD36,
UD39, UD40, and UA53. Cells were harvested, washed witcote 1X PBS and
then lysed in RIPA buffer supplemented with DTT, proteasd phosphatase
inhibitors by performing three rapid freeze thaws. Lysates were incubated with 40 ug
of DNase | for 1 hr at 4°C prior to clearing the lysate. Total protein of whole cell
lysates was quantified by BCA. From cleared lysate supernatants, candidate Meq
binding partners were immunoprecipitated withr&Oof rabbit polyclonal antMeq
sera in RIPA wash buffer overnight at 4°C with constant inversion and followed by
inverting with a 50% slurry of protein A/G agarose resin (Pierce) for 2 hrs at 4°C. The
precipitdeswere then washed three times with RIPA wash buffer, then pelleted and
snhap frozen in Liprior to shipment for liquid chromatograptgndem mass

spectrophotometry (LAS-MS)-based proteomic analysis (MZolabs).

3.2.9 LC-MS/MS Peptide Identification
Protein fractions were treated with a mixture of DNase | (50U; Invitrogen) and
RNase A (50 mg; SigmaAldrich, St Louis, MO, USA) to digest intact nucleic acids at
37eC for 30 min. Proteins were precipitate
trichloroacetic acid (TCA) at 120 UC overr
pelleted by centrifugation, washed with-iceld acetone, and dried at room
temperature. Proteins were resuspended in 0.5 mL of solubilization solution (7 M urea,
20 mM TrisCl, pH 8.0, 5 mM EDTA, 5 mM MgClI2, 4% CHAPS, 1 mM PMSF) and
guantitated using the 2 Quant Kit (GE Healthcare Life Sciences, Pittsburgh, PA,

USA). An aliquot of 0.1 mg of protein was precipitated again with 50% TCA at
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1T20eC, foll owed by cenicadatetorgpaSampesiwelend a we
resuspended in 0.1 mL of 200 mM ammonium bicarbonate and 5% acetonitrile,
reduced with 5 mM dithiothreitol for 10 mi
i odoacetamide for 30 min at 30 UC, and fir
trypsin at 37 UC for 16 h. Peptides were ¢
Bi oresources, Il nc., Auburn, AL, USA), dr i e
UC until further processing.

Desalted peptides were vacuum centrifucg
of 2% acetonitrile, 0.1% formic acid and transferred to low retention vials in
preparation for analysis using one dimensional MS/MS. Samples were transferred
to low retention HPLC vials for analysis using mass spectrometry. Peptide mass
spectrometry was performed upon separation of proteins usingdiroassional
Dionex U3000 splitless nanoflow HPLC system operated at 333 nL per minute using a
gradient from 2 to 50% acetonitrile over 4 h. The C18 column,-aouse prepared
75 em I 10 cm reverse phase column packed
(MAC-MOD Analytical), was located in the ion source just before a Proxeon ES562
40 mm, 30 em id stainless steel emitter. L
Velos (Thermo Scientific, Waltham, MA, USA) linear ion trap mass spectrometer.

Scan parameters for the LTQ Velos Pro were one MS scan followed by 10
MS/MS scans of the 5 most intense peaks. MS/MS scans were performed in pairs, a
CID fragmentation scan followed a HCD fragmentation scan. All scans were
performed in enhanced resolution mode. Dynamic exclusion was enabled with a mass
exclusion time of 3 min and a repeat count of 1 within 30 s of initial m/z

measurement.
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Peptides were searched against the chicken, MDV, HVT, and SB1 proteomes
usingTurboSEQUEST to identify peptide spectral matches. Unique protein identifiers
used for bioinformatic analysis were determined from the total mapped peptide count
with immunoglobulins excluded and protein isoform redundancy removed. The anti
Meq interactomes were filtered against the CU91 proteome to eliminatgproiiic
peptides.

Mass spectra and tandem mass spectra were used to search subsets of the non
redundant protein database (nrpd) downloaded from the National Center for
Biotechnology Institute (NCBI; 06/14/16) using TurboSEQUEST (Bioworks Browser
3.2; ThermoElectron, West Palm Beach, FL, USA). Analysis was performed on avian
NRPD (AVIAN DB; search terms: chicken, Gallus, Cornix, Aves, turkey, and ostrich;
NOT plant, yeast, bacteria, viru)tips://dx.doi.org/10.1021/pr049842d

3.2.10 Bioinformatic analyses
All bioinformatic functional Gene Ontology enrichment analyses and

visualization were carried out in R (v4.4.0).

3.2.10.1 Functional enrichment analysis

Enrichment analysis of the interactome datsperformed with the
Bioconductor package clusterProfiler (v4.12\Wu et al, 2021)using the enrichGO
function. GO term annotation for the interactome data sets and default background
were retrieved from thelomo sapienslatabase. Oveaepresentation of enriched terms
wasassessed by Fandtieobtansg-vauesawere adjuses tising the
false discovery rate (FDR). Significant terms with an adjustealpe of <0.05 were

visualized. Semantic similarity analysis was conducted to cluster functional terms for
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visualization using the Bioconductor package simplifyEnrichment (v1.{®&d and

Hu bschmannyvith an adjustedalue cutoff of <0.05. Functional enrichment of the
differential Meq interactome &salso analyzed using the VISEAGO (v1.18.0)
(Brionneet al, 2019)Bioconductor package with GO annotations retrieved from the

Gallus gallusdatabase.

3.2.10.2 Transcript mapping

The ORF sequences of the chicken N4BP2, GONA4L, and SMARCCL1 coding
regions were mapped against (Gallus gallusgenome
(bGalGall.pat.whiteleghornlayer. GRCg7w) using the Ensemble genome browser.
Information on transcript identification, genomic locatiand nucleotide sequence

identity are summarized ppendix B

3.2.11 Fluorescence Microscopy

HD11 cells were seeded into-#&ll plates at a density of 2 x 1€ells/well
for colocalization experiments and-t@ansfected with the indicated plasmids. At 24
hrs posttransfection, cells were fixed with 1% paraformaldehyde for 30 min at room
temperature. The cells were washed three times with 1X &RBEnuclei were
countereestained with DAPI imaging buffer (1X PBS, pH 7.4, 10% glycesiod 6
nM DAPI). Cells were examined under a Nikon Eclipse TE2006@verted
epifluorescence microscope with a Plan Fluor 20X objediikeon Digital Sight DS

QiMc cameraand Nikon NIS Elements imaging software (v5.02).

3.2.12 Cell proliferation assay
Stable HTC cell lines were labeled with carboxyfluorescein succinimidyl ester

(CFSE) at 10vM per 10to 1 cells in wash buffer (1X PBS, pH 7.4, 1% BSA, 0.1%
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NaNs) for 30 minutes before quenching and washing to remove unincorporated CFSE
with DMEM+10% FBS. A sufficient number of cells were resusgelid DMEM-

10% FBS and pladin triplicate on 12well cell culture dishes at 5 x 46ells per

well. For each expression cell line, an initial 2 X &6lls were sampled for the 0 hr
timepoint prior to plating. Each triplicate group was harvested using TrypLE (Gibco,
Thermo Fisher Scientific, Waltham, MA) to dissociate cells at 24, 48, 72, and 96 hr
timepoints and fixed in 4% paraformaldehyde for 30 mins on ice. Cells were washed
with wash buffelandthen stored in wash buffer at € until flow cytometric analysis.
Data were collected on 10,000 cedsdthecellular division of CFSHabeled cells

was assessed by measuring fluorescence on a FACSCalibur flow cytometer{Becton
Dickinson, CA, USA). ThdogarithmicX mean fluorescence intensity at each
timepoint(T) was normalized to the O hr time po(fit= Ohr)to represent the growth
rate(X mean fluorescence intensity Bt Ohr/ X mean fluorescence intensityTat x

hr, where xhr =0, 24, 48, 72, or 96 hime poin).

3.2.13 Statistical analysis
Statistical analysis was performed with GraphPad Prism v5.01 (GraphPad
Softwar e, | nc. , USA) . MD tumor incidence ¢
exact test. Kaplaieier survival curves represent the Mipecific mortality rate of
infected chickens, and the probability of survival between grogssempared by
the MantleCox logrank test. Individuals removed from the study for sampling were
censored from the analysis. Differences between paired samples in cell proliferation
assays were calculated by twvoa i | e d -Best;pdkien<.05swvastconsidered
statistically significant. In all figures, data were presented as the, mneduerror bars

represent the SEM.
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3.3 Results

3.3.1 Pathotype analysis of recombinant MDVs encoding prototype Meq
isoforms in MD-immunized chickens

To identify the mutations in Meq that confer a causal role in overcoming early
innate immune responseage conducted am vivo pathotype study using a rigorous
challenge of recombinant MDYV viruses in unvaccinated andiMiDunized chickens.

The recombinant viruses encoding virulerassociated mutations in the Meq gene
express prototypic Meq proteins in the context of the vwMDVVIBgenome. A

summary of these Meq isoforms and the pathotype of their respective MDV strain can
be found in Table 3.1. Briefly, the IM102 Meq is a dagn (399 aa) having a
prolinerich reiteration (domain duplication) within the transrepressor domain; the two
predominantly expressed Meqs from the vaccine strain, CVI988: C\39@39 aa

form), CVI988L (399 aa form); the RAB parent virus, strain 617A which has a
mutation in a proline direct repeat at position two (PPPP to P[Q/A]PP) and a mutation
in the retinoblastoma (Rb) protein binding motif (C119R); a triple muthaving an
N-terminus similar to RBLB - with disruptions to three of five proline direct repeats
(P153Q, P176A, and P217A) in thet&minus; and the Mtrain, having the

combination of these mutations.

3.3.1.1 In vivo characterization of recombinant viruses

In these experiments, we evaluated viral load in splenocytes and PBMCs in
infected chickens in addition to the severity of pathogenesis in chickens to determine
MDYV virulence based on the induction of lymphoproliferative lesions, mortality, or
other MDV-specific clinical signs. Despite comparable replication propdrtitee

unvaccinated group (Figure 3.4a and 3.4b), MD incidence and mortaligy w
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significantly reduced in chickens infected with the CVISB8leq and 617A Meq
recombinant viruses (Figure 3.4c and 3.4d). Thus, the substitutions in Meq encoded by
low virulence strains attenuate the vwMDYV pathotype of HB while the

recombinant viruses encoding the CVI9881eq, TRPLD Meq, and N Meq retained

pathogenic properties.

