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Zusammenfassung

Das humane Cytomegalovirus (HCMV) gehort zur Familie der Herpesviridae. Die
Infektion immunkompetenter Menschen verlauft Uberwiegend asymptomatisch, eine
Infektion immungeschwachter Patienten kann jedoch zu lebensbedrohlichen
Erkrankungen fuhren. Cytomegaloviren (CMV) ziehen auch als potenzielle
Impfstoffvektoren, die in der Lage sind, Fremdantigene effizient zu prasentieren und
lang anhaltende CD8*-T-Zellantworten auszuldsen, viel Aufmerksamkeit auf sich.
Cytomegalieviren kodieren fur viele immunmodulatorische Gene, die dem Virus
helfen, der Immunantwort des Wirts zu entkommen. Darunter befinden sich zum
Beispiel virale CC-Chemokine, wie das UL128 Protein von HCMV, das als Chemokin
Monozyten anlocken kann, aber auch mit gH/gL-Glykoproteinen im Virion einen
Komplex bilden und den Viruseintritt vermitteln kann. Die Infektion von Mausen mit
dem murinen Cytomegalovirus (MCMV) ist ein gut etabliertes Tiermodell, um HCMV-
Infektionen in vivo zu untersuchen. Das MCMV Chemokin MCK2 hat wie sein HCMV
Homolog UL128 eine Doppelfunktion: Es ist ein aktives Chemokin, das ebenfalls
Monozyten anlockt und zusatzlich als Teil eines gH/gL/MCK2 Hullglykoprotein
Komplexes die Infektion von MCMV-Wirtszellen vermittelt. MCK2 vermittelt in vivo die

Virusdissemination und moduliert die antivirale Immunantwort.

Zu Beginn dieser Arbeit war nicht bekannt, ob die in vivo beobachteten Phanotypen
fur MCMV Mutanten, die kein MCK2 exprimieren, auf die Chemokinfunktion von MCK2
oder seine Rolle im gH/gL/MCK2 Komplex oder beides zurtckzufuhren sind. Das erste
Ziel dieser Arbeit war die Charakterisierung verschiedener MCK2 Mutanten in vitro
und in vivo. Die Mutationen wurden so konzipiert, dass entweder die
Chemokinfunktion von MCK2 oder die Komplexbindungskapazitat oder beides
zerstort wurde. In vitro konnte gezeigt werden, dass die Infektion von Makrophagen
und dendritischen Zellen durch den gH/gL/MCK2 Komplex vermittelt wird. In vivo
fordert der gH/gL/IMCK2 Komplex die Dissemination der MCMV-Infektion in die
Speicheldrisen. Die Mutation der Chemokinfunktion fuhrte zu einer verstarkten frihen
CD8* T-Zell-Antwort, begleitet von reduzierten Titern beispielsweise in der Lunge. Das
deutete darauf hin, dass das MCK2-Chemokin die frihe antivirale CD8-T-Zell-Antwort
dampft, um eine effiziente Infektion sicherzustellen. Diese Ergebnisse zeigten zum
ersten Mal, dass die MCK2-Chemokinaktivitat und der gH/gL/MCK2-abhangige

Virusinfektion unabhangige Funktionen von MCK2 sind. AuRerdem wurde untersucht,



wie MCK2 eine Vakzinierung mit MCMV Vektoren beeinflusst. Als Modell diente die
Vakzinierung von Mausen gegen eine Infektion mit dem murinen Gammaherpesvirus
68 (MHV-68). Es wurden MCMV-Impfstoffvektoren kloniert, die verschiedene MCK2-
Mutationen tragen und das ORF6-Protein von MHV-68 exprimieren, das ein T-Zell
Antigen ist. Bereits nach einer Immunisierung induzierten alle MCMV-Vektoren ORF6-
spezifische CD8"-T-Zellantworten. Die lytische MHV-68 Infektion in der Lunge wurde
unabhangig von der MCK2-Expression effizient kontrolliert. Im Gegensatz dazu war
der Schutz immunisierter Mause vor der MHV-68-Latenz eindeutig MCK2-abhangig.
Diese Studie beleuchtet die Rolle der CMV CC-Chemokine und gH/gL-Chemokin
Komplexe fur die antivirale Immunantwort sowohl im Rahmen einer CMV-Infektion als

auch beim Einsatz von CMV als Impfstoffvektoren.



