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ABSTRACT

Within the Herpesviridae, the Alphaherpesvirinae is a subfamily that infects a broad
number of mammals, birds, and other vertebrates, causing diseases that affect humans and
companion and agricultural animals. Marek’s disease (MD) is a lymphoproliferative disease of
chickens with high mortality rates caused by Marek’s disease herpesvirus (MDV). Infections
with virulent MDYV strains incur severe economic losses due to high mortality rates, and
prevention/vaccination against MD. MDYV infects immune cells that circulate to the skin where
they transfer the virus to feather follicle epithelial (FFE) cells. It is at this site where fully
productive MDV replication occurs, and the virus is shed from the chickens into the environment
that can then infect naive chickens through inhalation of infectious dust and dander. Current
vaccination against MD only reduces clinical signs and oncogenesis but does not prevent virus
replication, shedding, and the subsequent establishment of latency. This presents an obstacle for
controlling the disease, especially on poultry farms where even vaccinated chickens can continue
to shed virulent virus. Previous research in our laboratory showed that the alphaherpesvirus
conserved glycoprotein C (gC) is essential for horizontal transmission of MDV in chickens. We
hypothesize that gC is a potential target to be used in the development of recombinant vaccines
that can provide more efficient and effective protection against clinical signs, replication, and
transmission of the virus. The research described in this thesis provides more insight on the
regulation and the mechanistic roles gC proteins play during horizontal transmission of
alphaherpesviruses. First, the regulation of MDV gC by the MDV-specific RLORF4 gene was
studied and was conclusively shown that RLORF4 is not involved in regulation of gC

expression. Secondly, the requirement of gC for homologous avian herpesviruses during



horizontal transmission was addressed showing gC is also required for an MD vaccine strain that
is homologous to MDV. Thirdly, the conserved function of avian gC proteins was studied using
classical gene exchange experiments where both complete and deficient compensation during
horizontal transmission in chickens allowed us to elucidate potential conserved functions of gC
proteins. In summary, these studies advance our knowledge regarding herpesvirus pathogenesis

that may improve vaccine development against human and agricultural diseases.
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CHAPTER 1: LITERATURE REVIEW

HERPESVIRUSES

Herpesviruses are a family of DNA viruses that are associated with infections within
specific host species, based on viral-to-host adaptation in their natural setting (1). Within the
Herpesviridae, there are three subfamilies divide based on their host range, genome structure, and
the cells in which they establish latency (2). The Alphaherpesvirinae is a subfamily of
herpesviruses that infect mammals and birds, among other vertebrates and invertebrates. This
family has a wide host range and is known for their ability to establish infection and latency in the
peripheral nervous system. Human viruses within this family include herpes simplex viruses
(HSV) 1 and 2 (HSV-1 and HSV-2) and varicella-zoster virus (VZV). On the other hand, the
Betaherpesvirinae have a more restrictive host range, replicate at a much slower rate than
alphaherpesviruses, and they establish latency in leukocytes. Some of the viruses in this subfamily
are human cytomegalovirus (HCMV) and human herpesvirus 6A and 6B (HHV-6A and HHV-
6B). Lastly, the Gammaherpesvirinae also have a restricted host range and can establish latent
infection in lymphocytes, primarily in B cells. The two most studied human viruses in this
subfamily are Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV).
ALPHAHERPESVIRUSES

Among the different Herpesviridae subfamilies, this thesis will focus on the
Alphaherpesvirinae. Within this subfamily are the Simplexvirus, Varicellovirus, Scutavirus,
Mardivirus, and lltovirus genera. This subfamily is known to cause diseases in humans, including
human alphaherpesvirus 1, 2, and 3 (HHV-1, HHV-2, and HHV-3), better known as HSV-1, HSV-

2,and VZV, respectively; and agriculturally relevant species like Equid alphaherpesvirus-1 (EHV-



1), Bovid alphaherpesvirus-1 (BoHV-1), and avian herpesviruses Gallid alphaherpesvirus
(GaHV) -2 (also referred to as Marek’s disease herpesvirus or MDV), and GaHV-1 or infectious

laryngotracheitis virus (ILTV).
GLYCOPROTEINS EXPRESSED BY ALPHAHERPESVIRUSES

Many of the genes encoded by herpesviruses are conserved among the Herpesviridae,
while others are conserved among the subfamilies, and still others are unique for the respective
virus. For example, glycoproteins (g)B, gL, gH, gM, and gN are conserved among all members
of the Herpesviridae, while gD and gC are unique to the Alphaherpesvirinae. These
glycoproteins are incorporated into the viral envelope and play important roles during cell free
virus infection (Figure 1). Most of our knowledge on alphaherpesvirus glycoprotein roles and
functions have been extensively studied based on HSV-1 that has led to the discovery of
conserved and divergent functions among other alphaherpesviruses such as VZV, EBV, BoHV,
pseudorabies virus (PRV), MDV, and ILTV. The functions of these glycoproteins are

summarized in Table 1.

Herpesvirus envelope gB is one of the most studied glycoproteins among the
Alphaherpesvirinae. HSV-1 gB has been shown to form the virus entry complex with the
heterodimer gH/gL and gD to mediate cell fusion and entry of the viral capsid into the cell (3-
15). gD is an essential glycoprotein for most of the Alphaherpesvirinae; however, VZV does not
encode a gD homolog and MDV gD is dispensable for virus replication in vitro and in replication
in chickens (16, 17). MDV gD expression appears to be silenced in vitro and it has been
suggested its expression is restricted to the feather follicle epithelium (FFE) of infected chickens

(18, 19), and is not required for horizontal transmission (20).



gM

Viral
Genome

Lipid Bilayer

Figure 1. The alphaherpes virion. Schematic representation of the virion depicting its major components:
the viral genome, capsid, tegument, and envelope (lipid bilayer membrane). Embedded in the envelope are
the viral glycoproteins: gB, gC, gE/I, gH/L, gK, gN, and gM. Image was created with BioRender.com.

Additionally, gB of HSV-1, BoHV-1, and PRV has been shown to target extracellular
vesicle activities and modify the architecture of early and late endosomes (8, 9, 21, 22). gE and
gl have been reported to be essential for cell-to-cell spread of HSV-1, HSV-2, VZV and MDV
(23-25); however, their importance in VZV replication may be dependent on the cell type used
for propagation (26, 27). The gE/gl complex is thought to function in virus egress and cell-to-cell
spread when it interacts with tegument proteins (28-30). Both glycoproteins are dispensable for
replication of most other alphaherpesviruses (31-35). Furthermore, HSV gE/gl forms an
immunoglobulin G (1gG) Fc receptor (FcyR) that binds the Fc domain of anti-HSV-1 IgG

antibodies inhibiting Fc-mediated functions in vitro and in vivo. (36, 37). Similarly, the
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requirement of gM and its complex partner, gN (or UL49.5), are not required for in vitro
replication of HSV-1, BoHV-1, EHV-1, or PRV (38-43). Deletion of either gM or gN (UL49.5)

in MDV results in virus defective in cell-to-cell spread (44).

Some alphaherpesviruses encode gG, (45-52) and gJ (53-55). gG is known to be a viral
chemokine binding protein (vVCKBP) that binds a broad range of chemokines with high affinity to
inhibit their activity or to enhance chemokine-mediated migration (56-59). Interestingly, VZV
and MDV do not encode gG (53-55). It is believed that VZV gC may play a similar role as gG in
that it can function as a VCKBP that binds chemokines and promotes chemokine-dependent
leukocyte migration (60). Just like gG, gJ is not encoded by both VZV and MDV (53-55). For
some herpesviruses, gJ is believed to inhibit host apoptotic processes (61, 62). Additionally, gK
of various alphaherpesviruses can interact with UL20 to function in virion envelopment, fusion,
and neuronal entry. They have been shown to be essential for infectious virus production and

subsequent spread (63-82).



Table 1. Glycoproteins conserved among the Alphaherpesvirinae.

Type of . Post-translational
Gene Membrane Functions N
. Modifications
Protein
GlycosylationPhosphorylation
HSV PRV EHV BoHV vzv MDV N- O-
linked |linked
gB UL27/ORF31  SPT“ Present Y N Y
Required for attachment and fusion with the host cell. (3-9, 83, 84)
gC UL44/ORF14  SPT*® Present Present Present Y N Y
Immune evasion by binding to Enhances Required for
complement component C3. chemokine- horizontal spread.
Increases the efficiency of HSV-1 |[Mediated (20, 108, 109)
infection. (85-107) migration. (60)
o] D) US6 SPT* Present Absent Present Y N N
Binds to the herpesvirus entry (16) gD is not required for
mediator (HVEM), nectin-1, and MDV horizontal
nectin-2. (10-17, 92, 110-115) spread. (17-20, 116)
gE US8/ORF68  SPT" Present Y N Y
Dimerizes to form a stable complex with gl. HSV gE/gl forms an IgG FcyR
to inhibit Fc-mediated functions in vitro and in vivo. (23, 25-32, 35-37, 117)
0G us4 SPT® Present Absent Absent Y N N
VCKBP that inhibits or to enhances (53, 55) (54)
chemokine-mediated migration.
(45-52, 56-59)
gH UL22/ORF37 SPT* Present Y Y N
Required for fusion with the host cell. Dimerizes to form a stable complex
with gL. (12, 118-121)




Table 1 (cont.). Glycoproteins conserved among the Alphaherpesvirinae.

gl US7/ORF67 SPT* Present Y N N
Dimerizes to form a stable complex with gl. HSV gE/gl forms an IgG FcyR
to inhibit Fc-mediated functions in vitro and in vivo. (23, 25-32, 35-37, 117)

gJ US5 SPT* Present Absent Absent Y N N
Promotes cell-to-cell spread and (53, 55) (54)

syncytia formation. Inhibits host
cell apoptosis. (61, 62)

gK UL53/ORF5 MPT# Present Y N N
Interacts with gB and regulates gB fusion properties with pUL20. (63-82,
122)

gL UL1/ORF60 PMY Present Y Y N

Required for fusion with the host cell. Dimerizes to form a stable complex
with gH. (12, 118-121, 123, 124)
gM UL10/ORF50 MPT? Present Y N N
Important for virion assembly and egress. Required for cell-to-cell spread for
MDV. Directs gN to the host TGN (38-44, 125)
gN UL49.5/ SPT* Present N Y N
ORF9A Necessary for maturation of gM and modulation of gM’s membrane fusion

activity. Important for the virion’s morphogenesis. (38-44, 125-128)
“Single-Pass membrane protein (SPT) — transmembrane protein that spans the membrane once and is characterized by having either its C-terminus
(Type 1) or its N-terminus (Type I1) in the cytosol.
PMultiple-Pass membrane protein (MPT) — transmembrane protein that spans the membrane more than once.
"Peripheral membrane protein (PM) — transmembrane protein that is associated with a membrane to which it will temporarily bind. They can
attach to integral membrane proteins and/or penetrate the lipid bilayer.




MAREK’S DISEASE VIRUS

MDYV is one of the avian herpesviruses categorized into the Alphaherpesvirinae subfamily
and is the causative agent of Marek’s disease (MD) initially characterized by the Hungarian
veterinary pathologist Dr. Jozsef Marek (129). Although it can infect other avian species, the main
host of MDV are members of the Gallus genus (i.e., chickens) (130). MD is a fatal disease in
susceptible chickens that greatly affects the poultry industry (131). Some of the clinical signs in
susceptible chickens affected by MD are lethargy, paralysis, and proliferation of lymphomas in
visceral organs (130, 132, 133). Disease severity is based on many factors including genetics and
vaccination status of the host, environmental parameters, and the virulence potential of the MDV
strain.

The natural route of MDYV infection is through the inhalation of infectious dust and dander
previously shed on the poultry farm (Figure 2). During the initial infection, the virus enters the
respiratory tract and infects primarily pulmonary macrophages and B cells. These innate immune
cells are then responsible for transmitting the virus to lymphoid organs to initiate replication (134).
Infected B cells will result in semi-productive viral replication, which leads to suppression of the
humoral and cellular mediated immunity (135). Infected B cells interact and transmit the virus to
T cells and establish latency in these cells that are able to reactivate and undergo transformation
to form lymphomas (136). MDV infects FFE cells in the skin where fully-productive replication
is completed, forming infectious cell-free virus particles that are shed into the environment that is
required for dissemination (133).

Vaccination against MD has significantly reduced economic losses in the poultry industry.
Current live-modified cell-associated vaccines, composed of attenuated strains of MDV and non-

pathogenic HVT and GaHV-3, provide protection against the clinical signs of MD (i.e., tumor



formation, paralysis, lethargy, etc.), but do not provide sterilizing immunity against the pathogen.
It is accepted that failure to induce sterilizing immunity introduces selective pressure for the virus
to evolve and evade the vaccine-induced immunity, causing the emergence of highly virulent
strains (135, 137). Neonatal chicks are highly susceptible to MD, for this reason, cell-associated

vaccines are administered when chicks have hatched or in ovo.
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Figure 2. MDV Life Cycle. Schematic representation of the MDV life cycle. Image was created with
BioRender.com.
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CONSERVATION OF GLYCOPROTEIN C (gC) AMONG ALPHAHERPESVIRUSES

Classification of MDV as an alphaherpesvirus is mainly based on the similarities in
genomic structure and conserved genes to HSV-1 (138). In addition, naming of genes encoded
within MDV, GaHV-3, and HVT are based on the HSV system, where high conservation has been
seen for both HSV and VZV (138, 139). Since then, sequencing of their genomes has led to a better

understanding of their structure (140-144) (Figure 3).
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Figure 3. Human and avian alphaherpesvirus genomic structures. Schematic representation of the
genomic differences among the different alphaherpesviruses. Sizes of genomic regions are not to scale.
The UL and US regions are expanded to show differences in nomenclature and gene orientation. Image
was created with BioRender.com.
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The MDV genome is a linear double-stranded DNA composed of terminal and internal
repeats denoted as terminal repeat long (TRL), terminal repeat short (TRS), internal repeat long
(IRL) and internal repeat short (IRS) regions (Figure 4). These repeat sequences flank two unique
sequences, a unique long (UL) and a unique short (US) sequence (145). In these sequences we can
observe conserved genes present in all viruses in the family (146). However, as mentioned above,
these genes have conserved and divergent functions dependent on the viruses. It is believed that
the functions of these genes have evolved within their respective host in a host- or disease-specific
manner. To gain understanding of the genes involved in host specific and pathogenesis functions,
comparison of the virus’ in vitro and in vivo replication characteristics needs to be understood. For
example, a majority of the infectious HSV produced in vitro is cell-associated, however, HSV does
produce infectious cell-free virus. In contrast, VZV is highly cell-associated in vitro and infectious
virus does not egress as cell-free virus, but is instead within, or attached to, the cell (147).
Considering some of the previously mentioned viruses, with respect to their cell-associated nature,
members of the Mardivirus genus are similar to those in the Varicellovirus genus, while members

of the lltovirus genus are similar to viruses in the Simplex genus.
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Figure 4. MDV genomic structure. Schematic representation of the MDV genome showing the TRL and
IRL, TRS, IRS, UL, and US regions.

The gC envelope glycoprotein is conserved in the Alphaherpesvirinae. Research on gC
has been focused on its functions and roles in viral pathogenesis based on its immunogenicity

and high expression levels for the last few decades (148-151). It has long been known that

10



expression of MDV gC in vitro is not essential, and can actually be inhibitory for viral
replication, as serial passaging in tissue culture results in decreased expression of gC and
increased plaque sizes (108, 152, 153). Interestingly, the sequence of the open reading frame
(ORF) encoding gC in attenuated strains with severely decreased or deficient gC expression
show no apparent changes in gene or promoter sequences that would explain this phenomenon
(154). Deletion mutants, in which the complete ORF of gC or mutation of the gC start codon
have shown that MDV lacking gC have significantly increased cell-to-cell spread, while MDV
“over-expressing” gC using high expressing promoters decreases cell-to-cell spread (151). The
direct role gC plays in modifying or inhibiting cell-to-cell spread in tissue culture is not currently

known.

gC homologues have been shown to be involved in binding of the virus to host cells. For
HSV-1, HSV-2, PRV and BoHV-1, the initial interaction with cells involves gC binding to cell
surface glycosaminoglycans like heparan (85-95). However, the presence of gC is not essential
for a successful viral infection, where gB/gH/gL play the required role for HSV fusion and entry
(96-98). In addition to interaction with cell surface molecules, the gC homologues for EHV-1 has
been linked to post-entry events, such as virus egress or release of infectious virions (99).
Furthermore, gC of other herpesviruses have been shown to usurp the immune system for their
own benefit inhibiting the alternative complement pathway. The gC proteins of HSV-1, PRV,
BoHV-1, and EHV-1 bind to complement component C3 and inhibit complement-mediated virus
neutralization and lysis of infected cells (100-105). Additionally, studies in C3 reconstituted and
knockout mice during HSV-1 infection confirmed gC’s importance as a complement activation

inhibitor (106). Huemer et al. (104), observed gC proteins’ inhibition of C3 among several

11



animal alphaherpesviruses in a species-specific manner. This species-selective interaction could

likely be due to the evolution of herpesviruses within their hosts.