3.3.1.2 Recombinant viruses do not differ significantly to induce pathogenesis in
vaccinated chickens

Next, we proceeded to ask whether the Meq isoforms and respective
substitutions confer resistance to monovalent and bivalent vaccination. As shown in
Figure 3.5 and Figure 3.6, there were no significant differences in viral load or
pathogenesis in vaccinated chickens infected with the recombinant viruses compared
to those challenged with the parent-BB strain.However, we sava significant
reduction in the survival rate of bivalent vaccinates challenged with the 617A Meq
recombinant virus (Figure 3.7).

These experiments show that the CVIQ88'RPLD, and N Meq, but not
CVI1988-S or 617A Meq isoforms are pathogenic in the naive, unvaccinated host.
Although we observed modest differences in MD incidence and mortality, each virus
overcame the protection offered by monovalent and bivalent vaccines. These results
therefore suggest that the substitutions in the bZIP domain and the PRR doimain
reference to the RBB Meq.i partially contribute to lymphomagenesideach
isoform may usurp distinct cellular mechanisms to confer innate immune evasion in

the face of vaccination.
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3.3.2 Identification of Meq-binding proteins

To complement oun vivo studies on the pathobiology of Meq, we performed
LC-MS/MS-based proteomics on endogenous-&eQ immunoprecipitants to
characterize the Mefjost interactome among several MDV pathotypes in the context
of lymphomaderived, latently infected lymphoblastoid cell lines. We examined the
binding profile of Meq isoforms in the-@ell interactome from CU12, CU47, MSB1,
UD35, UD36, UD39, UD40, and UA53 cell lines (Figure 3.8a, 3.9, and 3.10).

In all, we identified a total of 88 Memteracting proteins, includg one of
which, HSP70, that has been previously characte(izkdoet al, 2009) A number
of cellular chicken proteins interact with multiple Meq isoforms, namely, histones
(H1, H2BK1), PDIA2, Keratins (KRT3, KRT5, KRT6A), heat shock proteins
(HSPA2, HSPAS5, HSPAS), solute carriers (SLC2584C25A5 SLC25A6),
MYO7B, and ribosomal proteins (RPL6, RPL7A). Among the commonly bound
proteins, Meq isoforms from MSB1 (vMDV BC strain), UD35 (vwwMDV RB1B
strain), and UA53 (vw+MDV TK strain) shared a common interaction with prohibitin
(PHB). Notably however, we found that the v, vv, and vw+MDV Meq interactomes
differ appreciablyTable 3.2) suggesting that the oncogenic potential of Meq is

affected by discrete interaction networks mediated by specific mutations.
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Table3.2: Summary of peptides identified by LGMS/MS in Meq interactomes.

Gene
Symbol  Peptides Protein E-value
vMDV
(BC-1, M10 Meq)

10 kDa heat shock protein HSPE1 3 19x 107
engulfment and cell motility protein 2 ELMO2 3 5.4x 101
RNA-binding protein 14 RBM14 1 59x 10
decorin precursor DCN 2 3.0x10®
tumor protein p73 TP73 2 19x101

vwMDV

(RB-1B Meq)

endoplasmic reticulum chaperone BiP precursor  HSPAS 1 1.9x 1013
60S ribosomal protein L3 RPL3 2 1.0x102
60S ribosomal protein L24 RPL24 2 6.6x 1015
heat shock 70 kDa protein HSPA2 1 6.1x 101

w+MDV

(TK Meq)
Werner syndrome RecQ like helicase WRN 2 31x10%
NEDD4-binding protein 2 N4BP2 2 5.6 x 10
annexin A2 ANXA2 1 34x1012
DNA/RNA-binding protein KIN17 KIN17 2 19x101
SET-binding protein SETBP1 2 45x 102

att.MDV

(CVI1988 Meq)
GON-4-like protein GON4L 3 3.0x10Y
Common to All Megs

Histon H1.10 HIST1H110 2-3 1.3x1018-27x10%
Prohibitin PHB 1-2 3.7x101-24%x1012

3.3.3 Functional Gene Ontology (GO) term enrichment analysis

Next, weperformed GO term enrichment analysis to characterize thehidsty
T-cell interactome with respect to the transforming agent, the strain pathotype, and the
Meq isoforms expressed by these cell lines. Our functional enrichment analysis
revealed significantly overrepresented biological processes, including DNA

recombination, chromatin remodeling, cytoplasmic translation, nucleotide
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transmembrane transport, intermediate filament organization, and keratinocyte
differentiation (Figure 3.813.8e). For the vw+MDYV Tcell interactome, our analysis
indicates that host cellular factors involved DNA replication andepair, chromatin
remodelingandDNA/histone modificatiorwere significantly enriched biological
processes targeted by vw+MDV Meq isoforms relative to vMDV and vwMDV (Figure
3.8¢). In particular, the vw+Meq interacts with WRN, ANXAETBP1 KIN, and
N4BP2, all of which haseither molecular functions of DNA bindingsDNA
unwindinghelicaseexonuclease2ndonuclease activitpy histonelysine
methyltransferase activifFigure 3.8a, and 3.8e). Taken together, these results
suggest that highirulence MDV Meq isoforms have evolved to interact with DNA
repairmechanismshistonemodifying enzymes, anchromatin remodeling
complexes, providing insight into a potential virulence mechanism to evaedarahti

and antitumor immune responses.

3.3.4 Co-localization and functional assays

Following our proteomic analysis, we cloned candidate interactors and
subsequently validated their interaction dynamics with Meq isoforms by perfoaming
colocalization analysis. We cloned the candidate Meq interaction partner, Nedd4
binding protein 2 (N4BP2so known as BCI3 binding protein or B3BP), which has
beenshown to be involved in transcriptional activation and DNA repair or
recombination througtheinteraction of the AThinding site of N4ABP2 with BCI3
or p300/CBP and through the small MutSated (Smr) domain of N4ABP2,
respectivelyDierckset al, 2008; Murillaset al, 2002; Watanabet al, 2003) We
cloned and subcloned the chicken N4BP2 gene into the piNIFihd pEYFPN1

fluorescently tagged expression vectors to assess the localization-edlcation
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with our library of fluorescently tagged fusion constructs of the Meq isoforms and
splice variants. Our preliminary findings show that NABP2 localizes in the cytgplasm
forming aggregatesyhen expressed in the HD11 chicken macrophage cell line

(Figure 3.11) similar tothe human N4BP®&Murillas et al, 2002) However, when co
expressed with Meq, N4BP2-tacalizes with theMeq isoforns encoded by both low
virulence strains and hig¥irulence strains of MDVs in the nucleus and nucleolus
(Figure 3.13 and 3.13, respectively). These results indicate a role for Meq in mediating
the translocation of N4BP2 in the nucleolus.

We next addressithe question of whether the-tdrminal bZIP domain or €
terminal PRR domain is involved in mediating the subnuclear localization of N4ABP2
by using the fullength Meq and Meq domain mutants lacking theeninal PRR
domain in domain mapping experiments (Figure 3.lgrestingly, the cexpression
of N4ABP2 with the Meq bZIP domain mutaas well as with the Meq splice variants
(Meg/vIL8 and Meqg/vIL® exon 3), lacking the @erminus of Meq, show that N4ABP2
remains localized in the cytoplasm (Figure 3.15). Furthermore, we show that while the
stable expression of NABP2 with either fldhgth Meq or Meq/vIL8 constructsoth
had a prominent effect on cellular proliferation, NABP2 substantially increased the
proliferation properties of the fulength Meq (Figure 36). In all, these findings
implicate the CTD of Meq in the 1lecalization of NABP2 to the nucleus and
nucleolus and that this interaction alters cellular proliferation.

Given the oncogenicity of the CVI988Meqg compared to the nguathogenic
CVI1988-S Meq recombinant virus, we conducted a similar analysis for the-lixen4
(GONA4L) proteinwhich caimmunoprecipitated with the CVI988 Meq isoform in

lymphoma cells infected with this recombinant virus (UD39). In a yeagb#d
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screerfollowed by colP validation GONA4L has been found to interact withp1,

Dnmtl, Thocl, and Cry3a and based on these interactions it is predicted to have a role
in regulating CpG methylation, histone modification, DNA repair/ genomic stability

and RNA binding/processin@saiet al, 2020) thereforeindicatinga potential
mechanisnmior GON4L in lymphoma formation. Using the approaches previously
described, we found that the nucleolar translocation of GON4L is dependent on the
Meq CTD (Figure 3.17 3.20). These experimentarthersupport an essential role for

the Meq CTD in Fcell ymphomagenesmsnd may help elucidate an ungamb

mechanism for which the CVI988 Meq in the context of the RBB genome has
lymphogenic properties similar to that of the BB parent straifFigure 3.4c and

4.3d)

3.4 Discussion

The Meq oncoprotein is essential fotymphoma formation in MD
pathogenesis. Decades of vacethiezzen evolution have resulted in positive selection
for mutations in Meq. These polymorphisms are within a disordered PRR of the CTD
and correlate with MDV virulence evolutigg@hamblinet al, 2004) Although we did
not observe the pathotypic changes or vaccine resistance that we expected, the positive
selection on Meq Isus decisively in opposition that these mutationssaraewhat
stochastic. The functional constraints owing to these sequence changes and how they
regulate Fcell interactome is still an ongoing investigation. Fromiowivo study,
we found that the vw+MDV Meq does not significantly enhance MDV virulence to
overcome vaccinenediated protection, as previously shof@onradieet al, 2020)
These results preclude our understanding of whether the contribution of Meq in

lymphomagenesis is due to the substitutions in the CTD alone or in combination with
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the viral or host genetic background (igpistasis). However, our results indicate that
virulencedependent mechanisms of Meq are far more complex than initially thought.