Summary

Human cytomegalovirus (HCMV) belongs to the family of Herpesviridae. Infection of
immunocompetent humans is predominantly asymptomatic, but infection of
immunocompromised patients can result in life-threating diseases. Cytomegaloviruses
(CMV) also attract much attention as potential vaccine vectors, which are able to
efficiently deliver vaccine antigens and elicit long lasting CD8" T cell responses. CMV
code for many immunomodulatory genes, which help the virus to escape from the host
immune response. Among them are viral CC-chemokines, for example the UL128
protein of HCMV, which can act as a classical chemokine and attract for example
monocytes, and additionally can also form a complex with gH/gL glycoproteins in the
virion and promote virus entry. The infection of mice with murine cytomegalovirus
(MCMV) is a well-established animal model to study HCMV infections in vivo. Like the
HCMV UL128 gene product, its MCMV homolog MCK2 has a dual function: It is an
active chemokine attracting for example monocytes, and additionally it promotes
infection of MCMV host cells as part of a gH/gL/MCK2 envelope glycoprotein complex.
MCK2 expression has a profound effect on MCMV viral dissemination and antiviral
response. Before the start of this thesis, it was not known whether phenotypes observed
for MCMV mutants lacking MCK2 in vivo are due to the chemokine function of MCK2 or
its entry function as a part of the gH/gL/MCK2 complex or both. The first aim of this
thesis was to characterize a set of MCMV mutants carrying different MCK2 mutations
in vitro and in vivo. The mutations were designed in a way that either MCK2's
chemokine function or the complex binding capacity or both were destroyed. In vitro, it
could be shown that infection of macrophages and dendritic cells is promoted by the
gH/gL/MCK2 complex. In vivo, the gH/gL/IMCK2 complex promotes dissemination of
MCMV infection to the salivary glands. Mutation of the chemokine function resulted in
an enhanced early CD8" T cell response accompanied by reduced titers, for example
in lungs, indicating that the MCK2 chemokine dampens the early antiviral CD8" T cell
response to secure efficient infection. These findings for the first time demonstrated that
the MCK2 chemokine activity and gH/gL/MCK2-dependent virus entry are separate and
independent functions of MCK2.

Additionally, it was studied whether MCK2 shapes the vaccination success when
MCMYV was used as a vaccine vector. Vaccination of mice against infection with the

murine gamma herpes virus 68 (MHV-68) was used as a model. MCMV vaccine vectors

Xi



carrying different MCK2 mutations and expressing the ORF6 protein of MHV-68, which
is a classical target of antiviral T cell responses, were generated. After one round of
immunization, all MCMV vaccine vectors induced ORF6-specific CD8" T cell responses
and all of immunized mice could efficiently control lytic infection of MHV-68 in the lungs,
independently of MCK2 expression or mutation of MCK2. In contrast, the protection of
immunized mice against MHV-68 latency was clearly influenced by MCK2 functions.
This study highlights the role of the CMV CC-chemokines and chemokine-containing
gH/gL complexes for the antiviral immune response both in the context of a CMV
infection and also when CMV are used as vaccine vectors.
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Introduction

1. Introduction

1.1 Herpesviruses

Herpesviruses are large, enveloped DNA viruses. Their hosts include mammals, birds,
and reptiles (McGeoch & Gatherer, 2005). The family of herpesviridae is subdivided
into three subfamilies: alpaherpesviridae, betaherpesviridae, and
gammaherpesviridae. Members of herpesviridae family exhibit a common structure,
a linear double-stranded (ds) DNA genome, ranging from 125 to 295 kbp in length,
encapsidated by an approximately 125nm (diameter) icosahedral capsid consisting of
162 capsomeres, implanted in a protein layer called tegument and surrounded by an
envelope (Roizman et al., 1993).