Through the use of our natural virus-host system, where chickens are experimentally
infected and housed with naive birds to test natural infection, it was determined that MDV ¢C,
and another gene (UL13) were essential for horizontal transmission of the virus (20, 108). The
precise mechanisms by which MDV ¢C facilitates transmission has not been elucidated to date.
However, gC is not important for replication of the virus within the chicken during experimental
infection, where gC-negative MDYV is inoculated directly into the chicken, replicates, and causes
disease like wild-type MDV. Therefore, the essential role gC provides MDV is during horizontal

transmission of the virus.

The purpose of the research described in this thesis is to expand our understanding of the
essential role MDV gC plays during horizontal transmission. In particular, the regulatory and
mechanistic roles that avian gC proteins play in this process. By understanding these functions,

we believe we could generate better vaccines and therapies to block MDV spread in the flock.
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CHAPTER 2: MAREK’S DISEASE HERPESVIRUS (MDV) RLORF4 IS NOT
REQUIRED FOR EXPRESSION OF GLYCOPROTEIN C AND HORIZONTAL

TRANSMISSION!

ABSTRACT

Marek’s disease virus (MDYV) is a lymphotropic alphaherpesvirus that causes Marek’s
disease (MD) in chickens. RLORF4 is a MDV-specific gene that is systematically deleted during
attenuation of MDYV in vitro. Concomitantly, the expression of glycoprotein C (gC) is diminished
during attenuation, suggesting these two changes may be linked. Original studies in which
RLORF4 was deleted utilized an infectious clone that lacked gC expression due to a frame-shift
mutation within the gC open reading frame (UL44). Here, we utilized an infectious clone in
which gC expression was restored to test our hypothesis that RLORF4 is important for
expression of MDV ¢C, and subsequently, horizontal transmission. Contrary to our hypothesis,
gC expression was unaltered during both in vitro and in vivo replication of RLORF4-null MDV
and was able to efficiently transmit from chicken to chicken, conclusively showing that RLORF4
does not regulate gC expression and is not required for horizontal transmission.
INTRODUCTION

Marek’s disease (MD) in chickens is caused by Gallid alphaherpesvirus 2 (GaHV-2),
better known as Marek’s disease herpesvirus (MDV). The most prominent sign of MD is the

development of solid lymphomas in the viscera and other organs (155). Natural infection begins

! This chapter has been previously published on Virology 534, pp.108-113.

Vega-Rodriguez, W., Ponnuraj, N. and Jarosinski, K.W., 2019. Marek's disease alphaherpesvirus (MDV) RLORF4
is not required for expression of glycoprotein C and horizontal transmission. As per the Journal’s specification, the
author retains the right to reuse this article as a chapter in this thesis without the need to provide signed
documentation.
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through the respiratory route by inhalation of infectious virus where the virus initially infects
pulmonary B lymphocytes and/or is taken up by pulmonary macrophages or dendritic cells (156)
and transported to lymphoid organs. Following the initiation of primary cytolytic infection in the
host, activated T lymphocytes recruited to the sites of infection become the primary cell type
infected and latency can be established in these cells, where some can also undergo oncogenic
transformation resulting in lymphoma formation. This event is ultimately a dead end for the
virus. Important for dissemination in the population, migrating infected cells transport virus to
feather follicle (FF) epithelial (FFE) cells in the skin, where infectious virus is shed into the
environment and the virus life cycle can repeat in new hosts.

Previously referred to as the “A-antigen,” MDV glycoprotein C (gC) is normally
expressed at high levels during in vitro and in vivo propagation, but its expression is greatly
reduced after 30-50 serial passages in tissue culture cells (108, 148-153). This decreased
expression coincides with increased plaque sizes and attenuated characteristics. Wilson et al.
(154) examined the relationship between gC expression and attenuation and found that although
gC levels were related to decreased levels of gC mRNA produced by attenuated MDYV, there
were no alterations in the UL44 (gC) open reading frame or promoter region suggesting a MDV-
encoded regulatory protein may regulate its expression.

The RLORF4 gene is unique to MDV and its role in attenuation was originally identified
as a gene deleted following serial passage in cell culture cells (157-160). Formerly identified as a
hypothetical reading frame within the repeat long (RL) regions of the MDV genome, the mRNA
of RLORF4 was identified during both lytic and latent infection (157) as a single transcript
encoding a 142 amino acid protein in wild-type strains. Further studies confirmed its expression

at the protein level during lytic replication (161). Common among genes expressed within the
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RL regions of MDV, multiple mRNA splice variants were identified between RLORF4, viral
interleukin 8 (vIL-8), and the MDV oncoprotein, Meq (162); however, the functional importance
of these transcripts is currently not known. Following the generation of an infectious clone of the
RB-1B strain as a bacterial artificial chromosome (BAC), further experiments confirmed that
deletion of RLORF4 within this BAC clone resulted in highly attenuated virus in vitro and in
vivo (163). In this report, both wild-type and ARLORF4 viruses were unable to transmit to naive
contact chickens. This BAC clone was subsequently found to contain numerous frame-shift
mutations (164), of which mutations within UL44 (gC) and UL13 protein kinase (CHPK)
abrogated MDV spread from chicken to chicken (20, 108).

Since RLORF4 is consistently deleted during serial passage and expression of MDV gC
is significantly reduced, we postulated that RLORF4 is important for gC expression and
subsequently, horizontal transmission of MDV. However, this hypothesis could not be tested in
the original studies due to a frame-shift mutation in UL44 (gC). Here, we tested this hypothesis
using recombinant ()MDV that expresses gC and is transmission competent. Contrary to our
hypothesis, deletion of RLORF4 within a fully restored rMDV did not affect gC expression in
vitro and in vivo, and RLORF4 played no role during horizontal transmission of MDV. These
results directly address an important question in gC regulation in vitro and in vivo and
conclusively show that RLORF4 is not involved in gC expression as originally hypothesized. In
addition, the level of attenuation was not as dramatic as previously seen; indicating the severe
attenuation previously reported was most likely due to compounding mutations within the rMDV

used in that study.
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MATERIALS AND METHODS
Cell culture and cells

Chicken kidney cells (CKCs) were prepared from 2-4 weeks-old specific-pathogen-free
(SPF) chickens obtained from the University of Illinois at Urbana-Champaign (UIUC) Poultry
Farm following standard methods (165). Briefly, primary CKCs were seeded in growth medium
consisting of Medium 199 (Cellgro, Corning, NY, USA) supplemented with 10% tryptose-
phosphate broth (TPB), 0.63% NaHCOs solution, antibiotics (100 U/ml penicillin and 100 pg/ml
streptomycin), and 4% fetal bovine serum (FBS). Confluent CKCs were maintained in F10.199
medium consisting of a 1:1 mixture of Ham’s F10 (Cellgro) and Medium 199 supplemented with
7.5% TPB, 0.63% NaHCO3, 0.2% FBS, and antibiotics. CKCs were maintained at 38°C in a
humidified atmosphere of 5% CO..

The chicken DF-1-Cre fibroblast cell line (166) was cultivated in a 1:1 mixture of
Leibovitz L-15 and McCoy 5A (LM) media (Gibco, Gaithersburg, MD, USA) supplemented
with 10% FBS and antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin) and maintained
in 50 pg/ml Zeocin (Invitrogen, Carlsbad, CA). DF-1-Cre cells were maintained at 38°C in a
humidified atmosphere of 5% CO..

Generation of ARLOF4 and AgC rMDVs

Coding sequences of RLORF4 and UL44 (gC) were deleted from a previously described
fully virulent BAC clone (167) using two-step Red-mediated mutagenesis (168). Briefly, the I-
Scel-aphAl cassette from pEP-KanSlI (169) was amplified by PCR with Thermo Scientific
Phusion Flash High-Fidelity PCR Master Mix using primers shown in Table 2 and used for

mutagenesis in GS1783 Escherichia coli cells. Restriction fragment length polymorphism
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(RFLP) analysis, analytical PCR, and DNA sequencing confirmed all clones were correct.
Primers used for sequencing have been previously published (109, 157, 162).

Table 2. Primers used for generation of recombinant Marek’s disease virus (rMDYV).

Primer Name Direction? Sequence (5° — 3°)°

GTATATAGCGCAAGCGCGCAGGGCTGGTTCGGGTAAGG
Forward CGTTCACGCTAGTTTATGCCCCATCGTAGGGATAACAGG
GTAATCGATTT
GATGCATTTTGTTTATTGAAAATTTCCATTCGATGGGGCA
Reverse TAAACTAGCGTGAACGCCTTACCCGCCAGTGTTACAACC
AATTAACC

ARLORF4

CATCCCGAAGAGACACCAAACGTAACCCTCTACATATCT

Forward TCCCTCTAATCTCATTGTTATGTAGTTTAGGGATAACAGG
AgC GTAATCGATTT
GAGTTATAAAAAATATGTTTAATAAATCACAACTACATA
Reverse ACAATGAGATTAGAGGGAAGATATGTAGCCAGTGTTAC
AACCAATTAACC

Directionality of the primer.
PBold nucleotides indicate stop codons for each respective gene and underlined sequences are priming
sites within the mutagenesis template plasmid pEP-KanS.

rMDVs were reconstituted by transfecting DF-1-Cre cells, which efficiently remove the
mini-F BAC sequences from the viral genome, with purified BAC DNA plus Lipofectamine
2000 (Invitrogen) using the manufacturers’ instructions. Transfected DF-1-Cre cells were mixed
with fresh primary CKCs until plaques formed, then further propagated in CKCs until virus

stocks could be stored. All rIMDV's were used at < 5 passages for in vitro and in vivo studies.

Measurement of plaque areas

Plaque areas were measured as previously described (163). Briefly, CKCs were seeded
on 6-well dishes and infected with 100 plaque-forming units (PFU) per well. After 5 days, cells
were washed once with phosphate buffered saline (PBS), fixed and permeabilized with PFA

buffer (2% paraformaldehyde, 0.1% Triton X-100) for 15 min, and washed twice with PBS.
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Immunofluorescence assays (IFAs) were performed as previously described (163) using anti-
MDYV chicken sera and goat anti-chicken IgY-Alexa Fluor® 568 secondary antibody (Molecular
Probes, Eugene, OR). Digital images of 50 to 75 individual plaques were collected using an
EVOS™ FL Cell Imaging System (Thermo Fisher Scientific) and compiled using Adobe®
Photoshop® CC 2015 version 7 SP1. Plaque areas were measured using ImageJ (170) version
1.51j8 software, and means were determined for each plaque population. Significant differences
in mean plaque areas were determined using Student’s t tests assuming equal variances in
Microsoft® Excel 2016.
Ethics statement

All animal work was conducted at UIUC according to national regulations. The animal
care facilities and programs of UIUC meet the requirements of the law (89 —544, 91-579, 94 —
276) and NIH regulations on laboratory animals and are in compliance with the Animal Welfare
Act, PL 279. The College of Veterinary Medicine at UIUC is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC). All experimental
procedures were in compliance with approval of UIUC’s Institutional Animal Care and Use
Committee.
In vivo experiment

Commercial Pure Columbian x New Hampshire chickens were obtained from the UIUC
Poultry Farm (Urbana, IL) and were from MD-vaccinated parents; therefore, considered to be
maternal antibody positive. All experimental procedures were conducted in compliance with
approved Institutional Animal Care and Use Committee protocols. Water and food were
provided ad libitum. Five-day old chicks were experimentally infected by intra-abdominal

inoculation of 2,000 PFU for each rMDYV and housed in separate rooms (n = 8/group). For each
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group, another 11 chickens were left uninfected to act as contacts to determine whether rMDVs
were able to naturally infect naive chickens by horizontal transmission. Chickens were evaluated
for symptoms of MD daily, euthanized when birds showed clinical signs of MD (e.g., lethargy,
depression, paralysis, torticollis, etc.), and examined for gross MD lesions by a veterinarian
blinded to the groups. Chickens positive for MD included birds succumbing to disease prior to
the experimental termination date and birds positive for MD-related lesions at termination of the
experiment. Fisher’s exact tests were used to determine statistical differences between groups of
chickens for MD incidence at a significance level of p<0.05.
DNA extraction from blood cells and qPCR assays

Whole blood was collected as previously described (20), and DNA was extracted using
the E.Z. 96 blood DNA kit from Omega Bio-tek, Inc. (Norcross, GA). To quantify MDV
genomic copies in blood, 2x Power SYBR® Green PCR Master Mix (Thermo Fisher Scientific)
was performed as previously described (171). Standard curves were generated for MDV ICP4
and chicken GAPDH using previously described templates (163) starting with approximately
500 pg of DNA. Total copy numbers were determined as previously described (172) using the Ct
value for that sample. The coefficient of regression was always >0.99 for standard curves.
Thermal cycling conditions were as follows: 50°C for 2 min, 95°C for 10 min, followed by 40
cycles at 95°C for 15 s and 60°C for 1 min. All gPCR assays were performed using an Applied
Biosystems QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific) and the results
were analyzed using QuantStudio™ Design & Analysis Software v1.4.2 supplied by the
manufacturer. Significant differences in MDV genomic copies at each time point were
determined using Student’s t tests assuming equal variances at a significance level of p<0.05

using Microsoft® Excel 2016.
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Monitoring rMDV in feather follicles (FFs)

To track the time at which each rMDV reached the FFs, two flight feathers were plucked
from the right and left wings (4 total) of inoculated birds weekly beginning at 7 dpi, and
UL47eGFP expression was examined using a Leica M205 FCA fluorescent stereomicroscope
with a Leica DFC7000T digital color microscope camera (Leica Microsystems, Inc., Buffalo
Grove, IL). Feather plucking for all birds was discontinued after 48 dpi, since only a few
experimentally infected birds remained.

Fluorescent microscopy of FFs

Whole feathers were plucked from chickens infected with different rMDVs and the FFs
were fixed using PFA buffer, washed twice with PBS, and then blocked in 10% neonatal calf
serum. Fixed FFs were stained with primary anti-gC monoclonal A6 (kindly provided by Jean-
Francois Vautherot, INRA, Nouzilly, France) antibody (151) and anti-mouse Ig Alexa Fluor 568
(Molecular Probes, Eugene, OR) was used as secondary antibody. The Leica M205 FCA
fluorescent stereomicroscope with a Leica DFC7000T digital color microscope camera (Leica
Microsystems, Inc., Buffalo Grove, IL) was used to analyze stained FFEs. All images were
compiled using Adobe® Photoshop® CC, 2017.0.1 release.