In terms of herpesvirus host dependences, viral proteins have undergone
modi fication or have O6piratedd host genes
conserved pathways by which to leverage the cell cycle. Subversion of the pathways
regulating Sphase is a complex strategy that herpesviruses have acquired, including
MDV, to preferentially regulate the viral genome and the virus life cycle by inducing
DNA damage or by activating DNA damage response path(agpp Fragnetet al,
2014; Bencheriet al, 2017) Furthermore, lytic infection for herpesviruses such as
herpes simplex type 1, cytomegalovirus, and EpdBain virus results in cell cycle
arrest inthelate G1 phase or at the G1/S interf@elemington, 2001)The
accumulation of infected cells in G1/S cell cycle arrest allows for ecompetitive,
favorable environment for viral DNA replication. Akin to these observations, we
speculate that Meq interacts with DNApairassociated proteins to antagonize their
function,resulting in an accumulation of DNA damage/ mutations. This hypothesis
fits the simple twehit model proposed by H. Chewegal, which suggests that somatic
mutations in cancer driver genes are necessary to assist Meq in CD4+ T cell
transformatior(Steepet al, 2022)

Since the initial characterization of Meq localization dynar(lios et al,
1997) the properties of nucleolar trafficking of cellular proteins and the functional
role in oncogenesis have not been revisited. We present a model whereby the miss
localization and sequestration of DNA repair factors like NABP2 or WRN in the
nucleolus can prevent the invocation of these factors from lowgakt double

stranded DNA breaks in response to DNA dam#&geN has been implicated in the
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replication of other DNA viruse$aving a role in regulating DDR signaling and
suppression of the innate immune respddaeeset al, 2020) The replication of
DNA viruses in the nucleus is recognized by the cell as an aberrant pitatess
activates theellularDNA damage response (DDRlollingworth et al, 2017; Ning
et al, 2023; Justicet al, 2024; Studstilet al, 2023; Justice and Cristea, 202lke
other DNA viruseghat evolved mechanisio targetthe DDRand evade innate
immune responsaturinglytic replicationwhen DNA damage is persisteMeq is
likely under similar functional constraint®sulting in thespecification for binding
DNA repair proteins to perturtr exploitthese pathwaysurthermore, the
endonucleaspropertiesof NABP2(Watanabeet al, 2003)could be leveraged for
efficientintegrationof vv+MDV genomes into the hoshromosome

By targeting DNA repair and recombination mechanisms, vv+Meq has
acquired propertie 1) increase the efficiency of latenegtablishmenby
integratinginto the host genome and 2) promgenomic instability with an
accumulation of mutationgarticularly in tumor suppressor genéegether, these
provideaselectionfor viruses that caavade host antriral responses while also
conferringpassive viral replication of the latevitus by inducinguncontrolledcell
cycleprogression

We show that the CTD of Meq mediates the interaction with DNA repair
factors and chromatin modifierslowever, our experimental approach fails to
distinguish whether the substitutions in the PRR alter the binding affinity at the
interface of thisnteractiondomain The overexpression of RRgged fusion proteins
is a less sensitive methalat isunsuitablefor screening protedprotein interactions

due to physiologically irreverent levels and stoichiometrgaxfhprotein Non-
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specific interactiorbetween owith FP tags caalsoobscure the subtle differences in
binding affinity between the proteins of interebtoreover, thalifferential
represerdtion ofco-precipitaed Meg-binding proteins can be duettee differences in
the endogenous levels of these protaing notnecessarily due totagher affinity
interaction However the expression of these genes and their gene products are likely
present in the MDMnfected proteomeconsideringhe cellular ORFs were amplified
from infected specimen#&ppendix A)in the generation of expression constructs
The CVI988L Meq in the context of the RBB genome is apparently highly
pathogenic to chickens (Figures 8.8.6) and(Conradieet al, 2019) Interestingly, in
a lymphoblastoid cell line (UD39) derived from lymphomas induced by this
recombinant virus, we identified a novel CVI9B8Veq interacting protein GON4L
a conserved transcription factor that is essential for regulating cell proliferation
differentiation and B cell developmel(tu et al, 2010; Colgaret al, 2021; Barret
al., 2017) In mouse B cells, GON4L cooperates in a complex with GON4L
interacting proteins YY1, Sin3A, and HDACL1 to repress target gene expréssieh
al., 2011) Human GONAL directly interacts with nuclear protein atdaglangiectasia
locus (NPAT) and their colocalization in histone locus bodies (HLBS) suggesile
for GON4L-mediated transcriptional repression in the biogenesis of HLBs and
regulation of histone gene expresgidanget al, 2014) Additionally, a recent study
usingmodel organism Phenotype Enrichment Analysis revealecitinathed
phenotypes related to increased embryonic tissue cell apoptosis, embryonic lethality,
increased T cellerived lymphoma incidence, decreased cell proliferation, and
chromosome instability are commamongthe phenotypic alterations observed in

Gon4l/udumutantmiceand the biological functions associated with GON4L
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interacting proteingTsaiet al, 2020) Collectively, the functions of GON4L and
GONd4L-interacting proteins suggespatentialmechanism whereby CVI988 Meq

cooperatesvith GONAL to mediate lymphomagenesis

3.4.1 Future directions

Future experiments using endogenous proteins or more advanced
biochemical/bioimaging assays to investigate binding affinity will help us better
understand whether thereaselection foracquiringnovel binding sitesWe plan to
conduct reciprocal conmunoprecipitation experiments for the Meq isoforms and
candidate Medpinding proteins. In additioriluorescence lifetime microscopy and
FOrster ds r es onkRIMeFRETebmimagmpgusingkP-taggedNe r  (
terminal fusions to the Meq expression constructs will allow us to detect measurable
differences in FRET efficiencie$his information would show th#te Meq coding
sequence is important for directing changes in tleelTinteractomeWhether the
interaction with DNA recombination and repair enzymesdifierentially regulate
theintegrationof vv+MDV genomesnto host chromosomesould potentially require
in situ hybridizationbased methods to quantify integrated viral genofdesfer,
2013) In any regard, our results could also indicate a common pathway targeted by

panvirulence MDV pathotypesia a conserved binding domamthe CTD of Meq
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Figure3.2: Genomic mapping of SWI/SNF subunits to thé&allus gallus
reference genomeSMARCC1 and SMARCA4 transcripts, cloned from
cDNA of MDV-infected chicken specimens, were mapped against the
primary assembly (bGalGall.patwhiteleghornlayer. GRCgi{ay)The
SMARCC1 coding sequence maps to the predicted exonic spanning
regions in the genome at chromosome 2, positions 82@83330.(B)
The SMARCA4 coding sequence maps to the predicted exonic spanning
regions in the genome at chromosome Z, positions 1810577
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Figure3.4: Pathogenesis in unvaccinated chickensfected with recombinant
MDVs. Shown are the contributions of Meq isoforms to Viral genome
copynumberin (A) spleen cells an(B) PBMCs (C) MD-related
mortality, and(D) incidence in unvaccinated SPF chickens infected with
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Figure3.5: Pathogenesis irHVT -vaccinated chickens infected with recombinant
MDVs. Shown are the contributions of Meq isoformgA) MDV -1
viral genome copy number in spleen cglB) HVT genome copy
number in spleens cell&) MDV -1 viral genome copy number in
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Figure3.6: Pathogenesis irHVT/SB-1 vaccinated chickens infected with
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(A) MDV -1 viral genome copy number in spleen celB) SB-1 genome
copy number in spleens cell§) MDV -1 viral genome copy number in
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Figure3.7: MD survival rates in chickens infected with recombinant MDVs.
KaplanMeier survival curves represent the Mipecific mortality rate of
infected chickensvith (A) Mock, (B) RB-1B, (C) JM102,(D) CVI988&-
S,(E) CVI988-L, (F) 617A,(G) TRPLD, and(H) N strain recombinant
viruses. *p<0.05Mantle-Cox logrank test.
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Figure3.8: The substitutions in Meq mediate differential interactomes to
maintain viral latency in MDV -transformed T-lymphocytes. (A)
Euler diagram representing the overlap of Meq interactomes identified by
IP-MS (chromatin remodelers and DNA repair enzymes are sh¢Bn).
Semantic similarity matrix and clustering of significantly enriched GO
terms in biological process€€) Relative enrichment of GO terms
involved in chromatin remodeling and DNA recombination of Meq
interacting proteins; labels on bars indicate padjust value (white) and
zScore (black)(D) The significant GO terms enriched for CU12, MSB1,
UD35, and UA53 MD cell lines (MD cell line in white fon{g)
Semantic similarity matrix and clustering of molecular function class
enrichment.
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Figure3.9: Enrichment statistics for biological processes category of Meq
interacting proteins. Volcano plots comparing Memteractomes irfA)
vMDV, (B) vwMDV, and(C) vwv+MDYV induced lymphoblastoid cell
lines.(D) Volcano plot comparing term enrichment of Meq binding
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Figure3.10: Functional GO enrichment analysis for anttMeq interactomes of
lymphoblastoid cell lines derived from v, vv, and vw+MDVinduced
lymphomas. The clustering heatmap plots repregé annotations of
Meq cellular interactors by categof) biological processe$B)
molecular functions, an(C) cellular components. Shown on plots are
the GO terms from functional enrichment analysis with a heatmap
indicatingi log10(pvalue) for enriched GO terms, a dendrogram
grouping enriched GO terms by semantic similarity distance based on
Wango6s method and Wardds clustering
(IC). GO terms were annotated using Gallus gallusdatabase.
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bright field DAPI N4BP2 merge

Figure3.11: Cytoplasmic localization of NABP2HD11 cells were transfected with
the chicken NABP-EYFP fusion expression construct and were counter
stained with DAPI to visualize the nuclei. The-EBeled N4BP2 is
excluded from the nucleus and is distributed throughoutyttaplasm,
forming cytoplasmic aggregates. Total magnification = X300. Scale bars
represmnt 10 ¢
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DAPI Meq isoform N4BP2 merge

CVI(S)Meq  JM102Meq  pEYFP-N1

CVI(L) Meq

Figure3.12: Co-localization of low virulence Meq isoforms (with NTD mutations)
with N4BP2 in the nucleus and nucleoludn HD11 cells cetransfected
with the chicken NABPECFP fusion expression construct and the
PEYFPRN1 vector, the Fabeled N4BP2 localizes in the cytoplasm.
However, when c@xpressed with the Me§YFP fusion constructs,
N4BP2 celocalizes withmeqgisoforms encoded by low virulence MDVs
in the nucleoplasm and nucleolus. Cells were cotsteened with DAPI
to visualize the nuclei. Total magnification = X300. Scale bars represent
10m.e