Herpesviruses enter their host cells either by direct fusion at the plasma membrane or
by membrane fusion in endocytotic vesicles (Compton et al., 1992; Ryckman et al.,
2006). The viral capsid is transported to the nucleus, where the genome is released
and the transcription of immediate early (IE) proteins is started. These proteins work
as transcriptional activators, which are required for the expression of cellular and viral
genes. Early proteins then initiate genome replication in the nucleus. After replication,
late genes that encode for envelope glycoproteins, tegument proteins, and capsid
components are expressed. In the final stage of the infection cycle, late proteins initiate
virion assembly and finally infectious viruses are released from the cytoplasm (Gibson,
1996). After primary infection, herpesviruses evade and overcome the host immune
response by different mechanisms and establish a lifelong latent infection. Viral
latency can be described as the presence of functional viral genomes in a cell without
production of infectious viral particles. These genomes can be reactivated to produce
viruses (Redpath et al., 2001).

Eight human herpesviruses have been identified: Herpes Simplex Virus 1 and 2 and
Varizella Zoster virus (alpaherpesviridae), Human Cytomegalovirus and Human
Herpesviruses 6A, 6B and 7 (betaherpesviridae), Epstein-Barr virus and Karposi's

sarcoma-associated herpesvirus (gammaherpesviridae) (Mocarski et al., 2013).
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1.2 Human cytomegalovirus (HCMV)

Human cytomegalovirus belongs to the betaherpesviridae subfamily of herpesviruses.
HCMV infection has a morphological impact upon the cells, as it causes increase in
the size of the cells, a phenomenon called “cytomegaly”, which gave HCMV its name
(Weller et al., 1957). It was first isolated from tissues of infected infants and cultivated
in 1956 (Smith 1956; Weller et al., 1957). Cytomegaloviruses infect a wide range of
hosts, including for example rhesus monkeys (RhCMV), mice (MCMV) or guinea pigs
(Guinean pig CMV). They are all restricted to their host species (Mocarski et al., 2013).
HCMV has a genome size of 235 kbp and its virion has a diameter of 200—-300 nm
(Mocarski et al., 2013). The nucleocapsid is made up of seven proteins, including the
conserved major and minor capsid proteins. A protein-rich tegument layer surrounds
the capsid, which is enclosed within a lipid bilayer envelope (Mocarski et al., 2013)
(Figure 1).

Nucleocapsid
Tegument
dsDNA
Envelope

Glycoprotein complex

Figure 1: Schematic presentation of the HCMV virion (adapted from Reschke, 1994).

HCMV virions contain at least thirty proteins, the majority of the virion proteins are
located in the tegument layer. Tegument proteins play several roles in viral entry and
modulating the host cell response upon virus entry (Mocarski et al., 2013). The
surrounding envelope is rich of proteins of both viral and cellular origin. The major
glycoproteins/ glycoprotein complexes embedded in the envelope are glycoprotein B
(gB), gM/gN gH/gL/gO, and gH/gL/pUL(128,130,131A). They play a crucial role in
mediating viral entry and determine the broad cell tropism of HCMV (Wille et al., 2013;
Ryckman et al., 2008).
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1.2.1 HCMV prevalence and transmission

HCMV is distributed worldwide and the seroprevalence varies from 40 to nearly 100%
(Staras et al., 2006). HCMV seroprevalence in Germany is about 40-50% (Lachmann
et al., 2018). HCMV is not highly contagious and transmission occurs mainly through
close contact with an infected individual, who sheds virus in bodily fluids like urine or
saliva (Pass, 2001). HCMV can also be sexually transmitted (Chandler et al., 1985;
Pereira et al., 1990). Additionally, HCMV can be transmitted vertically from mother to
child either transplacentally, postpartum or intrapartum. The most prevalent route of
HCMV transfer from mother to child is postpartum transmission during breastfeeding
(Pass, 2001). The intrauterine transmission rate of HCMV for HCMV-positive mothers
experiencing reactivation of latent virus or superinfection is 0.1-1%, whereas the
intrauterine transmission in seronegative mothers experiencing primary infection is
about 35% (Forbes, 1989; Mocarski et al., 2013; Pass & Anderson, 2014).