Western blot analysis

Western blot analyses were performed as previously described (151). To detect relative
level of MDV infection, MAb H19 (149) was used at 1:10,000 dilution to detect MDV pp38
protein. To detect gC, MAb A6 was used at a 1:500 dilution. For protein loading control, anti-f3-
actin (ACTNOS5; Abcam, Cambridge, MA) MADb was used at its recommended dilution.
Secondary anti-mouse 1gG peroxidase conjugate was purchased from GE Healthcare

(Piscataway, NJ). The SuperSignal West Pico Chemiluminescent Substrate kit from Thermo
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Fischer Scientific (Rockford, IL) was used to detect antigens using the manufacturer’s
instructions.
RESULTS
Generation of rARLORF4 and rAgC rMDV

In order to test the ability of RLORF4 to regulate gC expression, the complete RLORF4
open reading from was deleted from a previously described fluorescent rMDV (vUL47eGFP)
that is fully transmissible among chickens (167) using two step Red-mediated recombination
(169). Since there are two copies of RLORF4 located in the RL regions, two rounds of
integration and resolution were required. First, RLORF4 was removed within the internal RL
(IRL) and then subsequently removed from the terminal RL (TRL) to generate vVARLORF4 (data
not shown). Figure 5A shows a schematic representation of parental clone rUL47eGFP and the
RLORF4-null (rARLORF4) clone. As a control for gC expression and downstream studies, rAgC
was generated in which the complete UL44 gene encoding gC was removed using two-step Red-
mediated recombination (Figure 5B). RFLP analysis of rUL47eGFP, rARLORF4, and rAgC
confirmed the integrity of the BAC clones as the predicted banding patterns were observed
(Figure 5C). PCR and DNA sequencing was used to confirm that each clone was correct at the
nucleotide level (data not shown) using previously described primers (157, 162).
Deletion of RLORF4 results in increased MDYV replication in tissue culture

Following reconstitution of rUL47eGFP and rARLORF4 resulting in vUL47eGFP and
vARLORF4, respectively, we first tested in vitro replication properties using plaque size assays.
We hypothesized that deletion of RLORF4 would result in increased plaque sizes, similar to
former studies using rMDV that lacked expression of gC and UL 13 protein kinase (163).

Consistent with the former work, RLORF4-null rMDV generated increased plaque sizes
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compared to the vUL47eGFP (Figure 6). Also consistent with former studies (20, 108, 109),
vAgC generated significantly larger plaques than vUL47eGFP, but there was no difference
between vVARLORF4- and vAgC-generated plaque sizes. These results show that even in the
restored RB-1B rMDV, deletion of RLORF4 results in increased plaque sizes (replication) that is

indicative of attenuation in vitro (158, 159, 163).
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Figure 5. Generation of rMDVs. (A) Schematic representation of the MDV genome depicting the locations of the terminal repeat long (TRL) and
short (TRS), internal repeat short (IRS), and unique long (UL) and short (US) regions. The TRL/IRL region is expanded to show the relevant genes
within this region and deletion of RLORF4 in the rARLORF4 rMDV. (B) Schematic representation of the MDV genome with the UL region spanning
nucleotides 100,000 to 111,000 expanded to show relevant genes within this region, including eGFP tagged UL47 (UL47eGFP) and removal of gC
(vAgC). (C) BAC DNA obtained for rUL47eGFP, rARLORF4, and rAgC were digested with BamHI and examined using RFLP analysis. Integrates
are excluded for simplicity. Removal of both copies of RLORF4 results in shifting of the BamHI-L fragments of rUL47eGFP (>) from 3,098 bp to
2,672 bp (¥) in vVARLORF4. Removal of the UL44 ORF (gC) results in a shift of the BamHI-A fragment from 18,748 in rUL47eGFP (>) down to
17,245 bp in rAgC (*). The molecular weight marker used was the 1 kb Plus DNA Ladder from Invitrogen, Inc. (Carlsbad, CA). No extraneous
alterations are evident.
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Figure 6. Replication in tissue culture cells. (A) Plague areas were measured for viruses reconstituted
from rUL47eGFP (vUL47¢GFP), rARLORF4 (vVARLORF4), and rAgC (vAgC). Both vARLORF4 and
vAgC generated significantly larger plaque areas than the parental vUL47¢GFP using Student’s t tests. (B)
Representative plaques induced by vUL47eGFP, vARLORF4, and vAgC are shown below each group.

RLORF4 is not required for horizontal transmission

Although RLORF4 has been shown to be important for pathogenesis of transmission-
deficient MDV (163), its importance during in vivo attenuation and horizontal transmission has
not been evaluated in transmission-competent MDV. To test in vivo replication, chickens were
inoculated with 2,000 PFU of vUL47eGFP, vARLORF4, or vAgC and naive contact chickens
were housed with experimentally infected birds to evaluate horizontal transmission through
natural infection. A third group vAgC groups was included as a negative control for horizontal

transmission and gC expression.
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MDYV genomic copies were measured in blood from experimentally infected chickens
over 35 days pi and showed no significant difference between all groups at each time point
(Figure 7A). In order to determine whether there was a difference in each virus reaching the FFs
required for transmission, FFs were plucked from each infected bird and expression of
vUL47eGFP in FFs was observed using a fluorescent stereoscope. Figure 7B shows that each
virus readily reached the FFs with 100% of vVARLORF4 and vAgC infected chickens having
positive FFs by 48 days, while 88% of vUL47eGFP birds were positive. There was no significant
difference between each group, though vUL47eGFP tended to reach the FFs faster than both
vARLORF4 and vAgC.

MD incidence was determined for each group in both experimentally infected and contact
chickens. MD was induced in 83, 40, and 50% of chickens experimentally infected with
vUL47eGFP, vARLORF4, and vAgC, respectively (Figure 7C); however, these were not
significant using Fisher’s exact test. These results show that there were no significant differences
between each group in virulence when birds were experimentally infected.

No contact chickens housed with vAgC (vAgC con) developed MD over the course of 70
days and these birds were determined to be uninfected based on a lack of viral DNA in the blood
using gPCR assays and anti-MDV antibodies in their serum using IFAs at termination of the
experiment (data not shown). This is consistent with the requirement of MDV g¢C for horizontal
transmission in chickens (20, 108, 109). In contrast, vUL47eGFP and vARLORF4 were able to
efficiently infect contact chickens with 64 and 70%, respectively, developing MD. These result
show that RLORF4 is not required for horizontal transmission or natural infection of MDV. In
all, these results show that deletion of RLORF4 in a fully virulent, transmission-restored rMDV

is not required for horizontal transmission of MDV.
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Figure 7. Replication, MD incidence, and transmission of rMDVs in
chickens. Pure Columbian x New Hampshire chickens were
experimentally infected with vUL47eGFP, vARLORF4, or vAgC as
described in the Materials and Methods (n = 8/group) for 70 days. (A)
Replication was monitored in experimentally infected chickens by
guantification of genomic MDV genomes in the blood over the first 5
weeks of infection. Shown is the mean MDV genomic copies per 10°
blood cells + standard error of means. No significant differences were
observed between all groups and time points using Student’s t tests. (B)
Quantitative analysis of the percent of birds with rMDV in the FFs
(UL47eGFP) over the course of the experiment, including the total
number of birds over the course of the experiment. Using One-Way
ANOVA, there was no significant difference in the total number of
chickens positive for rMDV in the FFs (f-ratio value = 1.20103; p-value
= 0.327724). Trend lines for each group were added using Microsoft
Excel using the polynomial setting at an order of 6 and R? values for
each trend line are shown. (C) Total MD incidence was determined by
identification of gross lesions in euthanized chickens in both
experimentally- and naturally- (contact) infected chickens. Although
MD incidence induced by VARLORF4 (40%) and vAgC (50%) in
experimentally chickens was much lower than vUL47eGFP (83%),
these differences were determined to be not significant using Fisher’s
exact test at p < 0.05 (vUL47eGFP vs. vARLORF4, P = 0.2424;
vUL47e¢GFP vs. vAgC, P = 0.5455). In contact chickens naturally
infected, 64 and 70% of chickens housed with vUL47eGFP
(vUL47eGFP con) or vVARLORF4 (VARLORF4 con) developed MD,
while 0% of contact chickens housed with vAgC (vAgC con) developed
MD. There was no significant difference between vUL47eGFP con and
vARLORF4 con groups, while the vAgC con group was significantly
different between vUL47eGFP (P = 0.0039) and vVARLORF4 (P =
0.0031).
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RLORF4 is not required for gC expression in FFE cells

Our data thus far show that RLORF4 is not important for replication and chicken-to-
chicken transmission of MDV. We originally hypothesized that RLORF4 was important for gC
expression and subsequently host-to-host transmission; however, our data suggests this is not the
case. To address our original question directly, we used IFA and western blotting to evaluate gC
expression in FFE cells of infected chickens. Feathers plucked from infected chickens were fixed
and stained using anti-MDV gC antibody. Figure 8A shows both vUL47eGFP- and vARLORF4-
infected FFs abundantly express gC, while vAgC-infected FFs were negative for gC protein.
Figure 8B shows western blotting for gC in FFE cells scraped from FFs, consistent with IFA
staining of FFs. Thus, RLORF4 does not affect gC expression in FFs which is consistent with it

being dispensable for horizontal transmission in chickens.
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2Figure 8. Expression of gC in FFs of infected chickens. (A) Feathers were plucked from vUL47eGFP-,
vARLORF4-, and vAgC-infected birds at 28 dpi, fixed, then stained using anti-MDV ¢C antibody. FFs
obtained from vUL47eGFP- and vARLORF4-infected chickens were positive for gC protein, while FFs
from vAgC-infected birds were negative. (B) Western blot analysis for gC in FFEs. Whole cell protein
lysates were collected from FFE cells scraped from FFs infected with vUL47eGFP, vARLORF4, or vAgC,
electrophoresed through a 15% SDS-PAGE gel, transferred to nitrocellulose membranes, and probed for

MDYV gC as described in the Materials and Methods. Anti-B-actin antibody was used as internal cellular
control.

2 Figure 8A was generated by Dr. Nagendra Prabhu Ponnuraj.
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DISCUSSION

In this report, we tested the importance of RLORF4 for expression of gC and horizontal
transmission of MDV. Based on former data from multiple laboratories, we hypothesized that the
decrease in expression of MDV gC and inability of attenuated MDYV to transmit from chicken-to-
chicken following passage in vitro was directly due to deletion of RLORF4. However, the most
direct study of RLORF4 in attenuation used a rMDV that lacked gC expression and was unable
to transmit (163). To address the role RLORF4 has on gC expression and, consequently,
chicken-to-chicken transmission, gC and transmission competent rMDV was used in this report.

Deletion of both copies of RLORF4 resulted in increased plaque sizes in vitro, which was
consistent with attenuated nature of MDV (163) and rMDV lacking gC (vAgC) generated similar
plaque sizes as VARLORF4. In former studies, it was presumed the increased plaque sizes seen
with attenuated MDV was because these viruses lacked RLORF4, and subsequently, gC
expression was ablated, resulting in larger plaques sizes. However, our results show that the
increased plaque sizes induced by viruses lacking RLORF4 or gC are independent of each other,
thus RLORF4 enhances replication in tissue culture cells through a mechanism independent from
gC.

In chickens experimentally infected with rMDV, no significant differences were observed
between each group for replication or MD incidence (Figure 7). This is consistent with former
studies on MDV gC playing no role in replication and MD incidence in experimentally infected
chickens (20, 108, 109). However, our previous studies showed that RLORF4 was important for
replication and disease induction in experimentally infected chickens (163). Although disease
induction was reduced from 83% for vUL47eGFP- down to 40% for vARLORF4-infected

chickens (Figure 7C), this was not a significant decrease and therefore suggest no attenuation.
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There are at least three potential reasons why the level of MD incidence was not significant.
First, it could be due to the low number of experimentally infected birds for each group (n =5),
since our primary goal was to examine transmission and used more birds for this group (n = 11).
Secondly, the lack of attenuation could be due to using different chicken lines in the former and
current studies, as P2a chickens (173) were used previously, while Pure Columbian x New
Hampshire chickens were used in the current study. The PC x NH line has not been
characterized for MD resistance/susceptibility to date. Thirdly, the rMDV used previously had
numerous mutations (164), including frameshifts within the UL13 protein kinase, UL44 (gC),
and US6 (gD) genes that generated truncated proteins, and lacked the US2 gene; while the
rMDV used in the current study was fully repaired. Most likely, these additional mutations
contributed to the severely attenuated nature of RLORF4-null virus in the former studies, while
the current report suggests only minor attenuation based on the combined in vitro and in vivo
data. In all, these three reasons could explain the insignificant result in MD induction (Figure 7).

Consistent with abundant gC expression in FFs (Figure 8), vARLORF4 was able to
efficiently transmit from chicken-to-chicken as wild type virus (vUL47eGFP) conclusively
showing that RLORF4 is not involved in gC expression nor interindividual transmission of
MDV. Currently, it is not known why expression of gC is severely affected following serial
passage tissue culture cells, but the data presented here conclusively show that RLORF4 is not
involved in this process. Recently, the role of the Herpesviridae conserved ICP27 regulatory
protein, encoded by MDV UL54 (ICP27) has been shown to be essential for expression of MDV
gC in cell culture (171). Future work in our laboratory focuses on the role ICP27 plays in

attenuation and gC expression.
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CHAPTER 3: THE REQUIREMENT OF GLYCOPROTEIN C (gC) FOR HORIZONTAL
TRANSMISSION IS A CONSERVED FUNCTION OF gC FOR AVIAN

HERPESVIRUSES?

ABSTRACT

We have formerly shown that glycoprotein C (gC) of Gallid alphaherpesvirus 2, better
known as Marek’s disease (MD) alphaherpesvirus (MDV), is required for horizontal
transmission in chickens. Since gC is conserved within the Alphaherpesvirinae subfamily, we
hypothesized gC was important for horizontal transmission of other alphaherpesviruses. To test
this hypothesis, we first generated a fluorescent protein tagged clone of Gallid alphaherpesvirus
3 MD vaccine strain 301B/1 to track virus replication in cell culture and chickens using
fluorescent microscopy. Following validation of this system, we removed the open reading frame
of 301B/1 gC from the genome and determined whether it was required for horizontal
transmission using experimental and natural infection studies. Horizontal transmission of MD
vaccine 301B/1 was abrogated by removal of 301B/1 gC. Rescuent virus in which 301B/1 gC
was inserted back into the genome efficiently spread among chickens. To further study the
conserved function of gC, we replaced 301B/1 gC with MDV gC and this virus also efficiently

spread in chickens. These data suggest the essential function of alphaherpesvirus gC proteins is

3 This chapter has been previously published on Scientific Reports 11(1), pp.1-12.

Vega-Rodriguez, W., Xu, H., Ponnuraj, N., Akbar, H., Kim, T. and Jarosinski, K.W., 2021. The requirement of
glycoprotein C (gC) for horizontal transmission is a conserved function of gC for avian herpesviruses. As per the
Journal’s specification, the author retains the right to reuse this article as a chapter in this thesis without the need to
provide signed documentation. http://creativecommons.org/licenses/by/4.0/. The changes made to this article are as
follow: interindividual spread was changed to horizontal transmission in every occurrence, and Figure 4 was divided
into two separate figures.
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conserved and can be exploited during the generation of future vaccines against MD that affects
the poultry industry worldwide.
INTRODUCTION

Herpesviruses have co-evolved with their respective hosts for millions of years. In most
cases, each herpesvirus and host have reached a relatively stable relationship with many hosts
infected with multiple herpesviruses including humans that currently have nine associated
herpesviruses (174). Although there is a tremendous amount of information on herpesvirus-host
interactions in cell culture, little is known about their relationships pertaining to horizontal
transmission and the viral and cellular genes that mediate this important aspect of the virus
lifecycle. This is primarily due to the difficulty of studying the mechanistic nature of human
herpesviruses in humans, as well as a lack of many natural animal models. For this, we turn to
natural herpesvirus-host models to address questions on horizontal transmission and
dissemination in populations.

For much of the 1990’s, there was a tremendous amount of attention paid to conserved
herpesvirus glycoprotein C (gC) homologues due to their high expression levels and
immunogenicity where they were shown to perform multiple functions in vitro. Some of the
functions identified include primary attachment of cell-free virus to heparin sulfate (HS)- and
chondroitin-like glycosaminoglycans (GAGS) on the surface of cells (97, 175), and involvement
in late steps of virus egress from cultured cells (97, 99). Although gC is not essential for most
herpesviruses studied thus far, it significantly increases the efficiency of infection by providing
an additional binding mechanism (107) and helps shield the virus from antibody neutralization
(176). In addition to viral attachment and egress, gC homologues are thought to have immune

evasion functions mediated by binding to and inhibiting the action of complement component C3
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(101, 102); (100, 103-105) as well as a role in chemokine-mediated leukocyte migration (60).
Similar to MDV, gC homologues for herpes simplex virus 1 (HSV-1) and varicella-zoster virus
(VZV) appear to play a minor role in tissue culture model systems but are critical for HSV-1 and
VZV replication in human skin cells using the SCID-hu mouse model (177) suggesting gC
homologues may perform conserved functions during natural infection of the host. However,
studies on the role of gC homologues are limited due to a lack of natural animal host model
systems.