DAPI Meq isoform N4BP2 merge

MK/N Meq Trpl ppMeq RB-1B Meq

Nigerian Meq

Figure3.13: Co-localization of high virulence Meq isoforms with N4ABP2 in the
nucleus and nucleolusin HD11 cells cetransfected with the chicken
N4BP2ECFP fusion expression construct and the pEXHEPRvector, the
FP-labeled N4ABP2 localizes in the cytoplasm. However, when co
expressed with the MeYFP fusion constructs, NABP2-tacalizes
with meqgisoforms encoded by high virulence MDVs in the nucleoplasm
and nucleolus. Cells were coungtained with DAPI to visualize the
nuclei. Tot al magni ficatimn = X300.
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Figure3.14: Schematic representation of the fullength Meq, Meq splicevariants,
and Meq bZIP-NTD domain mutants used for mapping essential
binding domains. The diagrams (above) shdite domain organization
of the different Meq proteinsP¢o/GIn proline/glutaminerich region,
BR: basic region, ZIPleucine zipper mot)f
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Figure3.15: The Meg-CTD mediatesthe re-localization of NABP2 to nuclear and
subnuclear compartments HD11 cells were cdaransfected with the
chicken NABPZECFP and EYFRagged fulllength Meq, splice variants
or bZIP domain mutants. The fd#ngth Meq relocalized N4BP2 from
the cytoplasm to the nucleus and nucleolus. However, whermessed
with the Meqg/vIL8 splice variants and bZIP domain mutant constructs,
lacking the PRRCTD of Meq, N4BP2 remained localized in the
cytoplasm. Cells were countstained with DAPI to visualize the nuclei.
Tot al magni fication = MmM300. Scale ba
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Figure3.16: Cellular proliferation assay of NABP2 expression cell line€CFSE
based growth curve analysis of HTC macrophage cell lines stably
transfected with expression vectors encodingd A)ggBKCMV vector,
(B) RB-1B Meq and(C) Meqg/vIL8 expression constructs with eithibe
empty vector controlith endogenous levels of NABP@atted ling or
stably ceexpressing NABPZX(0lid ling). Cell lines were labeled with
carboxyfluorescein succinimidyl ester (CFSE), plated in triplicate, then
harvesedat 24 hr timepoints for analysis by flow cytometry. *P < 0.05,
**P < 0.01, **P < 0.001; Students-Test. Error bars indicate SEM.
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bright field DAPI GON4L merge

Figure3.17: Characterization of GONA4L localization. HD11 cells were transfected
with the chicken GONAEYFP fusion expression construct and were
counterstained with DAPI to visualize the nuclei. The-EBeled
GONA4L is distributed throughout the cell, localizing to the cytoplasm and
nucleoplasm, but is excluded from the nucleolus. Total magnification =
X300. Scale bmamars represent 10 ¢
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Figure3.18: Co-localization of low virulence Meq isoforms with GONA4L in the
nucleus and nucleolusin HD11 cells cetransfected with the chicken
GONA4L-ECFP fusion expression construct and the pEXHER/ector,
the FRIabeled GONA4L localizes in the cytoplasm and nucleoplasm.
However, when c@xpressed with the Me§YFP fusion constructs,
GONA4L caolocalizes in the nucleoplasm and nucleolus wuitq
isoforms encoded by low virulence MDVs. Cells were coustained
with DAPI to visualize the nuclei. Total magnification = X300. Scale
bars repmesent 10 ¢
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Figure3.19: Co-localization of high virulence Meq isoforms with GONA4L in the
nucleus and nucleolusin HD11 cells cetransfected with the chicken
GONA4L-ECFP fusion expression construct and the pEXHER/ector,
the FRIabeled GONA4L localizes in the cytoplasm and nucleoplasm.
However, when c@xpressed with the Me§YFP fusion constructs,
GONA4L caolocalizes in the nucleoplasm and nucleolus wuitq
isoforms encoded by high virulence MDVs. Cells were cotsti@ned
with DAPI to visualize the nuclei. Total magnification = X300. Scale
bars repmesent 10 ¢
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Figure3.20: The Meg-CTD mediatesthe re-localization of GONA4L to nuclear and
subnuclear compartments HD11 cells were cdaransfected with the
chicken GON4LECFP and EYFRagged fulllength Meq, splice
variants or bZIP domain mutants. The fudéngth Meq rdocalized
cytoplasmic and nuclear expressed GONA4L into the nucleolus. However,
when ceexpressed with the Meq/vIL8 splice variants and bZIP domain
mutant constructs, lacking the PRIRD of Meq, GONA4L remained
localized in the cytoplasm and nucleoplasm. Cells were costaired
with DAPI to visualize the nuclei. Total magnification = X300. Scale
bars repmesent 10 ¢
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Chapter 4

THE MAREKOGS DI SEASE VI RUS (MDV) MEQ ONC
VV+MDVS SPECIFICALLY BINDS THE CHROMATIN REMODELER BRG1
AND INCREASES MEQ TRANSCRIPTIONAL ACTIVATION

4.1 Introduction
Marekdos Disease (MD) is a lymphoprol i f e
progresses rapidly in domestic chick@a(lus gallug to cause Tcell lymphomas
While MD was clinically described as a mild neuropathology more than 100 years
agat he Mar ekods di sease ecirculatingfor §t ReBN\L)00 agent ha
years(Fiddamaret al, 2023) Still, concern for MD incidence and its prevention
became essentiahly in the last 60 years due to the seveaitd prevalencef
contemporary field strains. The industrialization of poultry production etkhe
major change in the diseaseursein terms of incidence, lesion severignd
mortality, while continuous vaccinatidmas apparently contributed vgulence
evolution. Despite a spectrum of disease severity, the main neoplastic symptoms in
MD are the onset of neurological syndromes, lymphoid atrophy resulting in immune
suppression, skin leukosend development of-Eell lymphoma in visceral organs
that culminate in >90% fatality within several weeks of infection in unvaccinated,
susceptible chicken®ayne and Venugopal, 2020)
Concomitant with the evolution of vacchnesistant field strains requiring
modifications to vaccine use, distinctive mutations were apparently selected in these

breakthrough strains. The Meq oncogene is among the MDV ORFs teadJtdved



under positive selectiofiPadhi and Parcells, 2018}he oncogenic properties of Meq,
an MDV-encoded basic leucine zipper (bZIP) transcription factor, have been
associated with its ability to dimerize withJan, inducing ¥Jun responsive genes
(Levy et al, 2005)

The Meq Gterminus contains a proliméch repeat region (PRRWhich
constitutes a highly disorderedt€minal domain (CTD). These PRRs directly affect
the transcriptional function of the CTD and mediate tr@msession in and of
themselves, as well as modulate the transactivation of-teen@nal 33 amino acid
transactivation domai(Qianet al, 1995) The PRRs are composed of 21 amino acids
flanked by proline tetrads that are analogous to SH3 or WW domain consensus
binding motifs(Kurochkina and Guha, 2013)he absolute number of PRRs varies
according tahestrain of MDV encoding them, with mil@n) and virulent(v) strains
having seven (with Meq ORFs of 398/399 aa), while very virulent (vv) and very
virulent plus (vv+) having five (339 aa).

Distinct mutations within the PRR are characteristic of these MDV pathotypes.
Contrary to ancestral strains, fewer proline tetrads constitute the CTD of contemporary
strains by partial PRR truncation and proline to glutamine or alanine substitutions in
the tetraproline motifs at position two (P[Q/A]PREhamblinet al, 2004) The
prevailing dogma is that selection for consecutive reduction of proline tetrads affects
virulence and suggests a direct role in the evolution of MDV virulence.

Functionally, polymorphisms in the PRIR addition to those in the bZIP
domain serve to alter the transactivation properties of KMqgrataet al, 2011; Sato
et al, 2022; Murateet al, 2013; Ajithdosst al, 2009; Fiddamaet al, 2023; Motai

et al, 2024) despitehaving identicalC-terminal transactivation domanMoreover,
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in recombinant MDVs expressing different Meq isoforms in the context of th2BRB
(a vwMDV) strain, polymorphisms in the Meq coding sequence directly affected
pathogenesis and vaccine resistafanradieet al, 2020) The mechanistic basis for
how these mutationsontributeto the pathotypic changes or oncogenic potential of
Meq is the focus of this research. The data we present here details that mutations in the
coding sequence of Meq were apparently selected to modulate the specificity or
affinity of proteinprotein interactions with partneirsvolved in chromatin
remodeling

Here, we report that the central ATPase subunit of the multimeric SWI/SNF
chromatin remodeling complex, BRGipecifically binds to the Meq CTD of
vv+MDVs and that this interaction confers increased transcriptional activity only in

that context.

4.2 Methods and Materials

4.2.1 Plasmid construction

To generate the constructs expressing chickeriaifyed BRG1 (SMARCA4),
the SMARCA4 CDS was amplified by PCR as two partial fragments, with 50 bp of
homol ogy at the 306 ends of each fragment,
infected chicken specimens (Mdtifected CEFs) using Platinum SuperFi Il DNA
polymerase (Invitrogen, Thermo Fisher Scientific, Waltham, MA) under the
conditions recommended by the manufacture. Primer pairs (forward/reverse) are as
f ol |l 0-BSTAGQ ATG TAC CCA TAC GAT GTT CCA GAT TAC GCT
ATGT CGA CCC CGG ACC CCC-B 0 I-CGB ACT CGT AGG CCC AGT TGG
AGAGAGTTIGA& 6) aGCA GAG@AT CGC GCT CAT CAC GTACCT
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CA-3 6 FGABTI'C TCA AAGCTT GTC CTC CTC CGT GCC GCT GCC GGA
GCGCTG36). Primers used for mutagenesis wer
5 0a n d-en8s®f SMARCA4, to which unique restriction sites (underlined) were
included upstream of the start coddihé) and flanking the stop codon

(Hindlll/ EcaRl). The forward primer appends the HA sequence to tterMNinus

while the reverse allows for the discretionary generation-fr@inal fusion

constructs of BRG1. The fulength SMARCA4 CDS was assembled by overlapping
PCR using the outermost primers (boldface), followed by cloning the entire coding
region into pCR2.1 TOPO vector (Invitrogen). Expression vectors fotagged
SMARCA4 were constructed by restriction digestion and ligation into-QBK/

vector (Stratagene) vidhel andEcaR | sites or into the pECFR1 (CLONTECH)
vector viaNhel andHindlll sites to generate an-irminal fusion to ECFP. The
construction of all SMARCA4 plasmidsasvalidated by DNA sequencing. The-T7
tagged Meq expression plasmids (from MDV strains JM102, 617A1RBIRPLD,

and N Meq isoforms) were previously generated by subcloning inte@BEK vector
for the fulFlength Meq CDSKumaret al, 2012)and pEYFPNL1 vector for Meq
deletion mutants (RBB Meq, Meqg/vIL8, Meqg/vIL®exon3, Meq bZIP, and

Meqg/vIL8 bZIP)(Anobile et al, 2006)

All constructs from this study used for stable expression cell line generation
were cloned into the modified pBEMV vector containing a selection cassette that is
comprised of the puromycin resistance gene directly downstream of the multiple
cloning region and separated by the-ZA selfcleavage peptide for the bicistronic

production of expression cassettes under the control of the CMV promoter. All
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primers used for amplification of celluldteq binding partners are listedAppendix
A.

For luciferase assays, fusion expression constructs were generated by cloning
the Meq Cterminal transactivation domain, corresponding to amino acid$8321
(RB-1B and N Meq) or 12B98 (JM102 Meq), in frame with the GAL4 DNA binding
domain (GAL4DBD) into pSG424 vectaikind gift of M. Ptashne)For generating
the experimental reporter plasmid for luciferase assays, the Red Firefly luciferase
cassette was digested from pM®&8d Firefly luciferase (Pierce) and inserted
downstream of the E1B minimal promoter containing 5X Gal4 upstream activation
sequence. The TK promotdriven Renilla luciferase reporter (p¥&reen Renilla,

Pierce) was used as an internal control.