1.2.2 HCMV Pathogenesis

As the immune response plays a major role in controlling HCMV infection and limits
lytic viral replication, the pathogenesis of HCMV is highly correlated with the immune
competence of infected individuals. HCMV mostly causes asymptomatic infections in
immunocompetent individuals or rarely results in a mononucleosis syndrome (Crough
& Khanna, 2009) characterized by malaise, fever, lymphocytosis with abnormal liver
function and atypical lymphocytes (Friel et al., 2010). In immunocompromised
individuals, HCMV can cause life-threating diseases. After organ or bone marrow
transplantation, suppression of T cells results in a reduced antiviral T cell surveillance.
Therefore, the risk of developing HCMV disease is high in both recipients of solid organ
transplants (i.e., kidney and liver) or hematopoietic stem cell transplants (HSCT). The
immunosuppressed transplant recipients develop serious diseases like hepatitis or
pneumonia (Drago et al., 2000). Also, immunocompromised patients like HIV-infected
individuals are at a high risk to develop HCMV disease like for example retinitis
(Centers 1997; Palella Jr et al., 1998). Intrauterine infection of HCMV causes a high
rate of morbidity and mortality in the newborn or prematurely borne children.
Furthermore, the surviving children can suffer from a number of serious neurological,

hearing, and developmental problems (Malm & Engman, 2007).



Introduction

1.2.3. Treatment of HCMV disease and HCMV vaccines

Ganciclovir (GCV) is known as the gold standard drug for HCMV infection in
immunocompromised patients. GCV is a nucleoside analogue that is administrated by
intravenous infusion, and targets the viral DNA polymerase and prevents virus
replication (Lischka & Zimmermann, 2008). Furthermore, there are also other groups
of anti-HCMV drugs like Cidofovir (CDV), Foscarnet (FOS), which also target the viral
polymerase (Harter & Michel, 2012; Razonable, 2011) or Letermovir and Maribavir,
which target packaging of the viral genome or particle assembly, respectively (Foolad
et al., 2018; Goldberg et al., 2011).

All these drugs have drawbacks, like development of resistance (Schreiber et al.,
2009; Keyvani et al., 2016) and association with adverse side effects like anaemia and

thrombocytopenia (Upadhyayula & Michaels, 2013).

Many efforts are directed to the development of a vaccine against HCMV. A vaccine
could protect immunocompromised individuals from developing HCMV disease as well
as prevent HCMV infection during pregnancy. Currently, no licensed anti-HCMV
vaccine is available. However, there are many clinical trials up to phase Ill, which
tested for example recombinant gB and the tegument phosphoprotein 65 (pp65)
(Anderholm et al., 2016). Additionally, DNA vaccines coding for pp65 and gB have
shown some protection in transplant recipients (Smith et al., 2013). Most of the tested
HCMV vaccine candidates work by inducing a humoral immunity, while pp65-based
vaccines induce an antiviral T-cell response (Wloch et al., 2008; Anderholm et al.,
2016). New platforms of vaccines have also been utilized for development of HCMV
vaccine, for instance RNA-based technology (Anderholm et al., 2016; Loomis et al.,
2013). Furthermore, viral vectored vaccines have been investigated, like canary box
vector, modified vaccinia virus ankara (MVA) and alphavirus-based vectors were
tested (Anderholm et al., 2016). Many different approaches for designing HCMV
vaccine are in clinical trials up to phase lll studies, yet none of them exceeded a 50%
protection from infection (Anderholm et al., 2016). Currently, new studies are focusing
on the gH/gL/pUL(128,130,131A) glycoprotein complex as a promising vaccine target,
because in the human infection, potent neutralizing antibodies are elicited (Wen et al.,
2014; Macagno et al., 2010).
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1.3 HCMV Glycoproteins

The entry process of HCMV is mediated by envelope glycoproteins: gM/gN, gB, gH/gH
complexes (Figure 2). The initial attachment of virions to the target cells is mediated
by HCMV gM/gN complex, which binds to cell surface heparan sulfate
glycosaminoglycans (Kari & Gehrz, 1992). HCMV gB is a trimer and considered to be
the most abundant viral glycoprotein in the virion envelope, which works together in
concert with gH/gL as a core fusion machinery, the attachment of HCMV virions is
followed by the interaction of gH/gL complexes with specific cellular receptors,
mediating viral entry (Nguyen & Kamil, 2018).

1.3.1 HCMV gH/gL complexes

HCMV can infect nearly all organs and many different cell types in vivo (Bissinger et
al., 2002). In culture, HCMV can infect predominantly primary cells such as fibroblasts,
epithelial cells, endothelial cells, hepatocytes, macrophages (M®), dendritic cells,
neurons and trophoblasts (Adler & Sinzger, 2009). The broad cell tropism of HCMV is
attributed to two glycoprotein complexes of HCMV, the trimeric gH/gL/gO complex
(TC) and the pentameric gH/gL/pUL(128,130,131A) complex (PC) (Heldwein &
Krummenacher, 2008; Nguyen & Kamil, 2018).