We have formerly shown that gC of Marek’s disease alphaherpesvirus (MDV) is
dispensable for in vitro and in vivo replication but is required for horizontal transmission from
chicken to chicken (20, 108, 109, 178). MDV causes Marek’s disease in chickens, presenting
with severe clinical symptoms including the development of solid lymphomas in the viscera and
other organs; metabolic dysfunction; and neurological signs like paralysis and ataxia (179). It is a
major economic problem in the poultry industry due to its global distribution and transmissibility
(131). Natural infection of MDV begins through the respiratory route by inhalation of infectious
virus where pulmonary B lymphocytes and macrophages or dendritic cells (156) are initially
infected and transport the virus to lymphoid organs. Primary cytolytic infection ensues in
activated T lymphocytes recruited to the sites of infection, which become the primary cell type
infected, and latency is established in these cells. Depending on the line of chicken or MDV
strain, oncogenic transformation of latently infected T cells results in lymphoma formation that is
ultimately a dead-end for the virus. Important for dissemination in the population, migrating
infected cells transport MDV to feather follicle (FF) epithelial (FFE) cells in the skin, where
infectious cell-free virus is shed into the environment, and the virus life cycle can repeat in new

hosts.
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There are currently eight herpesviruses identified in avian species with all characterized
within the subfamily Alphaherpesvirinae in the Herpesviridae family (174). Of the eight avian
herpesviruses, six belong to the Mardivirus genus of which MDV or Gallid alphaherpesvirus 2
(GaHV-2) is the prototypic virus within this genus. MD is controlled through vaccination with
attenuated MDYV strains and homologous non-oncogenic avian herpesviruses, including Gallid
alphaherpesvirus 3 (GaHV3) and turkey herpesvirus (HVT: Meleagrid alphaherpesvirus;
MeHV1). However, the current vaccines are efficient at reducing tumor formation and disease,
but not block horizontal transmission of virulent MDV resulting in increasing virulence over the
decades (180). It is generally accepted that GaHV-3 and HVT have similar horizontal
transmission pathogeneses as MDV.

Here, we hypothesized that the absolute requirement of gC for MDV horizontal
transmission is conserved among other avian herpesviruses. To test this hypothesis, we used a
recently generated infectious bacterial artificial chromosome (BAC) clone of the MD vaccine
strain 301B/1 (181) in experimental and natural infections of chickens to determine whether
301B/1 gC is required for 301B/1 transmission. Our results conclusively showed that 301B/1 gC
is required for horizontal transmission and that MDV gC could compensate for 301B1 gC in this
process. These results suggest the importance of gC homologues in horizontal transmission may
be a conserved function and draws importance to studying this glycoprotein during horizontal
transmission of other herpesviruses.

MATERIALS AND METHODS
Cell culture and cells
All cells were maintained at 38°C in a humidified atmosphere of 5% CO>. Chicken

embryo cells (CEC) were prepared from 10-11-day-old specific-pathogen-free (SPF) embryos
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obtained from the University of Illinois at Urbana-Champaign (UIUC) Poultry Farm following
standard methods (165). Briefly, primary CEC cultures were seeded in growth medium
consisting of Medium 199 (Cellgro, Corning, NY, USA) supplemented with 10% tryptose-
phosphate broth (TPB), 0.63% NaHCOs3 solution, antibiotics (100 U/ml penicillin and 100 pg/ml
streptomycin), and 4% fetal bovine serum (FBS). Confluent CEC cultures were maintained in
Medium 199 supplemented with 7.5% TPB, 0.63% NaHCO3, 0.2% FBS, and antibiotics.

The chicken DF-1-Cre fibroblast cell line (166) was cultivated in a 1:1 mixture of
Leibovitz L-15 and McCoy 5A (LM) media (Gibco, Gaithersburg, MD, USA) supplemented
with 10% FBS and antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin) and maintained
in 50 pug/ml Zeocin (Invitrogen, Carlsbad, CA).

Generation of two-step Red recombination shuttle vectors.

To produce pEP-301BgC-in, 301B/1 UL44 was Gibson assembly cloned from r301B/1
BAC DNA into pcDNA3.1 using primers shown in Table 3. Briefly, 301B/1 UL44 was
amplified by PCR using a set of primers encompassing the complete UL44 gene, gel purified,
and cloned into the pcDNA3.1 TOPO vector (Life Technologies) using Gibson Assembly
reaction mix (NEB) according to the manufacturer’s instructions to generate pc301BgC. Next, a
3xFlag epitope was cloned into pc301BgC from a previously described r3xFlags4 BAC clone
(171) using Gibson assembly to generate pc3xFlag301BgC. Next, the aphAl-I-Scel cassette was
amplified from pEP-KanS2 using primers shown in Table 3 and inserted into pc3xFlag301BgC
using Gibson Assembly cloning to generate pEP-301BgC-in. All clones at each step were
confirmed by PCR and DNA sequencing. For insertion of MDV gC (RB1B strain) into r301B/1,

a previously described pEP-MDVgC-in shuttle vector was used (109).
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Table 3. Primers used for cloning and generation of shuttle vectors using Gibson assembly cloning.

Construct? Direction® Sequence (5°—3)
Vector For ACATATTACTTTCGTCCGTCGGTAAGCCTATCCCT
AACCCTCTCC
Vector Rev GACGCGTGCATGGGGAAAATTCCGAGCTCGGTAC
0c301B gC CAAGCTTAACTAG
AGCTTGGTACCGAGCTCGGAATTTTCCCCATGCA
Insert For CGCGTCACG
GGGTTAGGGATAGGCTTACCGACGGACGAAAGT
Insert Rev AATATGTATTTTTTCCCGG
Vector For ACAAGGATGACGACGATAAGATTAACCCCGATCT
AGCTACACCC
CCGTCATGATCCTTGTAATCGCTAGCGCTTAGGA
Vector Rev
pc3xFlag301B gC CGCG
GCCGCGTCCTAAGCGCTAGCGATTACAAGGATCA
Insert For TGACGGAGATTACAAGG
GTAGCTAGATCGGGGTTAATCTTATCGTCGTCAT
Insert Rev CCTTGTAATCGATGT
Vector For GGCATAGAAATATCATCAGCCGAATATTACTCC

CGATTACCCTGTTATCCCTAGCTGATGATATTTCT
Vector Rev ATGCCGCTTGAG

GGCATAGAAATATCATCAGCTAGGGATAACAGG
Insert 1 For GTAATCGATTTATTCAACAAAG

CCTGCAAAGACCTGTAACCAGCCAGTGTTACAAC
Insert 1 Rev CAATTAACCAAT

TAATTGGTTGTAACACTGGCTGGTTACAGGTCTTT
Insert 2 For GCAGGACCC

Insert 2 Rev TCATCTTGGAGTAATATTCGGCTGATGATATT

4Construct generated with the set of primers.
"Directionality of the primer and product produced for Gibson assembly cloning.

pEP-301BgC-in

Generation of r301B/1 clones

To create 301B/1 expressing fluorescent-tagged pUL47, the coding sequence of the
monomeric red fluorescent protein (MRFP) gene was inserted in frame at the C-terminus of the
301B/1 UL47 open reading frame (ORF) by two-step Red-mediated mutagenesis (168) in an
infectious bacterial artificial chromosome (BAC) clone of 301B/1. Briefly, the mRFP-1-Scel-

aphAl cassette was amplified from pEP-mRFP-in (169) using primers shown in Table 4 and used
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for mutagenesis in GS1783 Escherichia coli cells. Multiple integrates and resolved clones were
screened by RFLP analysis, analytic PCR, and DNA sequencing using primers shown in Table 5.

To create r3AgC, the coding sequence of 301B UL44 (gC) was deleted from r301B47R.
Briefly, the I-Scel-aphAl cassette from pEP-KanS2 was amplified by PCR with Thermo
Scientific Phusion Flash High-Fidelity PCR Master Mix using primers shown in Table 4 and
used for mutagenesis in GS1783 E. coli cells. Following removal of UL44 in the r301B47R
clone, 301B/1 gC with a 3xFlag epitope inserted at the N-terminus after the predicted signal
sequence, or MDV gC were inserted into r3AgC using two-step Red recombination. Briefly,
3xFlag301B/1 gC or MDV gC were PCR amplified from pEP-301BgC-in or pEP-MDV(gC-in,
respectively, using primers shown in Table 4 and used for mutagenesis as described above.
RFLP analysis, analytical PCR, and DNA sequencing confirmed all clones were correct. Primers
used for MDV gC have been previously published (109, 157, 162), while primers for sequence
301B/1 gC are listed in Table 5.

r301B/1s were reconstituted by transfecting DF-1-Cre cells with purified BAC DNA plus
Lipofectamine 2000 (Invitrogen) using the manufacturers’ instructions as previously described
(182). Transfected DF-1-Cre cells were mixed with fresh primary CEC cultures until plaques
formed, then further propagated in CEC cultures until virus stocks could be stored. All viruses

were used at < 5 passages for in vitro and in vivo studies.
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Table 4. Primers used for generation of recombinant Gallid alphaherpesvirus 3 301B/1.

Modification® Direction® Sequence (5’- 3°)°
oruard AGAAGATGCGAAGGAGGCGATCTTCAAAAAAACGGA
CCGGATGGCCTCCTCCGAGGACG
UL47mRFP
Reverse TCACCACGATCTGCACGCCGCTCCGTGCGCTTTTTTTT
TACAAGGCGCCGGTGGAGTG
ATATACGCTCTCGGAGACGCGGCTCGCACGCCAGCTG
Forward AAATATTTTCCCCTAGTTTGCGGTGACATTGATTAGGG
ATAACAGGGTAATCGATTT
AgC
Reverse TACAAGAGCTCGGGGCATATAATGAGCCAGATCAATG
TCACCGCAAACTAGGGGAAAATATTTCAGCTGGGCCA
GTGTTACAACCAATTAACC
orward GGCTCGCACGCCAGCTGAAATATTTTCCCCCCCATGCA
ACR CGCGTCACG
(3xFlag301BgC)  poverse AATGAGCCAGATCAATGTCACCGCAAACTAGACGGAC
GAAAGTAATATGTATTTTTTCCCG
o ATATACGCTCTCGGAGACGCGGCTCGCACGTATCTTCC
CTCATGCTCACG
MDV gC
Reverse TACAAGAGCTCGGGGCATATAATGAGCCAGCATAACA

ATGAGATTATAAT

aModification to the 301B/1 genome using two-step Red-mediated recombination. "Directionality of the
primer. “Underlined sequence indicates start and stop codons for 301B/1 UL44 gene. Italics indicate the
template-binding region of the primers for PCR amplification with pEP-mRFP-in, pEP-KanS, pEP-
301BgC-in, or pEP-MDV(C-in. Red indicates unique upstream integration sequences.

Table 5. Primers used for sequencing.

Gene? Direction® Sequence (5°—3°)
Forward CCTTCTCGGCACGCTAGCCT
UL47cTerm
Reverse TTTTGGGACGCGAAGTGGCC
Forward GCTAAGTTGCGCAGGCAGAG
Reverse GGGCCGGATGTACCTATACG
Forward GACCCGCCTCGGTCGACG
UL44 (gC)
Reverse ACATAGACGGAGCCCGGTGG
Forward GCCATCGACGAGGGGGT
Reverse GCCGGAATACTTGACGGGTTG

4Gene sequenced with the set of primers.
*Directionality of the primer.
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Immunofluorescence assays (IFA)

CEC cultures were infected with different r301B/1 viruses on sterile glass coverslips at
100 plaque-forming units (PFU) per well. At 5 days post-infection (p.i.), cells were fixed with
PFA buffer (2% paraformaldehyde, 0.1% Triton X-100) for 15 min and then washed twice with
PBS. Fixed coverslips were blocked in 10% neonatal calf serum and stained with anti-GaHV-3
chicken sera and goat anti-chicken IgY-Alexa Fluor® 488 secondary antibody (Molecular
Probes, Eugene, OR). To detect 3xFlag301BgC, mouse anti-Flag® M2 (Sigma-Aldrich) was
used. Anti-gC monoclonal A6 (kindly provided by Jean-Francois Vautherot, INRA, Nouzilly,
France) antibody (151) was used to detected MDV gC expression. Anti-mouse Ig Alexa Fluor
488 (Molecular Probes, Eugene, OR) was used as secondary antibody for both anti-Flag and -
MDYV gC monoclonal antibodies. The virus plaques were observed using an EVOS™ FL Cell
Imaging System (Thermo Fisher Scientific) and compiled using Adobe® Photoshop® version
21.0.1.
Measurement of plaque areas

Plaque areas were measured in CEC cultures exactly as previously described (163) using
anti-GaHV-3 chicken sera and goat anti-chicken IgY-Alexa Fluor® 488 secondary antibody
(Molecular Probes, Eugene, OR). Digital images of 50 individual plaques were collected using
an EVOS™ FL Cell Imaging System (Thermo Fisher Scientific) and compiled with Adobe®
Photoshop® version 21.0.1. Plaque areas were measured using ImageJ (170) version 1.53d
software. Box and Whisker plots were generated, and significant differences were determined

using IBM® SPSS® Statistics Version 27 software.
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Viral DNA replication in cell culture

To measure replication of viruses in cell culture gPCR assays were used to measure the
relative level of replication as previously described (181). Briefly, CEC cultures were prepared
in 6-well tissue culture plates and the next day inoculated with 100 PFU/well. Total DNA was
collected from the inoculum and at 48, 72, 96, and 120 h following infection using the QlAamp®
DNA Mini Kit (Qiagen, Germantown, MD). Quantification of 301B/1 genomic copies in CEC
cultures was performed using primers and probe previously described (181) and were used in
duplex PCR reactions with previously described primers and probes against chicken iNOS (172).
All gPCR assays were performed in an Applied Biosystems QuantStudio 3 Real-Time PCR
System (Thermo Fisher Scientific) and the results were analyzed using the QuantStudio™
Design & Analysis Software v1.4.2 supplied by the manufacturer. The fold-increase over
inoculum was used in triplicate for each virus and time point.
Western blot analysis

Western blot analyses were performed as previously described (151). Total protein was
collected from infected CEC cultures or scraped from FFE previously described (178). In some
experiments, infected CEC cultures media was collected to detected secreted proteins. To detect
the relative level of 301B/1 infection, mouse anti-GaHV-3 Y5.9 (149) was used at 1:500 dilution
to detect GaHV-3 specific gB. To detect mRFP tagged 301B/1 pUL47, rabbit anti-mRFP
antibody (ab62341; Abcam®) was used with secondary sheep anti-rabbit IgG (H+L)-HRP
conjugate (A16172; Life Technologies, Inc.). To detect MDV gC, monoclonal antibody A6 was
used at a 1:500 dilution. To detect 3xFlag tagged 301B/1 gC, anti-Flag® M2 was used and for
protein loading control, mouse anti-p-actin (ACTNO5; Abcam, Cambridge, MA) was used at

their recommended dilutions. Anti-bovine serum albumin (BSA, Thermo Fisher Scientific) mAb
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was used at its recommended dilution as a loading control for infected cell media. Secondary
anti-mouse 1gG peroxidase conjugate was purchased from GE Healthcare (Piscataway, NJ) and
used for mouse monoclonal antibodies. The SuperSignal West Pico Chemiluminescent Substrate
kit from Thermo Fischer Scientific (Rockford, IL) was used to detect antigens using the
manufacturer’s instructions.
Ethics statement

All animal work was conducted according to national regulations and ARRIVE
guidelines. The animal care facilities and programs of UIUC meet the requirements of the law
(89 -544, 91-579, 94 -276) and NIH regulations on laboratory animals and are compliant with
the Animal Welfare Act, PL 279. UIUC and the College of Veterinary Medicine at UIUC are
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC). All experimental procedures were conducted in compliance with approval of
UIUC’s Institutional Animal Care and Use Committee (IACUC).
Animal experiments

Pure Columbian (PC) chickens were obtained from the UIUC Poultry Farm (Urbana, IL)
and were from MD-vaccinated parents; therefore, considered to be maternal antibody positive.
To test replication of v301B47R, 7-day old chicks (n = 10) were experimentally infected by
intra-abdominal inoculation of 4,000 PFU for v301B47R and housed with another ten chickens
that were left uninfected to act as contacts to determine whether v301B47R can naturally infect
naive chickens by horizontal transmission. To test the ability of v301B47R, v3AgC, v3AgC-R,
v3-MDV(C to replicate and horizontal transmission in chickens, 3-day old PC chicks (n = 8-
10/group) were inoculated with 10,000 PFU with each respective virus and housed in separate

rooms. To test natural infection through horizontal transmission, 6-8 age-match, naive contact
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chickens were housed experimentally infected chickens for eight weeks. Water and food were
provided ad libitum for all animal experiments.
DNA extraction from blood cells and qPCR assays

To measure replication in chickens, whole blood was obtained by wing-vein puncture and
DNA was extracted using the E.Z. 96 blood DNA kit from Omega Bio-tek, Inc. (Norcross, GA)
as previously described (20). Quantification of 301B/1 genomic copies in CEC cultures or blood
using gPCR was performed using primers and probe previously described (181) and were used in
duplex PCR reactions with previously described primers and probes against chicken iNOS (172).
All gPCR assays were performed in an Applied Biosystems QuantStudio 3 Real-Time PCR
System (Thermo Fisher Scientific) and the results were analyzed using the QuantStudio™
Design & Analysis Software v1.4.2 supplied by the manufacturer. The final viral loads were
obtained after normalizing with chicken iNOS used as an internal control gene.