4.2.2 Celllines and cell culture conditions
CU91 (REV), CU2, MSEL, UD35, UD36, UD39, UD32, UA53, and UD31
MD | ymphobl astoid cell l i nes were maintair
medium (IMDMEM) supplemented with 20% fetal bovine serum (FBS; R&D
Systems, Inc, Minneapolis, MN), 1X insuliransferrinselenium, 1X nonessential
amino acids, 2M b-mercaptoethanol, 4 mM-glutamine, 0.51g/mL antimycotic
(amphotericin B, Corning, Corning, NY), and 1X Penicillin, Streptomycin, Neomycin
(PSN) antibiotics at 41°Chicken body temperaturajith 5% CQ in a humidity
controlled incubator. For transfection and fluorescent protein visualization
experiments, the chicken macrophage cell line HD11 was cultured in high glucose
Dul beccods modified Eaglebs medium ( DMEM)

Systems), 0.5g/mL amphotericin B, and 1X PSN (except where stated, reagents
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were manufactured by Gibco, Thermo Fisher Scientific, Waltham, MA) at 37°C with

5% CQ.

4.2.3 Transfections

HD11 cells were seeded into-#&ll plates at a density of 2 x 1€ells/well
for colocalization experiments or 9%ell black tissue culture assay plates at a density
of 1 x 1¢# cells/well for dualluciferase reporter assays and transiently transfected once
cells reached 635% confluency using i Lipofectamine 2000 Transfection Reagent

(Invitrogen). The DNAliposome complexes were prepared in serand antibiotie

free DMEM accordingtthema nuf act urer 6s suggestions.

hrs posttransfection at 37°C prior to the addition of fresh DMEM complete growth

media and allowed to grow for 24 hrs.

4.2.4 Antibodies

Meq antisera wsgenerously provided by Dr. Hans Cheng (USBBOL)
and waspre-adsorbed sequentially against ethaiindd CU91, CEF, HD1land HTC
cell lines. Commercial antibodies against BRG1 were purchasedl(By): s¢
17796, Santa Cruiotecmology, Inc). Secondary antibodies include goat aatbit
AF488 goat antimouse AF555 (Molecular Probes, Thermo Fisher Scientific,
Waltham, MA) and mouse IgG Fc binding protein-(gG Fc BP) conjugated to
Horseradish Peroxidase (HRP)-(gG Fc BRHRP: se525409, Santa Cruz

Biotechnology, Inc.)

4.2.5 Fluorescence Microscopy
All fl uorescence microscopy and imaging of overexpression constructs were

performed using HD11 cells transiently transfected with the indicated plasmids.
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Unless stated otherwise, cells were seeded iriwelPculture plates at a density of
2x1® cells/well and ceransfected with equal amounts of each expression plasmid.
For domain mapping localization experiments, Meq splice variants and domain
mutants were expressed as ateNninal fusion to EYFP. Plasmids for pEYHR
empty vector, Meq, Meq/vIL8, Meqg/vilBexon 3, Meq bZIP, Meg/vIL8 bZIP were
co-transfected along with HBRG1-ECFP. For colocalization experiments of the
HA-BRGI-ECFP and T"™Meq-EYFP fusion proteins, cells were-tansfected with

the HABRGI1-ECFP and pEYFRN1 empty vector or with the indicated Meq isoform
of the fulklength TZMeq-EYFP constructs. Unless stated otherwise, all cells
expressing the fluorescence fusion proteins were prepared for direct visualization as
follows. Transfected cells were grown for 24 hrs gomtsfection prior to fixation in
1% paraformaldehyde. Fixed cells were washed three times with 1XtIRBS
counterstained with 1X PBS, pH 7.4, 10% glyceanid 6 nM DAPI prior to imaging.
Image acquisition was performed with a Nikon Eclipse TE2000verted
epifluorescent microscope with a Plan Fluor 20X objective, Nikon Digital Sight DS

QiMc cameraand Nikon NIS Elements imaging software (v5.02).

4.2.6 Fluorescence recovery after photobleaching (FRAP)

Bioimaging of recombinant ECFP and EYFP fusion proteiasaenducted
using HD11 cells which were prepared by plating 2x&lls on 4well chambered
coverglass slides (lalex) and transiently transfected with FBRG1-ECFP alone or
co-transfected with TICV1988(L) MeqEYFP, TZRB-1B MegEYFP, or TZN Megt
EYFP plasmids. Twentjour hours postransfection, live cells were examined under
a Zeiss LSM 880 microscope outfitted with a growth chamber to maintain cells at

37 C and 5% C@during FRAP acquisition at the University of Delaware Bioimaging
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core facility. A region of ~18m? was photobleached with54.4 nmargon laserand

recovery after photobleaching was monitowath continuous imagingpr 30 s.

4.2.7 Immunofluorescence Analysis

For the exogenous overexpression of-BRG1 and TMeq isoforms, cells
were coetransfected with expression plasmids for pBIR-BRG1 along with the
pBK-CMV empty vector or the following Meq isoformsBK-T7-JM102 Meq, pBK
T7-617A Meq, pBKT7-RB-1B Meq, pBKkT7-TRLPD Meq, and pBKT7-N Meq.
Cells were allowed to grow for 24 hrs to fill in prior to fixation in 1%
paraformaldehyde. Fixed cells were washed three times in 1X PBS, then blocked in
1X PBS, pH 7.4, 3% goat serum, 1% BSA, 0.1% bafth 0.1% saponin to
permeabilize the membrane for 2 hrs at room temperature with gentle rocking. Cells
were stained with primary antibodies diluted in blocking buffer for 1 hr at room
temperature (1:100 rabbit amieq polyclonal serum and 1:100 mouse -4hAi tag).
Cells were washed three times with 1X PBS, pH 7.4, 1% BSA).1% NaN prior
to staining with secondary antibodies (1:200 Goataftbit conjugated with Alexa
555 and Goat antnouse Alexa 488 for 1 hr at room temperature. Following antibody
staining, cells were counterstained with 1X PBS, pH 7.4, 10% glycerol, and 6 nM
DAPI.

For preparing specimens fior situ colocalization experiments, 1x4.6ells
were seeded on 2&ell chamber coverglass plates following coating with 0.5mg/mL
hyaluronic acid, 5ug/mL fibronectin, and 5ug/mL type | chicken collagen, then
incubated at 41°C overnight. Plates were washed 2X with PBS to remove non
adherent cellsand the remaining cells were fixed in 4% paraformaldehyde for 30

mins at RT. After fixation, cells were permeabilized with permeabilization buffer (1X
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PBS, pH 7.4, 0.1% Triton -2 00) for 10 mins. Cells were blocked in antibody diluent
(IX PBS, 3% goat serum, 1% BSA, 0.1% NaN3) for &t RT, followed by staining
with rabbit polyclonal Meq antisera (1:100) and mouseBrgil antibodies (1:200).
After washing cellghreetimes with PBS, cells were stained with goat-aalibit

Alexa 488 and goat antnouse Alexa 555 conjugated secondary antibodies (1:200),
then counterstained with DAPI to visualize the nuclei prior to imaging with an Andor

BC43 Benchtop confocal microscope with a Nik@xX@il objective.

4.2.8 Immunoblotting

To prepare nuclear extracMDV -associated lymphoblast cell linegre
wasledtwice with icecold 1X PBS thenincubated in hypotonic buffer (50 mM Tris
HCI, pH 7.5, 1 mM EDTA, 1 mM MgGlsupplemented with.5mM DTT, protease
andphosphatase inhibitors:ry/mL bovine aprotinins, 100M leupeptin, 10riv
pepstatin A, 1 mM PMSF, 10 mM sodium fluoride, and 2 mM sodium orthovanadate)
for 5 mins to swell cells prior to being lysed by addition of an equal volume of
hypotonic lysis buffer (50 mM TrsICl, pH 7.5, ImM EDTA, 1mM MgCl2,0.2%
NP-40 supplemented with protease and phosphatase inhibifdtey an additional 5
mins on ice, nuclei were pelleted at 1000g for 5 maing C, and the cytoplasmic
fraction was transferred to clean label tubes. The nuclei were resuspended in nuclear
extraction buffer0 mM TrisHCI, pH 7.5, 150 mM NaCl, inM EDTA, 1 mM
MgCl2, 1% NR40 supplemented with protease and phosphatase inhibitors). After 10
mins incubation on ice, 2L of micrococcahuclease was added and incubated on ice
for an additional 50 minwith occasional vertexingrhe nuclear extracts were
centrifuged at 21,0009 for 10 mins at4to pellet insoluble debris. The protein

concentration of the soluble nuclear fraction was determined by BCA.



For immunoblottinganalysis 20ng of nuclear extracwereboiled in 4X LDS
sample buffer for 5 minghenresolved on Bislris 4-12% SurePAGE gels MOPS
running buffer(GenScript) and proteins were immobilized on nitrocellulose
membranes by sendiry transferusing aTris-CAPS discontinuous buffer system
Membranes were blocked in 3% BSA in TBST and immunoblotted witkBd® 1
(1:500 diluted in 1X TBST, s&7796, Santa Cruz Biotech.) for four hours at RT or
overnight at 4C. The membranes weirecubated irthe mlgG Fc BRHRP secondary
antibody(1:500 in 1X TBST s¢525416, Santa Cruz Biotech.), overnight at 4
Blots were imaged using SuperSignal West Dura Extended Duration substrate (Peirce)

and FluorChem Q system (ProteinSimple)

4.2.9 Stable cell line generation

Cells for stable expression of HBRG1 and T/Meq isoforms were
established by transfection of HFcells with pPBKCMMT7-Meg-TA2A-Puro
(JM102, RB1B, TRPLD, N Meq, and Meg/vIL8) alone or doansfected with equal
molar amounts of the pBKIA-BRG1-TA2A-Puro plasmid. As the control, the
pBKCMV-TA2A-Puro vector was used to generate stable cell lines expressing the
emptyvector.At 24 hrs postransfection, cells were placeding/ml puromycin and
themedium was changed every few days to remove dead cells s&ftendays of
selection, cells were scaled up to check for protein expressiomanthined at 0.5

ng/ml puromycin

4.2.10 Cell proliferation assay
Stable expression DE cell lines for cell proliferation assays were prepared as

described previously. Briefly, cells were labeled with carboxyfluorescein succinimidyl
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ester (CFSE) at 18M per 10to 1@ cells in wash buffer (1X PBS, pH 7.4, 1% BSA,
0.1% NaN) for 30 minutes before quenching and washing to remove unincorporated
CFSE with DMEM+10% FBS. A sufficient number of cells were resuspeimd
DMEM-10% FBS and an initial 2 x 19cells were sampled for the 0 hr timepoint

prior to plating. The remaining cells were cultured onE dishes at 5 x Hcells

per well and grown to 48 hrs. After fixation in 4% paraformaldehyde, cells were
washed with wash buffemdthen stored in wash buffer at @ until flow cytometric
analysis. Data were collected on 10,000 caltglthe cellular division of CFSE

labeled cells was assessed by measuring fluorescence on a FACSCalibur flow
cytometer (BectoiDickinson, CA, USA).The gowth rate is expressed as the
logarithmicmeanfluorescence intensity at the 48 hr time point normalized to the O hr
time point(X mean fluorescence intensity at T = Ohr/ X mean fluorescence intensity at
T =24 hr), and results were represented as fold change relative to the vector only

control.