1.3.1.1 gH/gL/gO

A recent study has determined the structure of trimeric complex using cryogenic
electron microscopy and confirmed that the three subunit gH, gL and gO are arranged
in a boot-like structure, and the architecture structure of the trimeric complex is similar
to the pentameric complex, in terms of length and shape (Kschonsak et al., 2021). It
has been proposed that UL128/UL130/UL131A and gO bind to the same position on
gH/gL and form a disulfide bond with gL-Cys144 (Ciferri et al., 2015). The gH/gL/gO
complex is required for the recognition of the platelet-derived growth factor-a (PDGFR-
a) as an entry receptor in fibroblasts (Kabanova et al., 2016; Wu et al., 2017;
Stegmann et al., 2017). Furthermore, the infection of all cell types are enhanced by
the trimeric gH/gL/gO complex (Wille et al., 2010; Zhou et al., 2015). The gH/gL/gO-
PDGFR-a interaction promotes entry of free virus into fibroblasts. Moreover, the
gH/gL/gO complex could enhance infection of epithelial and endothelial cells,
independent of PDGFR-a receptor (Kabanova et al., 2016; Wu et al., 2017).
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HCMV mutants with low levels of gH/gL/gO in their envelopes, or lacking gO have
been shown a distinct phenotype, they were attenuated for entry into all tested cell
types, including macrophages, fibroblasts, epithelial cells, and endothelial cell
(Nguyen & Kamil, 2018). Infection with HCMV mutants lacking gO, results in a cell-
associated spread pattern in cell cultures and production of virus particles with
reducing titers (<1000) than the wildtype (Wille et al., 2010; Li & Kamil, 2016).

1.3.1.2 gH/gL/pUL(128,130,131A)

The gH/gL/pUL(128,130,131A) pentameric complex is indispensable for viral entry
into epithelial, endothelial, dendritic cells and leukocytes (Hahn et al., 2004; Gerna et
al., 2005; Chandramouli et al., 2017; Nguyen & Kamil, 2018). Interestingly, the UL128
protein in PC complex is distinguished with its chemokine activity and acts as a CC
chemokine, attracting monocytes (Zheng et al., 2012; Frascaroli et al., 2006). The
gH/gL/pUL(128,130,131A) complex uses Neuropilin-2 as a cell entry receptor
(Martinez-Martin et al., 2018; Nguyen & Kamil, 2018). Moreover, the olfactory receptor
family member OR1411 has been recently discovered as an additional cellular receptor
for the pentameric complex, which mediates HCMV infection of epithelial cells (Xiaofei
et al., 2019).

UL131a
e uL128
© :
gH gH
j— l\jl - w
gH/sl/ gH/2l/pUL(128,130,131A) gM/gN
Trimeric complex Pentameric complex

Figure 2: Schematic presentation of HCMV envelope glycoproteins.
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1.4 Anti-HCMV immune responses

1.4.1 Innate immune response

HCMV can trigger a powerful innate immune response, which provides an antiviral
state and protects the infected and surrounding cells. Once the virus enters the cells,
the innate immune response is initiated and HCMV can be detected by pattern
recognition receptors (PRRs), including Toll-like receptors (TLR) 2, which is expressed
on the plasma membrane and acts as a sensor of HCMV envelope glycoproteins B
(gB) and glycoprotein H (gH). Recognition of gB and gH leads to activation of the NF-
KB pathway, which in turn induces the production of inflammatory cytokines such as
IL-6, IL-12, and IFN-B (Boehme et al., 2006; Compton et al., 2003). NK (natural killer)
cells are classical innate lymphocytes, which support the innate arm of immune system
for controlling viral infection. NK cells can lyse HCMV-infected cells and produce
antiviral cytokines including IFN-y and TNF-a (Magri et al., 2011; Fauriat et al., 2010;
Wu et al.,, 2013). The adaptive immune response is highly affected by NK cells,
therefore NK modulation by HCMV can have a significant impact on the antiviral host

immune response (Goodier et al., 2018).