Monitoring v301B47R and its derivatives in feather follicles (FFs)

To track the time at which each r301B47R or its derivatives reached the FFs, two flight
feathers were plucked from the right and left wings (4 total) of inoculated birds weekly and
pUL47mRFP expression was examined using a Leica M205 FCA fluorescent stereomicroscope
with a Leica DFC7000T digital color microscope camera (Leica Microsystems, Inc., Buffalo
Grove, IL).

IFA of feather follicles (FFs)

Whole feathers were plucked from chickens infected with different r301B/1s and the FFs
were fixed using PFA buffer, washed twice with PBS, and then blocked in 10% neonatal calf
serum (Sigma-Aldrich). Fixed FFs were stained with primary mouse anti-Flag® M2 (Sigma-

Aldrich) or anti-gC A6 (151) antibodies with anti-mouse Ig Alexa Fluor 488 (Molecular Probes,
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Eugene, OR) used as secondary antibody. The Leica M205 FCA fluorescent stereomicroscope
with a Leica DFC7000T digital color microscope camera (Leica Microsystems, Inc., Buffalo
Grove, IL) was used to analyze stained FFEs. All images were compiled using Adobe®
Photoshop® version 21.0.1.

RESULTS

Generation of recombinant (r)301B/1 expressing pUL47mRFP (r301B47R)

We and others have shown that fusing fluorescent proteins to the C-terminus of
alphaherpesvirus pUL47 (VP13/14) allows the visualization of infected cells and does not affect
replication in cell culture and in vivo for numerous herpesviruses (167, 183-186). Therefore, we
inserted monomeric red fluorescent protein (MRFP) at the C-terminus of the pUL47 in a recently
described BAC clone of 301B/1 (181) to generate r301B47R (Figure 9). RFLP analysis
confirmed the integrity of the BAC clones as the predicted banding pattern was observed
described in Figure 10. In addition, DNA sequencing was used to confirm that each clone was

correct at the nucleotide level (data not shown) using primers specific for each gene (Table 3).
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Figure 9. r301B/1 clones. (A) Schematic representation of the 301B infectious clone (181) genome
depicting the locations of the terminal repeat long (TRL) and short (TRS), internal repeat long (IRL) and
short (IRS), and unique long (UL) and short (US) regions. The location of the mini-F (BAC) sequence is
also shown located within the US region. The region of the UL spanning UL43 to UL50 is expanded to
show the relevant genes within this region including the mRFP tag on pULA47, deletion of UL44 (gC), and
insertion of 3xFlag301BgC or MDV ¢C.
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Replication of v301B47R in cell culture

Following reconstitution of r301B/1 and r301B47R resulting in v301B/1 and v301B47R,
respectively, we first tested in vitro replication properties using plaque size assays. Consistent
with fusing fluorescent proteins to pUL47 in other herpesviruses, there was no change in
replication between parental v301B/1 and v301B47R during cell culture replication in chicken
embryo cells (CEC) cultures (Figure 11A). Additionally, while reconstituting r301B47R in DF-
1-Cre (data not shown) and propagating in CEC cultures, mRFP expression was abundantly
expressed that could be visualized using fluorescent microscopy (Figure 11B). Expression of
pUL47mRFP was almost exclusively found in the nucleus, consistent with MDV, though levels
appeared to more abundant than observed for MDV (167, 182). Western blotting using anti-
mRFP antibody showed mRFP expression was fused to the pUL47 since mRFP alone is ~26 kDa
in size, while fused to pUL47 would create ~115 kDa protein (Figure 10C). These results show
that fusing mRFP to the C-terminus of pUL47 of 301B/1 resulted in no change in viral
replication in tissue culture and allowed the direct visualization of 301B/1 replication in cells.
This data is consistent with former studies fusing fluorescent proteins to pUL47 homologues

(167, 184, 185, 187).
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Figure 10. Generation of r301B/1clones. (A) Predicted and actual RFLP analysis of r301B/1 clones. BAC DNA obtained for r301B, r301B47R-
integrate clone and two resolved clones were digested with BamHI and electrophoresed through a 1.0% agarose gel. Integration of the
MRFP+AphAl sequence resulted in an increase in the 9,545 bp (—) fragment to 11,207 bp (—). Resolution by removal of the AphAl sequence
shifted the 11,207 bp fragment to 10,233 bp («—). One resolved clone (#) was used after this point. (B) Predicted and actual RFLP analysis of
r3AgC r301B clone. BAC DNA obtained for r301B47R, r3AgC-integrate clone and r3AgC-resolved clone were digested with BamHI and
electrophoresed through a 1.0% agarose gel. Integration of the AphAl sequence into this locus removed a BamHI site resulting in combining the
10,223 and 14,854 bp fragments (—) to 24,671 bp (—). Removal of the AphAl sequence through resolution reduced the 23,933 bp fragment by
1,028 bp to 23,643 bp («). (C) Predicted and actual RFLP analysis of r3AgC-R and r3-MDVgC clones derived from the r3AgC clone. BAC DNA
obtained for r3AgC, r3AgC-R-integrate, r3AgC-R-resolved, r3-MDVgC-integrate, and r3-MDVgC-resolved clones were digested with EcoRI and
electrophoresed through a 1.0% agarose gel. Integration of 3xFlag301BgC-AphAl or MDVgC-AphAl sequences into this locus resulted an increase
in the 12,879 bp (—) fragment to 15,420 bp (—) or 15,403 bp (—), respectively. Removal of the AphAl sequence from r3AgC-R-Int reduced the
15,420 bp fragment by 1,038 bp to 14,382 bp («+—) to generate r3AgC-R-Res. Removal of the AphAl sequence from r3-MDVgC-Int reduced the
15,403 bp fragment by 1,034 bp to 14,369 bp (<) to generate r3-MDVgC-Res.The molecular weight marker used was the 1 kb Plus DNA Ladder
from Invitrogen, Inc. (Carlsbad, CA). No extraneous alterations are evident
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Replication of v301B47R in cell culture

Following reconstitution of r301B/1 and r301B47R resulting in v301B/1 and v301B47R,
respectively, we first tested in vitro replication properties using plaque size assays. Consistent
with fusing fluorescent proteins to pUL47 in other herpesviruses, there was no change in
replication between parental v301B/1 and v301B47R during cell culture replication in chicken
embryo cells (CEC) cultures (Figure 11A). Additionally, while reconstituting r301B47R in DF-
1-Cre (data not shown) and propagating in CEC cultures, mRFP expression was abundantly
expressed that could be visualized using fluorescent microscopy (Figure 11B). Expression of
pUL47mRFP was almost exclusively found in the nucleus, consistent with MDV, though levels
appeared to more abundant than observed for MDV (167, 182). Western blotting using anti-
mRFP antibody showed mRFP expression was fused to the pUL47 since mRFP alone is ~26 kDa
in size, while fused to pUL47 would create ~115 kDa protein (Figure 10C). These results show
that fusing mRFP to the C-terminus of pUL47 of 301B/1 resulted in no change in viral
replication in tissue culture and allowed the direct visualization of 301B/1 replication in cells.
This data is consistent with former studies fusing fluorescent proteins to pUL47 homologous
(167, 184, 185, 187).
v301B47R as a tool for tracking virus in chickens

Next, we tested the ability of v301B47R to replicate and horizontal transmission in
chickens. To do this, ten chickens were experimentally infected with 4,000 PFU v301B47R and
housed with ten naive contact chickens for nine weeks to measure natural infection (horizontal
transmission). First, we were interested in whether we could directly identify infected birds
based on fluorescence in plucked feathers as has been previously done in our laboratory for

MDYV (171). Like our former results with fluorescently tagged MDYV, feather follicles were
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easily identified from feathers in most experimentally infected chickens at 14 to 28 days pi
(Figure 11D) with a total of 90% of birds positive for v301B47R by 21 dpi (Figure 11E).
Staining of FFs showed feathers positive for pUL47mRFP were also positive for anti-GaHV-3
glycoprotein B (Y5.9), while negative for anti-HVT glycoprotein B (L78.2). These results show
that fusing mRFP to 301B/1 pUL47 can be an effective tool to track v301B/1 in chickens.

v301B47R can spread from chicken to chicken.
Over the course of 9 weeks, 50% of the naive contact chickens housed with

experimentally infected chickens became positive by the time the experiment was terminated
(Figure 11E). There was a delay of about three weeks before naive contact chickens began to
show fluorescent feathers compared to experimentally infected chickens, which is consistent
with the time it takes for MDV to horizontal transmission. These results confirm that 301B/1 can
horizontal transmission from chicken to chicken.
Generation of r301B/1 lacking gC or expressing 3xFlag301B gC or MDV gC

Now that we had a tool to track 301B/1 in cell culture and chickens, we wanted to test
two hypotheses. First, we hypothesized that 301B/1 gC, like MDV gC, would be required for
horizontal transmission in chickens. Second, we hypothesized that, since both GaHV-3 and
MDYV are chicken herpesviruses with similar pathogeneses, that MDV gC would compensate for
301B/1 replication and transmission. Therefore, we removed the complete UL44 ORF from
r301B47R to generate r3AgC (Figure 9 and Figure 10). To generate a rescuant virus, 301B/1 gC
was inserted back into the viral genome where it was originally removed but included a 3xFlag
tag at the N-terminus (r3-AgC-R) that should allow us to identify 301B/1 gC in downstream
studies. In addition, we inserted MDV gC in its place to generate r3-MDVgC. RFLP analysis

confirmed the integrity of the BAC clones as the predicted banding pattern was observed
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(Figures 10B and 10C). In addition, DNA sequencing was used to confirm that each clone was

correct at the nucleotide level (data not shown) using primers specific for each gene (Table 5).
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“Figure 11. Replication and fluorescent protein expression in tissue culture cells. (A) Plaque areas of
viruses reconstituted from r301B/1 and r301B47R were measured and the results are shown as box &
whisker plots. There were no significant differences in plaque sizes between the two viruses using Student’s
t tests. (B) Representative plaques for v301B/1 and v301B47R are shown. Plaques were stained with
polyclonal chicken anti-GaHV-3 antibody and goat anti-chicken-IgY Alexa488 (green) was used as
secondary antibody to identify plaques. Fluorescent expression of mRFP (red) was directly visualized and
cells were counterstained with Hoechst 33342 to visualize nuclei. (C) Western blotting for pUL47mRFP
using anti-mRFP antibody. The anti-GaHV-3 antibody Y5.9 (188) was used to show the relative level of
infection in the cultures. Antibody against chicken f-actin is shown as a loading control. (D) Fluorescent
protein expression in feather follicles (FFs) infected with v301B47R at 21 dpi. FFs were also stained with
anti-HVT L78.2 or -GaHV-3 Y5.9 plus anti-mouse 1gG-Alexa488 (green) and images were collected with

a fluorescent stereoscope. (E) Percent of chickens positive for pUL47mRFP in experimental and naturally
(contact) infected chickens over 60 days.

o

“Figure 11C was generated by Dr. Nagendra Prabhu Ponnuraj.
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Replication of v301B/1 lacking gC (v3AgC) or expressing MDV gC (v3-MDV(C) in cell
culture

Following reconstitution of r301B/1 clones with UL44 removed (v3AgC) and replaced
with Flag-tagged 301B/1 gC (r3AgC-R) or MDV ¢C (r3-MDV(C), we tested replication in CEC
cultures using plaque size assays (Figure 12A). Removal of 301B/1 gC resulted in significantly
large plaque sizes, which is consistent with what is observed for MDV (109, 178). Adding
3xFlag301B gC restored smaller plaque sizes (v3AgC-R), while adding MDV gC also restored
smaller plaque sizes that were significantly different tov3AgC. Virus replication kinetics showed
not significant differences (Figure 12B). Figure 12C shows western blotting of total protein and
media from infected cells using anti-MDV gC and -Flag antibodies. The rescued 301B/1 gC
could be detected using the anti-Flag antibody in both cellular protein extracts and infected cell
media, suggesting 301B/1 gC is also secreted as has been previously shown for MDV gC (109,

189).

We also confirmed MDV gC expression in both infected cells and was in the media of
infected cells. Immunofluorescence assays (IFA) was used to examine expression in cells and
showed that Flag-tagged 301B/1 gC (Figure 12D) and MDV gC proteins (Figure 12D) were
detected as expected. These results show that adding the 3xFlag epitope to the N-terminus
301B/1 gC did not affect 301B/1 replication in cell culture and allowed us to identify its
expression in vitro. Also, 301B/1 expressing MDV gC did not affect replication based on plaque

size assays, and MDYV gC was expressed in v3-MDVgC.
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Figure 12. Replication and expression of proteins in cell culture. (A) Plague areas for viruses
reconstituted from r301B47R, r3AgC, r3AgC-R, and r3-MDVQC were measured and shown as box &
whisker plots. Averages with different letters are significantly different using Student’s t-tests (P < 0.05).
(B) Western blotting to confirm 301B/1 gC and MDV gC expression. Both total cellular protein and infected
cell culture media were used to detect 3xFlag tagged 301B/1 gC and MDV gC. Anti-Flag® M2 was used
to detect 301B/1 gC, while anti-MDV gC A6 antibody was used to confirm MDV gC expression. For protein
loading control, mouse anti-p-actin was used for total protein, while anti-BSA was used for infected cell
media. (C and D) Expression of 301B/1 gC in v3AgC-R and MDV gC in v3-MDV(C. Representative
plaques for all four viruses were stained with anti-Flag® (C) or -MDV ¢gC A6 antibodies with goat anti-
mouse-Alexa488 (green) as secondary antibody. Fluorescent expression of mRFP (red) was directly
visualized and cells were counterstained with Hoechst 33342 to visualize nuclei. Only anti-Flag (C) or -
MDYV ¢C (D) and pUL47mRFP are shown in the merged images.