4.2.11 Transactivation assay

HD11s were cdransfected with pBKCMV empty vector or BRG1 (50 ng)
along with the dual reporter Red Firefly luciferase/Green Renilla luciferase plasmids
(50 ng/10 ng) and the GAEBBD alone (pSG424 empty vector, Stratagene) or as an
N-terminal fusion to the Meq CTD of the JIM102, RB, and N strain Meq isoforms
(100 ng). The total amount of transfected plasmid DNA (300 ng) was kept constant
using the pUC19 vector. Luciferase reporter activity was measured using the-Renilla
Firefly Luciferase Dual Assay kit (Pierce) according to the following modifications.
At twenty-four hours postransfectionthe medium was aspirated, and monolayers

were washed with iceold 1X PBS prior to lysis in 261 of 1X cell Lysis Buffer for



15 minutes at room temperature with rocking. The Luciferase Dual assay was
conducted in a SpectraMax i3x plate reader (Molecular Devices), programmed to

inject 25m of Working Solution A containing 1X B.uciferin and to detect

luminescence to 650 nm, then samples were read again with the monochromator tuned
to 535 +/ 15 BP immediately following the manual dispensing ofiR5f Working

Solution B containing 2X Coelenterazine. Relative light units for Firefly luciferase

were normalized to Renilla lucifergsnd fold activation is relative to the pGdaMBD

empty vector. Luciferase assays were performed in tripieatie each experiment

repeated three times.

4.2.12 Intrinsically disordered region prediction
Disorder scores for Meq protein sequences were predicted by MobiDiBeand

Predictor of Natural Disordered Regions (PONDR) algorifNmcciet al, 2021)

4.2.13 Bioinformatic analysis

Gene ontology enrichment analysis and visualization of the CD30
overexpressing MD lymphoma proteomic data set was performed in R (v4.4.0) with
the Bioconductor package clusterProfiler (v4.12W) et al, 2021)using the gseGo
function. GO term annotation and default backgrouederetrieved from thé&allus
gallusdatabase. GO terms were considestadisticallysignificant using a false

discovery rate (FDR) adjusteavaluecutoff of <0.05.

4.2.14 Image analysis
Confocal images were acquired and processed for deconvolution with the
Andor Fusion software. Peatquisition processing was performed with Imaris

(v10.1.1)software(Oxford Instruments)A surface mask for the DAPI channel was
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used to define regions of intereshd the mean channel fluorescence intensity of
fluorophorelabeled proteins msmeasured in the masked region of interest.

Fluorescence intensities are represented as mean fluorescence intensity per nucleoli.
Pearsonds coeffi ci entasdetermihed esingebllackc al i zat i c
edition (v16.0.0.0pnalysis softwaréCarl Zeiss Microscopy)ror FRAP analysis,

images were analyzed wittedblack edition (v16.0.0.0)

4.2.15 Quantification and statistical analysis
For multiple comparisons cell proliferation assay, luciferase assayd
Pearsonoés,oneway eAMOVANnwi th Turkeyodp- test wa

values. Differences were considesgdtisticallysignificant with a p <0.05.

4.3 Results

4.3.1 Gene Ontology of SWI/SNF complex

We have previously shown that hightulence MDV Meq isoforms have
evolved to interact with DNA repair mechanisms and chromatin remodeling
complexes. These findings prompted our investigation of key chromatin remodeling
and ceactivators with known disease associatjoranely, SWI/SNF complexes. Of
these complexes, the BRG1 (SMARCAA4) subunit was overrepresented in the
proteome of CD3d MDV -transformed Treg-like lymphoma cell§{Buza and
Burgess, 2007; Shaeh al, 2008) In addition, numerous other BR@s®ciated
factors (BAF) of thdBrahma complexXcanonical BAFor cBAF, SWI/SNFa) and
RSGtype (PBAFE SWI/SNFb) chromatin remodeling complexes were significantly
upregulated (Figure 4.1). In followp to these findingsye sought to identify
candidate Medinding partners of BRGtontaining SWI/SNF complexgksathave
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known roles in Th1/Th2 differentiation of CD4+ T cells and regulatory T cell

activation(De et al, 2011; Chaiyacha#t al, 2013)

4.3.2 Localization and characterization

To characterize the localization properties of the chicken BRG1 and BRG1
asciated factor 155 (BAF155), we expressed BRG1 or BAF155 astamihal
fusion to EYFP in HD11 cells and performed localization analysis. Like the
mammalian homologs, the localization of the chicken SWI/SNF compoisaais®
restricted to the nucleoplasm and excluded from subnuclear domains (Figure 4.2a and

4.2D).

4.3.3 Colocalization with Meq and domain mapping
Given the cytoplasmic to nuclear and subnuclear translocation properties of
Meq (Anobile et al, 2006; Liuet al, 1997) we investigated novel Megost
interactions by colocalization analysis. In the following experimevesevaluated the
colocalization dynamics of the ECR&yged SWI/SNF subunits in the presence of
EYFP-tagged Meq. To identify candidate Meq binding partners of the SWI/SNF
complex we initially evaluated the colocalization thfe BAF155 subunit with Meq.
Although BAF155 and Meq were colocalized in the nucleoplasm, there was no
indication of BAF155 colocalization with Meq in the nucleolus (Figure 4.3).
SWI/SNF chromatin remodelers are large multimeric complexes, and the
composition of subunits specifies binding and functional properties as a transcriptional
co-factor. Therefore, we then examined the association of the vwMD\XLIRBleq
with BRG1, the core catalytic subunit common to the conical BAF and PBAF

complexes. In stark contrast to BRG1 alone, thelBBVieq caused the relocalization

142



of BRG1 to the nucleolus. We next sought to determine theteting domain
mediating the translocation of BR&&bsociated complexes. In this experimers

used the EYFPtagged RB1B Meq, Meq splice variants (Meg/vIL8 and Meq/vIL8
exon 3) and Meq domain mutants (Meq bZIP, Meq/vIL8 bZIP) expression constructs
(Figure 4.4) to conduct a domain mapping colocalization analysis.

Interestingly, the presence of Meq splice variants and Meq domain mutants, all
lacking the CTD, resulted in no such nucleolar localization of BRG1 (Figure 4.5).
These colocalization studies provide evidence that impfithéeGterminal 219 aa in
targeting BRG1 to subnuclear domains and that the Meq bZIP domain alone or with

exons 2 and 3 of vIL8 are not required for this function.

4.3.4 Colocalization of BRG1 with Meq isoforms

We further examined whether the v, and vw+MDV Meq isoforms (Figure
4.6), containing unique CTDs, have altered binding affinity to BRGL1. In reciprocally
tagged colocalization assays, we evaluated the putative association of &YFP
ECFRtagged BRG1 and Meq isoforms in the nucleus and nucleolus of HD11 cells.
The Meq isoforms indiscriminately caused the relocalization of BRGL1 to the nucleolus
(Figure 4.7). However, BRG1 was significantly-lozalized with the vw+MDV N
Meq in the nucleolus compared to the vMDV and vwwMDV Meq (Figure 4.8). Thus, the
CTD of Meq cooperates in the nucleotacruitment of BRG1 and suggssitat the G
terminal substitutions alter the binding affinity for BRGL1.

The Gterminally EYFRtagged Meq fusion proteins can contribute to-non
specific interactions with BRGECFR, thus we reasoned that the fluorescent protein
tags are possibly obscuring our interpretation of BR@dcific binding sites within

the unique CTDs by overcoming the subtle differences in binding affinities among

14¢



Meq isoforms. To map the residues in the CTD responsible for BRGL1 localization in
the absence of the fluorescent protein tags, we conducted colocalization experiments
by expressing the HBRG1 and T/Meq constructs. Nuclear and subnuclear
colocalization was examined by immunofluorescence analysis eBRA&1 with T#

Meq isoforms encoded by the vMDV (JM102), vwMDV (RB), and vw+MDV (N)
strains. Interestingly, the N strain Meq specifically colocalized with BRG1 in the
nucleoplasm and nucleolus (Figure 4.9).

BRG1 is a known tumor suppressbatcooperagswith the Retinoblastoma
protein (Rb) to regulate the cell cy¢gtrobecket al, 2000) To determine whether
specific residues in the Meq CTD can mediate BRG1 localization independent of Rb
binding, we employed the 617A Meq and the
4.6). The former encodes a P217A substitution in a proline tetrad that is proximal to
the transactivation domain. The latter differs from-RBMeq at positions
corresponding to the first two proline tetrads, P153Q and P176A, in addition to a
P217A substitution, which are the three CTD residues conserved by vw+MDVs.

Furthermore, the TRHLMeq contains an intact Rininding pocket (LXCXE)
while the 617A Meq, like N Meq, has a C119R substitution disrupting Rb binding.
The 617A Meq and BRG1 were differentially localized in the nucleolus, suggesting
that the C119R substitution in the Rb binding pogkeaddition to the P217A
substitutionsare dispensable for BRG1 nucleolar translocation (Figure 4.9).
Remar kabl vy, BRG1 and the TRPL®p Meq mutant,
introduced in three of the five proline tetrads of the HBMeq isoform, exhibited
colocalization properties consistent with vv+MDV Meq isoform in the nucleolus

(Figure 4.9). Together, these domain and mutagenesis data indicate that residues at
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positions 153, 176, and to a lesser degree 217 in the Meq CTD mediate BRG1
interactions, independently of the Rb binding pocket or bZIP domain, causing its

localization to the nucleolus.

4.3.5 Cellular proliferation assay

To address the question of whetherititeraction between vw+MDV Meq and
BRG1 inducs cellular proliferation, we performed CFStased growth curve analysis
on DF1 cells stably expressing the IM102 Meg; EBMeq, TRPID Meq, N Meq,
and Meg/vIL8 in the presences of endogenous BRG1 or stably expressiBiRBA.
As expected, the N Meq induced the highest level of cellular proliferdtibmwed by
the TRPID Meq, which induced comparable levels (Figure 4.10a). Although the
exogenous expression of BRG1 induced a modest reduction in cellular proliferation in
all cell lines, the N Meq promoted significantly higher levels of proliferation
compared to the TRELMeq, RB-1B Meq, and Meqg/vIL8 (Figure 4.10B)hus, the
C-terminal substitutions in the proline tetrads of the vw+MDV Meqg may confer
increased avidity for BRG1 binding that outcompetesBR1-mediated growth

arrest.

4.3.6 Transactivation assay

To investigate the functional relationship between BRG1 and the CTD of Meq,
we assayed the transactivation potential of Meq CTDs encoded by JIM143B,RB
and N strains alone or in the presence of BRG1 in GAL4 @Bed invitro
transactivation assays (Figure 4.11a). The CTD of v, vv, and vw+MDV Meq isoforms
induced modest, but not significant, incremental increases in transactivation potential

that corresponded with virulence level. Theexgpression of BRG1 significantly
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increased the transactivation potential of the vv+MDV Meq CTD by afeltl2

increase (Figure 4.11b), whereas v and vwMDV Meq CTDs were unaffected. These
results indicate a role for BRG1 coactivation and implicate the PRR, specific second
site mutations as a critical component to the properties of the increased Meq

transactivation activity associated with the vv+ isoform.

4.3.7 Colocalization of BRG1 and Meq isoforms in nuclear foci

Our initial in vitro studies using exogenous expression constructs suggest a
potential role for the Megnediated nucleolar recruitment of BRG1threcell cycle,
cell proliferation, and transcriptional regulation as a mechanism for malignant
reprogramming during latent infection. Wkereforg examined the localization
dynamics of Meq expressed in the context of the latent MDV genome with
endogenous BRG1 in-Gell lines transformed by different virulence level MDVs

In the reticuloendotheliosis virus (REV) transformed CU91 cells, lacking Meq,
BRGL1 had a punctate appearance in the nucleus (Figure 4.12a). In MD lymphoblastoid
cell lines derived from lymphomas of chickens infected with the mMDV CU2 strain
(CU2), vMDV JM10 strain (CU12), vwMDV RAB (UD35) the recombinant Md5
RB-1B Meq (UD36), and the vw+MDV X, TK, and N strains (UD32, UA53, and
UD31), the cognate Meq proteins all appeared to coalesce with BRG1 in nuclear foci
and celocalization in the nucleolus was not apparent (Figure 4.12b).

Furthermore, wéoundthat while the vw+MDV N strain Meq in UD31 cells is
expressed to substantially higher levels, these cells are also deficient in endogenous
levels of BRG1 compared to the mMDV, vMDV, and vwMDV cell lines (Figure 4.13a
and 4.13b). In addition to BRG1 overexpression in mMDV and vMDV cell lines,

these cells show higher levels of the CD44 surface protein (Figure 4.13c), a known
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gene target of SWI/SNF remodeling complexes. Taken together, these experiments
indicate the selection against the Meegdiated nucleolar recruitment of BRG1 and
suggest that their cooperation to increase Meq transcriptional activity is not

advantageouduring latency or in latentiinfected MDV-transformed cells.

4.4 Discussion

Our work presents the first comprehensive study of the Meq interactome, with
a focus on proteins having increased affinity for Meq proteins having point mutations
in the proline tetrads of the PRRhis describes a functional mechanism by which the
PRR participates at the interface of intermolecular interactions in concert with cellular
coactivators of the SWI/SNF chromatin remodeling complex.

Oncogenic serotypes of MDV share significant homology in the Meq coding
sequence. Albeit, v, vv, and vw+MDV pathotypes are phylogenetically divergent due
to polymorphisms at conserved positions in the CTD of Meq. The CTD comprises two
moieties, the PRR and the transactivation domain, offering pleiotropic properties that
regulate target gene repression and activation, respediYget al, 1995) These
properties are not mutually exclusive in that the transactivation domain demonstrates
the requirement of at least partial PRR cooperation in transcriptional regulation.
Paradoxically, the isoforms from our analysis demonstrate considerable differences in
transactivation potential despite conservation within the integral transactivation
domain(Figure 4.11) thereby prompting our investigatiohtbe adjacent unique
PRRs.

Previous studies implicated the contribution of the tptdine motifs angd
presumablytheir cognate targets to transcriptional regulaf@manet al, 1995;

Fiddamaret al, 2023; Motaiet al, 2024; Satet al, 2022) Apart from this, there



remainsanambiguous role for the proline tetradd)ich,in turn, precludes our
understanding of a mechanistic basis for driving the oncogenic potential of Meq.
There arehowever severabpoints supporting a role for the CTD in
lymphomagenesidn HVT-vaccinated chickens, infection with a recombinant HB
virus encoding mutations in Meq at amino acid positions 119, 153, 176, 217, 180, and
277 overcomes the host vaccinal immuriyindudng tumor incidencegreater han
that of the RB1B parent virugConradieet al, 2020) The second siteubstitutions in
the proline tetrads of this recombinant virus were directly implicated in the evasion of
vaccineassociated pathways elicited during lytic infection, such as proinflammatory
and type | IFN responses, that were stimulated by treatment of infected primary
lymphocytes with LPS, Poly €, and cGAMP prior tdn vitro plague assay (N.
Bhandari thesis). Mechanistically, the binding properties of the Meq CTD directly
bound to STING and INF regulatory factor 7 (IRF7) to perturb cGGABNG
mediated antiviral innate immunity by inhibiting INFHnduction(Li et al, 2019)
Implicitly, the early presence of the CTBom the production of fultlength unspliced
Meq suggests nonredundantole to that of the late Meq splice variamhsring lytic
infection orin the stages leading up latency establishmelty antagonizing the
innate immune responses elicited by the host vaccinal immunity
Although viruses lacking the Meq CTD have not bdewneloped to test the
requirement for this domain in lymphomagenasspmbinant viruses expressing a
Meqg N-terminal fusion to a fluorescent protereapparentlynononcogenidDr.
Parcells, personal communication). This loss in lymphomagenesis is speculated to be
due to the production of Megpkce forms lacking the CTRhatresult fromthe

aberrant splicing of the Meq bZIP into the fluorescent proteirkK(mar dissertatign
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A pro-tumorigenic role for Medg alsopartially attributed to the transactivation
properties of the CTlo upregulateggene network®y directly binding MERE | sites

in the promoters of-Jungene targets, BcJand others to promote lymphoma
progressior{Subramanianet al, 2013; Levyet al, 2005) The PRRsave also been
shown tomediate mteractiors with p53 to repress p53 target gel@snget al, 2010)
Finally, regardlessf the pleotropic effects of the PRR in their mechanism for
lymphoma progression, the copy number of PRR and proline tetrads in the CTD do
alterpathogenicity and tumorgenici{$atoet al, 2022)

Here, we identifya previously unknown cellular interactor of the Meq
interactome and validateeémby orthogonal approaches. Our results imply that the
introduction of alternative residues at positions 153, 176, and 217, disrupting three
proline tetrads, mediates the specificity for binding to BRG1. The perturbation of
BRG1 localization by Megnediated translocation serves as a proxy for binding
affinity among isoforms while also indicating an alternative function for BRGL1 in the
nucleolus.

The genes encoding the subunits of the SWI/SNF superfaypié/complex
acquire mutations having deleterious effects on maintaining cellular processes
underlyingthe cause of tumorigenesis in ~ 20% of all can¢8tsain and Pollack,
2013) BRG1 is one of twdnighly conserveaore catalytic subunits of SWI/SNF
chromosome remodeling complex&he domain architecture of BRG1 is comprised
of several functional domaineamely a glutaminéucineglutamine motif(QLQ),
helicase/ 8NT-associated domaifHSA), BRM and KIS (BRK) domain, ATPase
domain, bromodomain (BRD) domain and an adjacerhAdk motif(Trotter and

Archer, 2008) The AT-hook binds ATrich DNA elements to aid in the recruitment
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and retention of BRG1 at acetylated histonésere theBRD is involved in the
recognition of acetylated lysines in H3 histone t@®rrisonet al, 2017)

Interestingly, these properties allow BRG1 to displace nucleosomes and initiate the
formation of a ZDNA structure at TG repeat sequences in the Hahd CSF1

promoter regionwhich facilitatesan open chromatin state and recruitment of RNA
Polymerase Ifor gene activatioifLiu et al, 2001, 2006; Zhangt al, 2006)

Additionally, our experiments demonstrate that the vv+MDV Meq protein
recruits BRG1 and together exhibihcreased transactivation activity, which clearly
demonstrates a mechanistic role for partial PRR segments in transactivation. We find
this preference for BRGL1 to be highly suggestive of a cooperative mode of action
between these transcription factors via specific residues in the PRR of Meq and
thereby a mechanism by which the vw+MDVs have emerged.

Alternatively,BRG1 has been implicated in the repression of active sites of
transcription in response to DNA double stranded breaks ([¥siKarougkast al,
2014) Molecular sequestration of BRGL1 in the nucleolus would likely affect this
function in response to DNA damage.

Interestingly, by using MobiD#ite to score disordered residues, the Meq
CTD has a predicted intrinsically disordered region (IDR) spanning residues from
positions 145 to 169 (Figure 4.14). Thus, we speculate that thestogetureof the
PRR is affected by the P153Q substitution that corresponds to a proline tetrad
embedded within the IDR. Our prediction analysis suggests a shift in disortesr
reducing the conformational order within this region relative to a proline residue at
this position of RB1B and 617A strains. The current perspective is that selection

pressures for Meq follow a structditenction relationship whereby substitutions
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P176A andto a lesser extey®?217A increase ordefhe evolutionary biases for
position 153 howeverfollow the disordeffunction model. Taken together, the P/Q
substitution permitan altered conformational state of the |D¥ile the P/A
substitutions at positions 176 and 217 predict binding sites thalireanly affect
proteinprotein interactions.