301B/1 gC is required for horizontal transmission

To test our hypotheses that GaHV-3 gC, like MDV gC, would be required for horizontal
transmission in chickens, we tested our newly derived v3AgC using our experimental and natural
infection model for horizontal transmission. To do this, 8-10 chickens were inoculated with

10,000 PFU of each virus and housed with 6-10 uninfected chickens over the course of 8 weeks.
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Using gPCR assays to measure 301B/1 replication in the blood of experimentally infected
chickens (Figure 13A) and presence in FFs (Figure 13B), no differences were seen between
v301B47R, v3AgC, and v3AgC-R. However, when contact chickens were monitored for natural
infection, no chickens housed with v3AgC-infected birds became infected compared to 88% and
60% of contact chickens were infected with v301B47R and v3AgC-R, respectively (Figure 13B).
Following termination, whole blood was collected from all contact chicken, serum was tested for
anti-GaHV-3 antibodies using IFAs and blood was used to measure 301B/1 viral DNA. It was
confirmed all chickens negative for fluorescent FFs were also negative for anti-GaHV-3
antibodies and 301B/1 viral DNA in the blood (data not shown). IFA (Figure 14A) and western
blotting (Figure 14C) was used to confirm the 3xFlag epitope remained fused to the 301B/1 gC
protein. With these results, we can conclude that 301B/1 gC is required for horizontal
transmission of the 301B/1 MD vaccine strain and the addition of a 3xFlag epitope at the N-

terminus of 301B/1 gC does not affect its function during horizontal transmission.

MDYV gC can compensate for 301B/1 gC during 301B/1 horizontal transmission.

To test our second hypothesis that MDV gC would compensate for 301B/1 replication
and transmission, we also tested v3-MDVgC in vivo. There was no difference in virus replication
in the blood using qPCR assays (Figure 13A) nor the ability to reach the FFs (Figure 13B).
Interestingly, v3-MDVgC was able to naturally infect chickens similar to v301B47R and v3AgC-
R showing that MDV gC can compensate for 301B/1 in this essential function in vivo. IFA
(Figure 14B) and western blotting (Figure 14C) were used to confirm MDV gC expression was
maintained during replication in FFE cells. These results show that MDV gC can compensate for

301B/1 gC during 301B/1 MD vaccine strain horizontal transmission in chickens.
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Figure 13. Replication and horizontal transmission of r301B/1 viruses in chickens. Pure Columbian
chickens were experimentally infected with v301B47R, v3AgC, v3AgC-R, or v3-MDV(C as described in
the Materials and Methods for 56 days. (A) Replication was monitored in experimentally infected chickens
by guantification of 301B/1 genomes in the blood over the first 4 weeks of infection. Shown are the mean
301B/1 genomic copies per 10° blood cells + standard error of means. No significant differences were
observed between all groups and time points using Student’s t-tests. (B) Quantitative analysis of the percent
of birds positive for pUL47mRFP in FFs over the course of the experiment. Using Fisher’s exact test at p<
0.05, there was no significant difference in the total number of chickens positive for experimentally infected
chickens with 100% positive by 21 days pi. No naive contact chickens housed with v3AgC were naturally
infected, while 88, 75, and 60% of contact chickens were naturally infected with v301B47R, v3-MDVgC,
or vAgC-R, respectively. Using Fisher’s exact test at p<0.05, there was no significant difference between
v3AgC-R (P = 0.5105) and v3-MDVgC (P = 1.0000) compared to v301B47R, while v3AgC was
significantly different (P = 0.0047).
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experimentally infected with v301B47R, v3AgC, v3AgC-R, or v3-MDV(C as described in the Materials
and Methods for 56 days. (A and B) Feathers were plucked from v301B47R, v3AgC, v3AgC-R, and v3-
MDV(gC at 28 dpi, fixed, then stained using anti-Flag M2 (A) or anti- MDV gC (B) antibodies. FFs obtained
from v3AgC-R-infected birds were positive for 3xFlag301B gC, while FFs from v3-MDVgC -infected
chickens were positive for MDV gC protein. (C) Western blot analysis for 3xFlag301B and MDV ¢C in
FFEs. Whole-cell protein lysates were collected from FFE cells scraped from infected FFs, electrophoresed
through a 10% SDS-PAGE gel, transferred to nitrocellulose membranes, and probed for Flag or MDV ¢gC
as described in the Materials and Methods. Anti-p-actin antibody was used as internal cellular control.

DISCUSSION
In this report, we tested the importance of the alphaherpesvirus conserved gC protein for

horizontal transmission of the MD vaccine strain 301B/1. In addition, we tested whether MDV

5 Figure 14C was generated by Huai Xu.
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gC could compensate for 301B/1 gC in transmission and whether N-terminal tagging of 301B/1
gC would affect its function during horizontal transmission. We were able to confidently
conclude that 301B/1 gC is required for horizontal transmission of 301B/1 virus and the addition
of a 3xFlag epitope at the N-terminus did not affect its function during transmission. We were
also able to conclude that MDV gC can compensate 301B/1 gC during horizontal transmission of
301B/1 virus. This data, combined with our former work on MDV (20, 108), suggests the
essential role for the alphaherpesvirus conserved gC during horizontal transmission is a
conserved function of avian herpesviruses.

The exact role of MDV and 301B/1 gC during horizontal transmission is not completely
understood, but the absolute requirement during natural infection suggests it may be involved in
virus-cell binding to cells. For HSV-1, glycoprotein D (gD) binds to the herpesvirus entry
mediator (HVEM), nectin-1, nectin-2, or modified heparin sulfate on the surface of cells
providing a mechanism for cell tropic binding (115) and it is believed gD of other members of
the Alphaherpesvirinae perform similar functions. However, formerly we showed that gD is not
required for MDV horizontal transmission (20). The absolute requirement for gC in this process
suggests it plays may be required for binding to cells during MDV natural infection.
Homologues of gC perform multiple functions in vitro that include primary attachment of cell-
free virus to proteoglycans on the surface of cells (97, 175, 190, 191) but is not required for
specific interactions on cells where gD normally performs this function (13, 15). Although gC is
not essential for HSV-1 entry in vitro, it significantly increases the efficiency of HSV-1 infection
by providing an additional binding mechanism (107) and helps shield gB from antibody
neutralization (176). Based on the ability of 301B/1 to naturally infect chickens when expressing

301B/1 or MDV g¢C and the close sequence homology (72.655% protein identity) between the
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two proteins (Figure 15), both proteins may target the same chicken cellular protein and cell type

to initiate infection. We are currently performing studies to elucidate potential binding partners

for gC.
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Figure 15. Avian gC protein alignment. Alignment of 301B/1 and MDV (RB-1B strain) gC protein using

MUSCLE Alignment in Geneious Prime 2021.0.3 (Biomatters, Inc., San Diego, CA). Green highlighted
amino acids are conserved between the two proteins.

Currently, most MD vaccines do not transmit efficiently in chickens and thus cannot
compete with virulent virus that does spread efficiently. Read et al. (137) showed that current
MD vaccines can enhance transmission of virulent MDV in the field, possibly because they are
unable to block infection of chickens and shedding of virus. The fact that 301B/1 is as effective
as traditional vaccine strains (181) and is able to efficiently transmit in chickens suggest this
vaccine strain may better protect unvaccinated or “missed” chickens in a flock and potentially
compete with virulent MDV for replication in the skin. On top of that, swapping MDV ¢C for
301B/1 will most likely provide better immunogenic responses to MDV as gC is a major

antigenic target against MDV (192) and could increase its protective index.

Another important result in this report was that both 301B/1 and MDYV g¢C proteins were

secreted into the infected culture cell media suggesting alternative splicing of 301B/1 and MDV
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gC occurs in 301B/1 as has been shown for MDV gC during MDV cell culture propagation
(109). Further analysis on the splicing of the gC mRNA during 301B/1 replication is warranted,;
however, this data suggests the splicing of gC transcripts is also conserved in 301B/1 and the
mechanism of gC transcript splicing, such as ICP27 and pUL47 (171, 193), may also be

conserved among the avian herpesviruses.

In summary, our results support our hypothesis that the absolute requirement of gC
during horizontal transmission is conserved among alphaherpesviruses. This report extends our
work on MDV ¢C requirement to the MD vaccine strain 301B/1, and we can conclude at least
for some avian herpesviruses with similar pathogeneses, that the functional importance of gC
during horizontal transmission is conserved. Further studies are warranted to determine whether
gC homologues of other alphaherpesvirus are required for natural infection, although there are
limited natural animal models to perform such studies making the avian herpesvirus models

important for understanding conserved herpesvirus genes during natural infections.
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CHAPTER 4: THE REQUIREMENT OF GLYCORPOTEIN C FOR HORIZONTAL
TRANSMISSIONIS FUNCTIONALLY CONSERVED WITHIN THE

ALPHAHERPESVIRUS GENUS (MARDIVIRUS), BUT NOT THE HOST (GALLID)®

ABSTRACT

Marek’s disease (MD) in chickens is caused by Gallid alphaherpesvirus 2, better known
as MD alphaherpesvirus (MDV). Current vaccines do not block horizontal transmission from
chicken-to-chicken, therefore, understanding MDYV horizontal transmission provides important
information for the development of potential therapies to protect against MD, while also
providing a natural host to study herpesvirus dissemination. It has long been thought that
glycoprotein C (gC) of alphaherpesviruses evolved with their host based on their ability to bind
and inhibit complement in a species-selective manner. Here, we tested the functional importance
of gC during horizontal transmission and host specificity using the natural model system of
MDYV in chickens through classical compensation experiments. We determined that another
chicken alphaherpesvirus (Gallid alphaherpesvirus 1 or infectious laryngotracheitis virus) gC
could not compensate for chicken MDV gC during horizontal transmission, while turkey
alphaherpesvirus (Meleagrid alphaherpesvirus 1 or HVT) gC could compensate for MDV gC.
ILTV and MDV are Gallid alphaherpesviruses; however, ILTV is a member of the Iltovirus

genus, while MDV is classified as a Mardivirus along with HVT. These results suggest that gC is

& This chapter has been previously published on Viruses 13(8), p.1419.

Vega-Rodriguez, W., Ponnuraj, N., Garcia, M. and Jarosinski, K.W., 2021. The Requirement of Glycoprotein C for
Horizontal Transmission Is Functionally Conserved within the Alphaherpesvirus Genus (Mardivirus), but Not the
Host (Gallid). As per the Journal’s specification, the author retains the right to reuse this article as a chapter in this
thesis without the need to provide signed documentation.
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functionally conserved based on the virus genera (Mardivirus vs. lltovirus) and not the host
(Gallid vs. Meleagrid).
INTRODUCTION

All avian herpesviruses are members of the Alphaherpesvirinae within the Herpesviridae
(194) and include Gallid alphaherpesviruses (GaHV-) 1, 2, and 3 and Meleagrid
alphaherpesvirus 1 (MeHV-1), better known as infectious laryngotracheitis virus (ILTV) or
GaHV-1, Marek’s disease alphaherpesvirus (MDV) or GaHV-2, GaHV-3, and turkey
herpesvirus (HVT), respectively. MDV, GaHV-3, and HVT are classified into the genus
Mardivirus, while ILTV is classified as an Iltovirus based on genomic sequencing (139).

ILTV (GaHV-1) is the prototypic member of the Iltovirus genus that also includes
Psittacid alphaherpesvirus 1 (PsHV-1) (139). ILTV is highly contagious and results in
significant losses to the poultry industry due to severe respiratory disease including
conjunctivitis, sinusitis, oculo-nasal discharge, bloody mucus and overall high morbidity (195).
For the most part, ILTV is localized to the respiratory tract and horizontal transmission is
through shedding of respiratory secretions and transmitted by inhalation of infectious material.
Similarly, MDV and HVT infection is initiated in the lungs of chickens or turkeys, respectively.
However, infection in the respiratory system is initiated by inhalation of infectious material in
dander and dust that contains infectious virus previously shed from feather follicle (FF) epithelial
(FFE) skin cells of infected birds. The most well studied Mardivirus is MDV where transmission
of MDV can be through direct bird-to-bird contact or through indirect contact with infected
feathers, dust, or dander. It is not completely understood what mechanism is used by MDV to
spread in a flock; however, MDV glycoprotein C (gC) is essential for horizontal transmission

(20, 108, 109, 178). The requirement of gC for horizontal transmission was recently confirmed to
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be conserved for another Mardivirus, GaHV-3 (196) showing the functional importance of gC in
Mardivirus horizontal transmission. To date, only shedding of infectious virus using a gC-null
ILTV was shown to be attenuated in vivo, but horizontal transmission was never directly
addressed (197).

MDYV gC, previously referred to as the “A-antigen”, is encoded by the UL44 gene in the
MDYV genome, and it is conserved among the Alphaherpesvirinae. MDV gC is highly expressed
during in vitro and in vivo propagation; however, its expression is reduced following serial
passage in tissue culture cells (108, 148-153). Alphaherpesvirus gC proteins have been shown to
be important for multiple functions during herpesvirus infection including primary attachment of
cell-free virus to heparin sulfate- and chondroitin-like glycosaminoglycans on the surface of cells
(97, 175) and the late steps of egress from cultured cells (97, 99). gC homologues have also been
shown to have immune evasion functions. For example, herpes simplex virus 1 (HSV-1), HSV-2,
Suid alphaherpesvirus 1 (SuHV-1) or pseudorabies virus (PRV), Equid alphaherpesvirus 1
(EHV-1), Saimiriine alphaherpesvirus 1 (SaHV-1), and Bovid alphaherpesvirus 1 (BoHV-1) gC
proteins are thought to have immune evasive functions by binding and inhibiting the complement
components C3 (100-104, 198, 199).

Following numerous studies examining Mardivirus gC proteins during horizontal
transmission in chickens (20, 108, 109, 171, 178, 196), we asked whether other alphaherpesvirus
gC proteins can compensate for MDV gC during horizontal transmission. It has long been
thought that gC proteins evolved with the host based on the species-selective interaction of
different alphaherpesvirus gC proteins and complement C3 in which the ability to bind and
inhibit C3 was conserved within the virus and host genera (104). That is, HSV-1 and -2 gC

efficiently bound and inhibited human C3 but not equine or chicken C3. To test the hypothesis
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that gC proteins evolved with the host, we tested the ability of ILTV (GaHV-1) and HVT
(MeHV-1) gC to compensate for GaHV-2 (MDV) gC during horizontal transmission. To do this,
we replaced MDV gC with ILTV or HVT gC and tested the ability of each virus to spread from
chicken to chicken. Interestingly, MDV expressing ILTV gC was unable to spread, while MDV
expressing HVT gC efficiently spread from chicken to chicken. Collectively, these results show
that the function of gC during horizontal transmission is conserved among the virus genera
(Mardivirus vs. lltovirus), but not within the host (Gallid vs. Meleagrid). Our results suggest the
evolution of avian gC was, at least partially, based on the pathogenesis of the virus and not
through evolution with the host.
MATERIALS AND METHODS
Cell culture and cells

Chick kidney cells (CKCs) were prepared from 2-4 weeks-old specific-pathogen-free
(SPF) chickens, obtained from the University of Illinois at Urbana-Champaign (UIUC) Poultry
Farm, following standard methods (165) and seeded in growth medium consisting of Medium
199 (Cellgro, Corning, NY, USA) supplemented with 10% tryptose-phosphate broth (TPB),
0.63% NaHCO:z solution, and antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin) and
4% fetal bovine serum (FBS). Confluent CKCs were maintained in F10.199 medium consisting
of'a 1:1 mixture of Ham’s F10 (Cellgro) and Medium 199 supplemented with 7.5% TPB, 0.63%
NaHCOs, 0.2% FBS and antibiotics.

Chicken embryo cells (CECs) were prepared from 10-11-day-old SPF embryos obtained
from the UIUC Poultry Farm following standard methods (165). Briefly, primary CECs were

seeded in growth medium consisting of Medium 199 supplemented with 10% TPB, 0.63%
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NaHCOs solution, antibiotics, and 4% FBS. Confluent CECs were maintained in Medium 199
supplemented with 7.5% TPB, 0.63% NaHCO3, 0.2% FBS, and antibiotics.

The chicken DF-1-Cre fibroblast cell line (166) was cultivated in a 1:1 mixture of
Leibovitz L-15 and McCoy 5A (LM) media (Gibco, Gaithersburg, MD, USA) supplemented
with 10% FBS and antibiotics, and maintained in 50 pg/ml Zeocin (Invitrogen, Carlsbad, CA).
All cells were maintained at 38°C in a humidified atmosphere of 5% CO..

Generation of recombinant (r)MDVs

To clone HVT gC, the HVT UL44 ORF was cloned from a previously described HVT
bacterial artificial chromosome (BAC) clone (200) into pcDNA3.1 (Invitrogen) using standard
techniques. Briefly, primers overlapping the start and stop codon were designed with Hindlll and
Xbal sites on the ends and amplified by PCR using Dream Tag PCR Master Mix (Thermo Fisher
Scientific, Waltham, MA, USA) using primers shown in Table 6, gel purified, and cloned into
the multiple clone site of pcDNA3.1. The ILTV expression construct has been previously
described (201).

To generate HVT and ILTV gC transfer vectors, the I-Scel-AphAl cassette from pEP-
KanSII was amplified by PCR with Phusion Flash High-Fidelity PCR Master Mix (Thermo
Fisher Scientific) using primers shown in Table 6 and inserted into the coding sequence of HVT
and ILVT gC using BamHI or Aflll, generating pcHVTgC-in and pclLTVgC-in, respectively. To
generate pcHVTgC with a C-terminal Myc-His tag, Gibson assembly reaction mixture (New
England Biolabs, Inc., Ipswich, MA, USA) was used to insert the Myc-His sequence into
pcHVTQC-in to generate pcHVTgC-MycHis-in (pcHVTgC*-in) using primers in Table 6.
Subsequently, the gC proteins were amplified from their respective transfer vectors by PCR with

Phusion Flash High-Fidelity PCR Master Mix using primers shown in Table 7 and inserted into
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rAgC (178) for mutagenesis in GS1783 Escherichia coli cells. Restriction fragment length
polymorphism (RFLP) analyses, analytical PCR, and DNA sequencing confirmed all clones
were correct. Primers used for sequencing have been previously published (109, 178).

rMDVs were reconstituted by transfecting DF-1-Cre cells, which efficiently remove the
mini-F BAC sequences from the viral genome (166), with purified BAC DNA plus
Lipofectamine 2000 (Invitrogen) using the manufacturers’ instructions. Transfected DF-1-Cre
cells were mixed with fresh primary CKCs or CECs until plaques formed, then further
propagated in CKCs or CECs until virus stocks could be stored. All tMDVs were used at <5
passages for in vitro and in vivo studies.

Table 6. Primers used for cloning genes and generation of shuttle vectors.
Construct®  Direction? Sequence (5°—3°)°

oCHVTGC For CGTAAGCTTTGTGTTTTATTGAGCGGTCG
Rev CGTTCTAGATTTGGCCGCTGCGTGATACC
 For CGACGGGATCCCCAGGGTTCTTTCTGGACTAGTCCTACACCCCGTG
pcHVTQC-in GAAATAGGGATAACAGGGTAATCGATTT
Rev TTAACGGATCCGCCAGTGTTACAACCAATTAACC
 For TCGCACTTAAGTGTTGAAGCGCTTGGCGCTTATCCTCCATCTGCTGC
pclLTVgC-in GCTGGGTATAGGGATAACAGGGTAATCGATTT
Rev TTAACCTTAAGGCCAGTGTTACAACCAATTAACC
Vector For TGAGTTTAAACCCGCTGATCGTTTAAACCCGCTGATCAGCCT
. Vector RevTCGAAGGGCCCTCTAGACTCATTCCGCCCCGGTAGG
pcHVTQC*-in

Insert For TTTACCTACCGGGGCGGAATGAGTCTAGAGGGCCCTTCGAACAAAA
Insert Rev GCTGATCAGCGGGTTTAAACGATCAGCGGGTTTAAACTCAATGGT
1Construct generated with the set of primers.

“Directionality of the primer.

3Underlined sequences indicated restriction enzymes used in the cloning. Bold nucleotides indicate priming
sites within the mutagenesis template plasmid pEP-KanSl|.
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Table 7. Primers used for generation of recombinant Marek’s disease alphaherpesvirus (MDV).

Modification® Direction? Sequence (5°- 3°)®

ATACTAAACGATGGAGTTGTGTTTTATGAGCGTTGAAAA

MDVALTVGC Forward CGATCCACTAGTAACGGCCGCCAG
Reverse TCACGTTTCTCCACTATTGCATTATTGTCTGACAAATAAA
AGCTCTAGCATTTAGGTGACACT
orward ATACTAAACGATGGAGTTGTGTTTTATGAGCGTTGAAAA
MDV-HVTGC CTGTGTTTTATTGAGCGGTCG
Peverse TCACGTTTCTCCACTATTGCATTATTGTCTGACAAATAAA
TTTGGCCGCTGCGTGATACC
o ATACTAAACGATGGAGTTGTGTTTTATGAGCGTTGAAAA
MDV- CTGTGTTTTATTGAGCGGTCG
HVTgC* Reverce TCACGTTTCTCCACTATTGCATTATTGTCTGACAAATAAA
CTGATCAGCGGGTTTAAACG

Modification to the MDV genome using two-step Red-mediated recombination.

ZDirectionality of the primer.

%Bold indicates the template-binding region of the primers for PCR amplification with each respective
transfer plasmid.

Measurement of plaque areas

Plaque areas were measured as previously described (163). Briefly, CECs were seeded in
6-well dishes and infected with 100 plaque-forming units (PFU) per well. After 5 days, cells
were washed once with phosphate buffered saline (PBS), fixed and permeabilized with PFA
buffer (2% paraformaldehyde, 0.1% Triton X-100) for 15 min, and washed twice with PBS.
Immunofluorescence assays (IFAs) were performed as previously described (163) using anti-
MDYV chicken sera and goat anti-chicken IgY-Alexa Fluor® 568 or 488 secondary antibody
(Molecular Probes, Eugene, OR). Digital images of 50 individual plaques were collected using
an EVOS FL Cell Imaging System (Thermo Fisher Scientific) and compiled using Adobe
Photoshop 21.0.1 release. Plaque areas were measured using ImageJ (170) version 1.51k
software, and means were determined for each plaque population. Box and Whisker plots were

generated using Microsoft® Excel® for Microsoft 365.
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Viral replication Kinetics in cell culture

To measure viral replication kinetics of viruses in cell culture, qPCR assays were used to
measure the relative level of replication as previously described (163). Briefly, CECs were
prepared in 6-well tissue culture plates and the next day inoculated with 100 PFU/well. Total
DNA was collected from the inoculum and at 0, 24, 48, 72, 96 and 120 h following infection,
using the QIAamp DNA Mini Kit (Qiagen, Germantown, MD). Quantification of MDV genomic
copies in CECs was performed using primers and probe to MDV ICP4 and chicken iNOS in
duplex reactions as previously described (163, 172). All gPCR assays were performed as
Absolute Quantification using standard curves in an Applied Biosystems QuantStudio 3 Real-
Time PCR System (Thermo Fisher Scientific) and the results were analyzed using the
QuantStudio Design & Analysis Software v1.4.2. The coefficient of regression was >0.99 for
standard curves.

Animal experiments

In Trial 1, commercial Pure Columbian (PC) x New Hampshire (NH) cross chickens
were used, while in Trial 2, PC chickens were used. All birds were obtained from the UIUC
Poultry Farm (Urbana, IL) and were from MD-vaccinated parents and considered maternal
antibody positive at hatch.

In Trial 1, five-day old PC x NH chicks were experimentally infected by intra-abdominal
inoculation of 2,000 PFU for each rMDV and housed in separate rooms (n=6/group). For each
group, another group of chickens (n=11/group) were left uninfected to act as contact controls to
determine whether rMDVs were able to horizontal transmission. In Trial 2, seven-day old PC
chickens were infected as in Trial 1 (n=10/group) and housed with uninfected contact chickens
(n=9/group). In this trial, experimentally infected birds were sacrificed to collect tissue samples,

therefore, only 4-7 chickens were available to measure MD incidence. For both trials, chickens
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were evaluated daily, euthanized when birds showed clinical signs of MD (e.g., lethargy,
depression, paralysis, torticollis, etc.), and examined for gross MD lesions. Chickens positive for
MD included birds succumbing to disease prior to the experimental termination date and birds
positive for MD-related lesions at termination of the experiment.
Viral replication Kinetics in vivo

Whole blood was collected by wing-vein puncture (20) at different time points and DNA
was extracted using the E.Z. 96 blood DNA kit from Omega Bio-tek, Inc. (Norcross, GA) using
the manufacturer’s instructions. Quantification of MDV genomes in blood was performed
exactly as described for viral replication kinetics in cell culture.

Monitoring rMDVs in feather follicles (FFs)

To monitor the time at which each rMDV reached the FFs, two flight feathers were
plucked from the right and left wings (4 total) of experimentally infected birds weekly starting at
7 days post-infection (pi) for pUL47eGFP expression. A Leica M205 FCA fluorescent
stereomicroscope with a Leica DFC7000T digital color microscope camera (Leica
Microsystems, Inc., Buffalo Grove, IL) was used to document pUL47eGFP expression. Feather
plucking for all experimentally infected birds in Trial 2 was discontinued after 42-days pi
because only a few experimentally infected birds remained.

Immunofluorescence Assay (IFA) of FFs

Whole feathers plucked from chickens infected with different rMDVs were fixed using
PFA buffer, washed twice with PBS, and then blocked in 10% neonatal calf serum. Fixed FFs
were stained with primary anti-gC monoclonal A6 antibody (178), anti-ILTV gC monoclonal
mADbS8 antibody (201), or anti-Myc (Sigma-Aldrich), and anti-mouse Ig Alexa Fluor 568

(Molecular Probes, Eugene, OR) was used as secondary antibody. Digital images were taken
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with Leica DFC7000T digital color microscope camera mounted on Leica M205 FCA
fluorescent stereomicroscope. All images were compiled using Adobe Photoshop 21.0.1 release.
Statistical analyses
IBM SPSS Statistics Version 27 software (SPSS Inc., USA) was used for statistical

analyses. Plaque size assays were analyzed using one-way analysis of variance (ANOVA) with
virus included as fixed effect and the plaque size used as a dependent variable. The normalized
data for viral replication (QPCR) were analyzed using two-way ANOVA followed by LSD and
Tukey’s post hoc tests; virus (V) and time (T) and all possible interactions (V x T) were used as
fixed effects. The genomic copies were the dependent variable. Fisher’s exact tests were used for
infection and transmission experiments. Statistical significance was declared at p < 0.05. Mean
tests experiments associated with significant interaction (p < 0.05) were separated using Tukey’s
test.
RESULTS
Generation of rMDV expressing ILTV or HVT gC

In order to generate rMDYV expressing either ILTV or HVT gC, the coding sequence of
both ILTV and HVT UL44 open reading frames (ORFs) were inserted into rAgC, previously
described (178), using two step Red-mediated recombination. Figure 16A shows a schematic
representation of rtWT, rAgC, and the newly generated rILTVgC, rHVTgC, and rHVTgC*.
Restriction Fragment Length Polymorphism (RFLP) analysis of rtWT, rAgC, rILTVgC, tHVTgC,
and rHVTgC* confirmed the integrity of the BAC clones as the predicted banding patterns were

observed (Figure 16B). PCR and DNA sequencing were used to confirm that each clone was
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correct at the nucleotide level (data not shown) using previously published primers flanking

MDV UL44 (20, 109).
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Figure 16. Generation of rMDVs. The MDV genome in schematic form (not to scale) depicting the
locations of the terminal (TRL) and internal repeat long (IRL), terminal (TRS) and internal repeat short
(IRS), unique long (UL) and unique short (US) regions. A portion of the UL region is expanded to show
the relevant genes within this region including UL44 and UL47 (eGFP). Differences between the rMDVs
are shown with changes in color representing ILTV UL44 (gC) and HVT UL44 in the MDV UL44 locus.
rAgC shows deletion of MDV UL44 (gC). (B) Predicted RFLP diagram was generated using SnapGene
software (from Insightful Science; available at snapgene.com) and is shown in the left panel. BAC DNA
obtained for rtWT (MDV gC), rAgC (AMDV gC), rILTVgC, rtHVTgC, and rHVTgC* integrate and resolved
clones were digested with HindlIll and used in RFLP analysis. For the generation of rILTVgC, insertion of
the AphAl cassette into the Hindlll fragment incorporates two additional HindlIll sites resulting in the
reduction of the HindlI1 fragment (>) from 23,369 bp to 13,915 (*), and 11,660 bp (*). Following resolution,
removal of the Aphal cassette results in a 24,537 bp Hindlll site (<). For the generation of rHVTQC,
insertion of the AphAl cassette into the HindlIl fragment incorporates two additional HindlI1I sites resulting
in 13,997 (*) and 12,003 bp (*) fragments. Following resolution, removal of the Aphal cassette results in a
24,967 bp Hindlll site (<). For the generation of rHVTgC™, insertion of the AphAl cassette into the HindlI1l
fragment reduces the Hindlll fragment (>) from 23,369 bp to 13,997 (*) and 11,937 bp (*) fragments.
Following resolution, removal of the AphAl cassette results in a 24,885 bp HindllI site (<). The molecular
weight marker used was the GeneRuler 1 kb Plus DNA Ladder from Thermo Scientific (Carlsbad, CA).
Differences between the rMDVs are shown with changes in color representing ILTV UL44 (gC) and HVT
UL44 in the MDV UL44 locus.
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Replication of rMDV expressing ILTV or HVT gC in cell culture

Following reconstitution of each virus in CECs, plaque size assays were performed to
measure the ability of the rMDVs to replicate in cell culture (Figure 17A). As it has been
previously described, vAgC generated significantly larger plaques than vWT (108, 151, 178).
Interestingly, vILTVgC and vHVTgC also generated significantly larger plaques than vVWT.
Addition of the C-terminal tag on HVTgC (VHVTgC*) resulted in reduction of plaque sizes
similar to VWT. Multi-step viral replication Kinetics showed that vVWT was significantly different
to all other viruses at 24 hours pi. At 120 hours pi, VWT and vHVTgC were both significantly
different to vILTVgC and vHVTgC*, and vHVTgC was significantly different to vAgC. vAgC
was significantly different to all viruses at this timepoint. (Figure 17B). In all, these results are
consistent with the inhibitory effect MDV gC has on MDV cell-to-cell spread and suggests ILTV

and HVT gC do not have this inhibitory effect on MDV replication.
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Figure 17. Replication of rMDVs in tissue culture cells. (A) Mean plaque areas for viruses reconstituted
from BAC clones described in Figure 16 were measured and shown as box & whisker plots. Significant
differences were determined using one-way ANOVA (p < 0.05, n = 250). Mean plague areas with different
letters are significantly different using LSD and Tukey’s post hoc tests (P < 0.05). (B) Multi-step replication
kinetics was used to measure virus replication in CECs. Total viral genome copies were measured for each
virus at 24, 48, 72, 96, and 120 h pi. Shown is the fold-increase over inoculum at day 0. vVWT was
significantly different to all other viruses at 24 hours pi. At 72 hours pi, vHVTgC was significantly different
to vAgC and vHVTgC*, while vHVTgC* was significantly different to vHVTgC. At 96 hours pi, VWT and
vAgC were significantly different to vHVTgC*, and vHVTgC* was significantly different to both, vVWT
and vAgC, as well. At 120 hours pi, VWT and vHVTgC were both significantly different to vILTVgC and
vHVTgC*. vAgC was significantly different to all viruses at this timepoint. (p < 0.05, two-way ANOVA,
LSD and Bonferroni, n = 3). Differences between the rMDVs are shown with changes in color representing
ILTV UL44 (gC) and HVT UL44 in the MDV UL44 locus.
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Replication of rMDVs during experimental infection

Next, we tested the ability of vILTVgC, vHVTgC, and vHVTgC* to replicate in
experimentally infected chickens. To measure in vivo replication, we determined the MDV
genomic copies in blood from experimentally infected chickens over 35 (Trial 1) and 21
(Trial 2) days pi. Results showed that vAgC was significantly different to all viruses at all
time points except for 3- and 35-days pi in Trial 1, while vVWT was significantly different to
all viruses at 35 days pi (Figure 18A). In Trial 2, no significant differences were measured
between all viruses at the same time point (Figure 19A). Since each rMDV expressed
pUL47eGFP (97, 99, 102, 150, 151, 153, 175), we monitored the ability of each virus to
infect FFE cells required for horizontal transmission. To do this, feathers were plucked from
each experimentally infected bird and expression of pUL47eGFP was visualized using a
fluorescent micro-stereoscope. There were no significant differences in the total number of
birds that were infected in each group ranging from 100% for vAgC to 83% positive for all
other groups in Trial 1 (Figure 18B). In Trial 2, pUL47eGFP positivity ranged from 89% for
VHVTgC to 50% for vHVTgC* (Figure 19B).
MD induction of rMDVs during experimental infection