Previous studies by our group and others demonstrate that mutatibas in
Meq gene of recombinant MDVs are sufficient to confer pathotypic alterations
(Conradieet al, 2019, 202Q)Furthermore, the mechanisms coordinating MD tumor
formation are not only regulated by M@égupiani et al, 2004)but also through
properties of its protein interaction netwdixenget al, 2010; Liuet al, 1999; Zhao
et al, 2009; Liacet al, 2021b; Suchodolsldt al, 2010, 2009; Browet al, 2009,
2006; Kunget al, 2001) The distinct interactomes of Meq isoforms reported in our
study provide functional insight into the divergent paths of MDV evolution, through
which preferred mechanisms are leveraged for oncogenesis. For instance, the
substitutions in the CTD of vw+MDV Meq may counter the consequential loss for RB
binding due to the C119R substitution in the RB binding pocket (LxCXE). While the
significanceof this role is not yet fully understood, it is tempting to speculate that
recruitment of BRG1 by vw+MDV Meq isoforms coulay a gainof-function
mechanismendow transactivation properties to regulate cellular malignant
reprogramming or viral dynamics.

Although our results indicate that the interaction with BRGL1 is not present in
the context of latent infection, veeispecthat the interaction is at the level of lytic
infection. This hypothesis is supported by recent work in our lab, in which uptake of

different virulence level MDVs by the-@ell line CU91 showed distinct quanta of
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genomic expression (J. Miller, unpublished resuftbe ncreased expression did not
correlate with increased MDV replication, suggesting a difference in the level of
infection versusthelevel of genome replication among MDVs during lytic replication,
with higher virulence genomes being expressed to higher levels while not replicating
to as high a level as v and vwvMDWith the control of its own promoteit a MERE |
site(Qianet al, 1996) the transactivation properties of the vv+Meq may have a direct
effect on vw+MDVgenomeexpression by recruitment of chromatin remodeler
enzymedo theMeq promoter.

We found that UD31 cells are deficientBiRG1,and thismay indicate a
collateral effect acquired during the establishment of this cell line to prevent virus
reactivation from latency. Maintenance of MDV latency and lymphoma progression is
regulated by Meq and Meq splice variants bygbguentiatecruitmentof polycomb
repressive complex¢®PRC)1 and 2 tasilencethe MDV genome (Dr. Parcells,
personal communication). The chromatin topology is differentially modulatéueby
opposing functions dBAF and PRC complexes, wheseBAF mediate the eviction
of polycomb complexe® reprogram the epigenonfi€éadochet al, 2017) It is
certainly possible thah this sequencef eventsthe interaction of Meq with BRG1
containing complexes couklibsequentlyeactivatethevirus by evictingthe co
occupancy oMegML8-PRC at repressed loci.

In addition to regulation of the MDV genome during the phases of infection,
BRG1 and Meq complexes can regulatiector Tcell activation,exhaustionand
differentiation(Kharelet al, 2023; Gamblet al, 2024, Battistelleet al, 2023)

Additional studies are needed to assess whether the cooperation of vwv+MDV Meq

with BRG1 mediates the interaction of PBAF and/or BAF complexes. In doing so, this
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will provide mechanistic insight into the selectioihBRG1-dependent SWI/SNF
complexes to overcome vacciimauced innate immune responses and their role in
pathogenesis.

In ourin situcolocalization analysis, we did not observe a notable difference in
colocalized fractions of v, vv, vw+MDV Meq isoformagth BRG1, and the
colocalization in the nucleolus was ragparentNor did we observe cells with Meq
localized to the nucleolus as indicated in wuvitro overexpression analysis.

However, the localization of Meq was consistent with inlbahlization studies where
Meqgwas predominatelipcalized to the coiled bodies and the nucleolar peripfiguy
et al, 1999) In the colocalized fractions, Meq and BRG1 coalesced in nuclear foci
which closelyresembleshe localization properties of BRG1 into ligdiduid phase
condensate@Nanget al, 2020)

In summary, our study provides the first mechanistic basis for how mutations
in the PRR common to the CTD of Meq proteins encoded by vw+MDVs mediate
increased transcriptional activation. This is fingt evidence of a virugncoded bZIP
protein mediating changes in transcriptional activation via this mechdAlssiri et

al, 2019)

4.4.1 Future Directions

The Meq transactivation domainnsapped tdhe last 33 agesiduesn the G
terminusandis dependent othe PRRs to reachcompletetransactivationpotential
(Qianet al, 1995) The cooperation of these domains is also evideouby
transactivation assays of the v, emdvv+MDV Meqg CTD constructswhere
although the las?3 aa aredentical,their activities are noParticularly,thelow

virulence isoformslemonstrate restricted activiicpmpared tahat ofthe vw+MDV
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Meq (Figure 4.11) This suggest that the adjacent PRRparticipatein transactivation
and thathe genetiheterogeneity within the corresponding coding sequbesa role
in regulating thalifferences in activity. To exploit the completactivationpotential
conferred bythe transactivatiordomain especially at condensed lagithe nucleolar
periphery and perinuclear regions where MBRG1 complexes ctocalize with
heterochromatiywe hypothesize thafleg-mediated nucleolar recruitment of BRG1
and their cooperatiomvolve the biochemical displacement of nucleosomes in an
ATP-dependeninechanismThereby, this mechanism does not increase
transactivation potential but rather promotes an open chromagristdMeq
occupancythat is required tactuategene expression

To testthe direct roleof BRG1 in regulatinghe chromosome topology as a
biochemicaimechanism for increased efficiencytodnscriptional activityywe have
generateé CRISPR knockout (KOjhicken fibroblast DF1 celine that has a
deleterious disruption in the BRG1 lodissuse forfollow-up transcrptionalactivation
assays with ouGal4DBD-Meq CTDconstructs andual reportefuciferase system.
For these experimentae will examine thectivity of thev, vv, and vw+MDVMeq
CTDsin wild-type DF1cellswith endogenous BRG1 presamtdin the BRG1 KO
DF1 cells determine whether BRG1 is required for the transactivation properties of
vv+Meq.

BRG1 has ATRlependent properties to remodel the chromogopaogy but
has alsalemonstrate a function independent afs remodeling activityo regulate
early T cell developmerand in a roldor regulatory T cells to suppress autoimmunity
(Janiet al, 2008; Chaiyachatt al, 2013) To examinevhethertheBRG1ATPase

activity is required for vv+Meq functignwe plan to generate a BRG1 ATPasad
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mutantand ceexpress the Meq CTD constructs with either the ayjae chicken
BRG1 or the ATPasdead mutant in the BRG1 KO cell linedetermine whether the
ATPasedead mutant carescuethe transactivatioactivity of Meqto levels
comparable to that of WT BRGThis will allow us tovalidatethat theBRG1
ATPasedependent remodelintasadirectrole in promoing Meq occupancyt
otherwiserepressed loci as a mechanismddicient transcriptional activity.

To test whether Meq isoforms differ in their affinity and specificity for BRG1
or BRGXdependent complexgse will performco-immunoprecipitation (coP)
experimentsFor these experiments, rabbit akteq and mouse anBRG1 antibodies
will be used for reciprocal putlowns of Meq and BRG1. Both aiBRG1 (Figure
4.13b) and artMeq (data not shown) have been validated for immunoblotting
analysis.The functions and specific roles of SWI/SNF complexes are defined by their
composition of subunits. Therefore, the identificatiothefcomplextype that is
specified bythevv+Meq CTD can be examined by pulling down Meq byl€band
immunoblotting with antibodies directed against BAF250A/B for the BAF complex or
BAF180 and BAF200 for the PBAF complaexhich areunique subunits of these
complexegSinghet al, 2023) BRG1 has ATPasactivity that is higher than BRM
(Xu et al., 2007). fus preference for BRGilependent complexesay have been
selectedy vw+MDVs for enhancd Meq activity due to theATPasedependent
mechanisnof BRG1 BAF and PBAF have redundant rglavhile PBAF which
exclusively contains BRGhas unique roles involveth controllinggene regulatory
networks(Kadam and Emerson, 2003; Yahal, 2005)

Furthermore, these d® experiments can be extend®adex vivosplenocytes

isolated at weeks-4 postinfection with v, vv, vw+MDV strains to determiriiee
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functional context for the vv+MeBRG1 complex and whether this interaction is
important for lytic replication, latency, or transformation phases of infection.
Finally, we will follow up on then situ co-localizationanalysisof endogenous
Meq and BRGL1 in the MD\associated lymphoblastoid cell linesbbys i ng Pear sono

correlation togquantify their co-localization.
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Figure4.1: SWI/SNF complex subunits are overrepresented in the proteome of
CD30" MDV -transformed T-reg-like lymphoma cells.SWI/SNF
complex cellular component enrichment(d) all subunits in the
proteomic data set and @) the enriched SWI/SNF subunits that are
significantly differentially regulated.
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Figure4.2: Subcellular localization of SWI/SNF componentsHD11 cells were
transfected with the chickdA) SMARCCIXEYFP (BAF155) o1(B)
SMARCA4-EYFP (BRG1) fusion expression construct and were
counterstained with DAPI to visualize the nuclei. The-lEBeled
BAF155 and BRG1 localizes to the nucleus and are excluded from the
nucleolus, remaining in the nucleoplasm. Total magnification = X300.
Scale barsmrepresent 10 ¢
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Figure4.3: Retention of BAF155 in the nucleoplasm in the presence of Meln
HD11 cells cetransfected with the chicken BAF1ESCFP fusion
expression construct and the pEY¥RR vector, the Fiabeled BAF155
localizes in the nucleoplasm and is excluded from subnuclear
compartments. When eexpressed with the MelgYFP fusion
constructs, BAF155 retains localization in the nucleoplaginereas Meq
is abundantly localized in the nucleolus. Cells were cotstgened with
DAPI to visualize the nuclei. Total magnification = X300. Scale bars
represmnt 10 ¢
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Figure4.4. Schematic representation of the fullength Meq, Meq splice variants,
and Meq bZIP-NTD domain mutants used for mapping essential
binding domains. The diagrams (above) shdine domain organization
of the different Meq proteins. (Pro/Glproline/glutaminerich region,
BR: basic region, ZIPleucine zipper motif)
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Figure4.5: The Meg-CTD mediatesthe re-localization of BRG1 (SMARCA4) to
nuclear and subnuclear compartmentsHD11 cells were co
transfected with the chicken BR&ICFP and EYFRagged fulllength
Meq, splice variantor bZIP domain mutants. The fdéngth Meq re
localized BRG1 into the nucleolus. However, wheregpressed with
the Meq/VvIL8 splice variants and bZIP domain mutant constructs, lacking
the PRRCTD of Meq, BRG1 remained localized in the nucleoplasm.
Cells were countestained with DAPI to visualize the nuclei. Total
magni fication = X300n Scale bars repl
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Figure4.6: Schematic representation of fullength Meq isoforms and their
respective CTDsubstitutions used in celocalization studies.The
diagrams (above) show domain organization of the different Meq
proteinsand the amino acid substitutioimsthose domains that are
associated with low (blue) and high (red) virulence strP&:
proline/glutaminerich region, BR basic region, ZIPleucine zipper
motif).
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