There were no significant differences in MD incidence among the experimentally
infected groups in both trials (Figures 18C and 19C). At termination of the experiment,
blood cells and serum were collected from all birds that remained negative for pUL47eGFP
expression in FFs and did not develop MD. Blood cells were used in gPCR assays to detect
viral genomes and serum was used to detect anti-MDV antibodies and all were negative for
both assays. Figures 18D and 19D summarize all data combined showing all but one

experimentally infected chicken in the vILTVgC group in Trial 2 were infected. The results
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show that MDV, ILTV, and HVT gC play no role in virus replication and MD induction in

experimentally infected chickens.
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Figure 18. Replication of rMDVs in experimentally and naturally infected chickens - Trial 1. PC x NH
chickens were inoculated with vWT, vAgC, vILTVgC or vHVTgC as described in the Materials and Methods
for 70 days. (A) MDV replication was monitored in experimentally infected chickens by quantification of MDV
genomes in the blood over the first 3-5 weeks of infection. Shown are the mean MDV genomic copies per 10°
blood cells + standard deviations. Only vAgC was significantly different to all other viruses at 7-, 21-, and 28-
days pi, while VWT was significant to all other viruses at 35 days pi (p< 0.05). (B) Quantitative analysis of the
percent of birds positive for pUL47eGFP in FFs over the course of the experiment. Using Fisher’s exact test at
p< 0.05, there was no significant difference in the total number of chickens positive for experimentally infected
chickens. No naive contact chickens housed with vAgC or vILTVgC were naturally infected, while all other
viruses were able to infect contact chickens. P values for naturally infected chickens are shown using Fisher’s
exact tests and bolded if significant. (C) Total MD incidence was determined by identification of gross lesions
in dead or euthanized chickens. There were no significant differences in the total number of chickens developing
MD in experimentally infected chickens. P values for naturally infected chickens are shown using Fisher’s Exact
Tests. (D) The total number of chickens infected based on viral genomes in the blood, pUL47eGFP positivity in
FFs, MD, and anti-MDV antibodies in serum when all data was combined. Fisher’s exact tests determined there
were no significant differences between all rMDVs in experimentally infected birds. Both vAgC and vILTVgC
were unable to spread to contact chickens. Groups with different letters are significantly different using Fisher’s
exact tests (P < 0.05).
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Figure 19. Replication of rMDVs in experimentally and naturally infected chickens - Trial 2. PC chickens were
inoculated with vVWT, vILTVgC, vHVTgC, or vHVTgC* as described in the Materials and Methods for 63 days. (A)
MDYV replication was monitored in experimentally infected chickens by quantification of MDV genomes in the blood
over the first 3-5 weeks of infection. Shown are the mean MDV genomic copies per 10° blood cells + standard
deviations. No significant differences (p > 0.05, n = 109) were determined between all viruses at the same time points.
(B) Quantitative analysis of the percent of birds positive for pUL47eGFP in FFs over the course of the experiment.
Using Fisher’s exact test at p< 0.05, there was no significant difference in the total number of chickens positive for
experimentally infected chickens. No naive contact chickens housed with vVILTVgC were naturally infected, while all
other viruses were able to infect contact chickens. P values for naturally infected chickens are shown using Fisher’s
exact tests and bolded if significant. (C) Total MD incidence was determined by identification of gross lesions in dead
or euthanized chickens. There were no significant differences in the total number of chickens developing MD in
experimentally infected chickens. P values for naturally infected chickens are shown using Fisher’s Exact Tests. (D)
The total number of chickens infected based on viral genomes in the blood, pUL47eGFP positivity in FFs, MD, and
anti-MDYV antibodies in serum when all data was combined. Fisher’s exact tests determined there were no significant
differences between all rIMDVs in experimentally infected birds. vILTVgC was unable to spread to contact chickens.
Groups with different letters are significantly different using Fisher’s exact tests (P < 0.05).

Expression of gC proteins in FFs

To determine whether rMDV expressed their respective gC proteins following
experimental infection of chickens, feathers plucked during the experiment were stained
with specific antibodies. FFs obtained from Trial 1 showed positive staining for MDV gC in
the vWT-infected FFs using anti-MDYV gC antibody, while vAgC, vILTVgC, and vHVTgC
were negative for MDV gC (Figure 20A). Using anti-ILTV gC antibody, positive staining
was observed from vILTVgC-infected FFs showing vILTVgC maintained its expression
during in vivo replication (Figure 20B). Since we did not have an antibody specific for HVT
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gC, we utilized the C-terminal Myc-His tag on HVT gC to confirm HVTgC* expression was
maintained in vHVTgC*-infected FFs in Trial 2 (Figure 20C). These results confirm each
rMDV maintained expression of their respective gC protein during experimental infection in

chickens.
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Figure 20. gC protein expression in experimentally infected chickens. Feathers were plucked from
vWT, vAgC, vILTVgC, vHVTgC, and vHVTgC* at 28 days pi from both experimental infection trials.
Representative FFs were fixed, then stained using anti-MDV gC (A), -ILTV gC (B), or -Myc (C)
antibodies. Expression of pUL47eGFP was used to identify infected FFs.
gC proteins are functionally conserved among the Mardivirus and not the Gallid genera
Natural infection with rMDVs expressing ILTV or HVT gC

To determine whether each rMDV could horizontal transmission in chickens, both
infection in FFs and MD incidence in naturally infected (contact) chickens housed with the
experimentally infected groups was determined. No contact chickens were infected in the
vAgC-Con group based on the presence of MDV in the FFs (Figure 18B) and MD incidence

(Figure 18C) that is consistent with the requirement of MDV gC for horizontal transmission

(20, 108, 178). Interestingly, no contact chickens in the vILTVgC-Con group were naturally
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infected based on pUL47eGFP in the FFs (Figures 18B and 19B) and MD incidence
(Figures 18C and 19C), while contacts in the vHVTgC-Con (Trials 1 and 2) and vHVTgC*-
Con (Trial 2) groups were infected. To confirm contacts negative for pUL47eGFP in FFs or
MD were never infected with MDV, qPCR assays for viral DNA in the blood and IFAs for
anti-MDV antibodies in their serum were used and these birds were confirmed to be
negative for infection (data not shown). A summary of all naturally infected birds is shown
in Figures 18D and 19D. All contact birds in the vAgC-Con (Trial 1) and vILTVgC-Con
(Trials 1 and 2) groups were negative for infection. These data show that both HVT gC and
HVT gC with a C-terminal Myc-His tag (vHVTgC*) were able to facilitate natural infection
of MDV, while ILTV gC (VILTVgC) was unable to compensate for MDV gC. We can
conclude that turkey HVT gC is functionally conserved with chicken MDV ¢C, while
chicken ILTV gC is not conserved.
DISCUSSION

It has been shown that alphaherpesvirus gC proteins bind and inhibit complement C3
through species-selective interactions based on their ability to bind to C3 from their
respective hosts (104). Thus, it has been suggested the gC proteins evolved with their
respective hosts. Utilizing our model for examining the essential role gC proteins play
during horizontal transmission in chickens (20, 103, 108, 109, 178, 195) we sought to test
the specificity of avian gC proteins. To do this, we exchanged chicken MDV gC with
chicken ILTV gC or turkey HVT gC and tested the ability of each gC protein to compensate
for MDV gC in MDV horizontal transmission. Our results conclusively showed that MDV
expressing ILTV gC was defective during horizontal transmission in chickens, while MDV

expressing HVT gC readily spread. Both MDV and ILTV are Gallid alphaherpesviruses, but
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belong to the Mardivirus and lltovirus genera, respectively. HVT is a Meleagrid
alphaherpesvirus but is characterized in the Mardivirus genus with MDV. These results
show gC proteins did not necessarily evolve with the host in a species-selective mechanism-
based chicken ILTV gC being unable to compensate for chicken MDV g¢C, while turkey
HVT gC was able to compensate for MDV gC during horizontal transmission.

Former studies on MDV plaque sizes generated from gC-null viruses showed
significantly increased plaque sizes (20, 109, 149). The mechanism for the increased
replication is not understood. Interestingly, MDV expressing ILTV or HVT gC also
generated increased plaque sizes (Figure 17A) suggesting both proteins lack the inhibitory
function that MDV g¢C possesses in cell culture. Multi-step replication kinetics also showed
differences during cell culture propagation, particularly increased replication of vAgC at 120
hours pi, the same time at which plaque sizes were measured (Figure 17B). Interestingly, no
differences were seen in the vILTVgC and vHVTgC groups that conflicts with the plaque
size assay data. The reason for this discrepancy is not known but could be due to the
sensitivity of each assay and the output being measured. Since one-step replication kinetics
are not possible with cell-associated MDYV, we are limited in the assays to measure virus
replication in cell culture to identify potential replication defects. However, in all, there were
no replication defects for all viruses in cell culture and only increased replication compared
to VWT.

Currently, it has not been directly shown whether avian herpesviruses bind and
inhibit complement C3; however, the Mardiviruses MDV, GaHV-3, and HVT gC proteins
encode the conserved cysteines predicted to be important for folding and binding C3 (202).

In contrast, ILTV gC does not encode all these cysteines, where only C1-C2 and C5-C8 are
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present. Figure 21 shows alignment and predicted motifs identified between the MDYV,
GaHV-3, HVT, and ILTV gC proteins including the conserved cysteines. It can be predicted
these differences result in altered structural features between MDV and ILTV gC folding
and helps to explain the lack of compensation for MDV gC during horizontal transmission
of MDV. We have formerly shown MDV gC can compensate for GaHV-3 gC (196) in
chickens, and in the present report, we show that HVT gC can compensate for MDV ¢gC
during horizontal transmission (Figure 18 and 19). Although all combinations of gC
compensation experiments between the viruses is not complete, the current data strongly
suggests highly conserved functions for gC proteins between these three Mardiviruses.
Further experiments determining whether avian gC proteins bind and inhibit C3 is warranted
to address these differences and the potential role gC and complement may play during
natural infection in the host.

Despite encoding the Marek_A Superfamily and Ig-like domains that most gC proteins in
the conserved domain database (CDD) (203) have, ILTV gC is only 15% conserved to MDV ¢gC
(Table 8). In retrospect, based on the protein sequence homology between MDV and ILTV gC
(Figure 21), it is not a surprise that ILTV gC would not compensate for MDV gC and
undoubtedly has significantly different functions compared to MDV gC. Interestingly, turkey
HVT gC is more conserved to MDV ¢C (75.7%) than chicken GaHV-3 that is 72.7% identical
MDV. Although there is only a small difference between HVT and GaHV-3 gC protein identities
to MDV gC (75.7 to 72.7%), this is further evidence that the alphaherpesvirus gC proteins did
not necessarily evolve with the host. It is likely the gC protein of ILTV evolved very early during

the divergence of the Gallid alphaherpesviruses and possibly MDV, GaHV-3, and HVT evolved
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after this divergence. These results also suggest the potential cellular targets for MDV, GaHV-3,
and HVT gC proteins may be conserved between Gallid and Meleagrid host genera.

In conclusion, this report suggests the functional conservation of gC during horizontal
transmission is not conserved within the host but is conserved within the virus genus and host
specificity of MDV in chickens. Future studies in our laboratory are directed at understanding
the conserved and divergent functions of gC proteins in the context of natural infection to better

understand the evolution of host specificity and disease pathogeneses.
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Figure 21. Alignment of MDV (YP_001033973; RB-1B), HVT (NP_073338; FC126), GaHV-3
(QEY02238; 301B/1), and ILTV (YP_182373; USDA ref) gC proteins using MUSCLE Alignment
in Geneious Prime 2021.0.3 (Biomatters, Inc., San Diego, CA). The predicted signal sequence was
removed from each protein before alignment that represents the ectodomain, transmembrane domain
(TM), and short cytoplasmic domain. The eight cysteines predicted to be important for disulfide
binding (S-S) and folding are shown, as well as predicted motifs for each protein using MyHits motif
scan (204).
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Table 8. Protein identities for Gallid alphaherpesviruses 1, 2, 3, and Meleagrid alphaherpesvirus

1.

Identities: GaHV-1(ILTV) GaHV-2(MDV)  GaHV-3 MeHV-1 (HVT)
GaHV-1 (ILTV) - 15.2% 18.3% 16.4%
GaHV-2 (MDV) 15.2% - 72.7% 75.7%
GaHV-3 18.3% 72.7% - 69.6%
MeHV-1 (HVT) 16.4% 75.7% 69.6% -

Percent (%) protein identities between Gallid alphaherpesvirus (GaHV) 1 (GaHV-1) or infectious
laryngotracheitis virus (ILTV), GaHV-2 or Marek’s disease virus (MDV), GaHV-3, and Meleagrid
alphaherpesvirus 1 or turkey herpesvirus (HVT) using MUSCLE Alignment in Geneious Prime

2021.20.3.
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CHAPTER 5: GENERAL CONCLUSIONS AND FUTURE DIRECTIONS

Current vaccination to prevent MD controls clinical disease but does not induce
sterilizing immunity resulting in virus infection and evolution towards greater virulence (135,
205). This emphasizes the need for novel vaccines or therapies to block MD. MDV has not
shown a significant change in pathogenesis over the last decade, partially because the virus has
not evolved to transmit earlier. However, the emergence of new strains remains a concern. We
believe the best way to accomplish sterilizing immunity is by using recombinant DNA vaccines

or therapies where genes that are important in the MDYV transmission are targeted.

As mentioned in Chapter 2, MDV ¢C expression is significantly reduced after serial
passaging in tissue culture cells. We found that RLORF4 was not responsible for this reduced
expression. However, we have also identified another viral protein called the infected cell protein
27 (ICP27) that is involved in regulation of gC. In fact, ICP27 is not only important for MDV
replication in chickens, but just like gC, it is important for horizontal transmission of the virus
(171). It has also been shown that gC expression is affected by the deletion of ICP27 in vitro,
where no differences were observed in gC mRNA levels; however, ICP27 is required for gC
protein production, as it has been shown for HSV-1 gC (171, 206-208). Further research is
necessary; however, we hypothesize that the majority of MDV gC that is secreted in vitro is due
to a lack of ICP27 intron retention, or possibly ICP27 promoting mRNA splicing as it has been
seen for KSHV (209). Additionally, the viral protein VP13/14 (UL47) is an essential factor of
horizontal transmission of MDV (193). It has also been shown that VVP13/14 enhances the
splicing ability and expression of MDV gC (193). Further studies are necessary to understand the

complex regulation of MDV ¢gC by ICP27 and VVP13/14 during horizontal transmission of MDV.
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Interestingly, our preliminary data suggests that GaHV-3 gC is also secreted into the media of
infected cells in vitro (Chapter 3). Further research is necessary; however, we hypothesize that
secretion regulation of gC expression and mRNA splicing of gC proteins is common among

avian and mammalian alphaherpesviruses than previously thought.

Here, we also showed that the importance of gC in horizontal transmission is a conserved
function among another avian herpesviruses, GaHV-3 strain 301B/1 (Chapter 3). Currently, our
laboratory is testing the importance of HVT gC in transmission of HVT in turkeys, their natural
host. We hypothesize that HVT gC is also essential for transmission for HVT in turkeys.
Consistent with the functional role of gC in transmission, we determined that this conserved
function is primarily based on the respective pathogenicity of the viruses and not necessarily
through evolution of gC with the host (Chapter 4), as has been previously suggested (104). We
believe that these findings will result in better design of vaccines against MD and multivalent
recombinant vaccines that express other avian gC antigens (i.e., 301B/1 or HVT vaccines
expressing ILTV gC), that could provide higher immunogenic responses and protection than

current vaccines.

Collectively, the data presented in this thesis advances our knowledge regarding avian
herpesvirus models and their importance in studies that can test conserved genes during natural
infection. Moreover, further studies are necessary to determine the precise mechanism involving
gC in natural infection including virion binding to the host cell, egress of the virus from the host

cell, and immune evasion to improve dissemination of the virus.
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