1.4.2 Antibody response

Antibodies against HCMV are shortly produced after primary infection (Nielsen et al.,
1988). The majority of the antibodies target envelope glycoproteins like gB (Britt et al.,
1990; Marshall et al., 1992), or gH (Fouts et al.,, 2012; Wussow et al., 2017).
Interestingly, antibodies produced against the pentameric complex were shown to be
highly neutralizing in vitro (Wen et al., 2014; Macagno et al., 2010), although they can
only neutralize infection of specific cells like epithelial, endothelial and myeloid cells
(Fouts et al., 2012). The role of neutralizing antibodies in protection against congenital
HCMYV infection is controversial. An early development of antibodies against the PC
has been correlated with better protection from fetal transmission and congenital
diseases, suggesting that PC antibodies may protect from intrauterine infection (Lilleri
et al., 2013). The existence of maternal antibodies to HCMV in seropositive mothers
reduces the risk of intrauterine HCMV infection (Fowler et al., 1992). Furthermore,
administration of high-titer CMV hyperimmunoglobulin has been shown to decrease
both the rate and severity of the disabilities caused by CMV after a primary maternal
infection in the first half of pregnancy (Nigro & Adler, 2013).
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A recent study has shown that monoclonal antibodies against the pentameric complex
could reduce the spread of HCMV in developing placentas (Tabata et al., 2019;
Sandonis et al., 2020).

Yet, a double-blind study has been reported that administration of
hyperimmunoglobulin was not efficient in preventing congenital infection (Revello et
al., 2014). Furthermore, another recent study has reported that the trimer- and
pentamer-specific neutralizing antibodies do not provide protection against
transmission of HCMV infection from mothers to fetus during nonprimary infection
(Vanarsdall et al., 2019; Sandonis et al., 2020) .

1.4.3 T cell response

T cells play a crucial role in protection from intracellular pathogens like viruses. One
of the unique features of HCMV is its ability to induce strong CD8* and CD4* T cell
responses that comprise 10-20% of all circulating memory T cells in CMV-positive
individuals (Sylwester et al., 2005). After primary infection, antigen specific CD8" T
cells encounter antigen, proliferate and differentiate into effector T cells, which Kill
infected cells through perforin and granzyme production, and secret cytokines like IFN-
y and TNF-a to eradicate the infection. Whereas in most viral infections the effector
CD8* T cells enter the memory phase and contract over time (Kaech et al., 2003;
Sarkar et al., 2008), in HCMV infection, specific anti-HCMV CD8" T cell responses do
not contract in the memory phase and are maintained at a high frequency (Figure 3),
with a distinct phenotype and functional profile. This specific CD8" T cell behavior has
been termed “memory inflation” and is considered to be one of the hallmarks of HCMV

infection (Karrer et al., 2003).

Central Memory
Non-inflationary T cells

CMV-specific CD8' T cell response

Days Time post-infection Years

Figure 3: Development of CMV-specific memory T cell populations, modified from (O’Hara et al.,
2012).
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HCMV-specific T cells are typically defined as effector memory T cells (Tem) cells, as
they lack expression of lymph node-homing markers CD62L and CCRY7. Furthermore,
HCMV-specific T cells are characterized by expression of T cell maturation markers,
including the expression of effector molecules such as perforin and granzyme B,
downregulation of the co-receptors CD27 and CD28, and upregulation of the
expression of CD57 and killer cell lectin-like receptor subfamily G member 1 (KLRG1)
(Appay et al., 2002; Klenerman & Oxenius, 2016). High frequencies of HCMV-specific
T cells are found in blood and tissues like the liver and lungs in HCMV infected
individuals (Ward et al., 2004; Akulian et al., 2013).

Additionally, HCMV-specific CD8* T cells show no evidence of T cell exhaustion, as
they maintain their function including cytotoxicity and production of antiviral cytokines
like IFN-y and TNF-a (van Stijn et al., 2008; Young & Uhrberg, 2002). IFN-y is a
proinflammatory cytokine. Besides its antiviral activity, IFN-y plays a crucial role in
activation and differentiation of immune cells, including macrophages, NK cells, and T
cells (Delannoy et al., 1999; Cheeran et al., 2000; Sainz et al., 2005).

1.4.4 HCMV immunomodulatory genes

The HCMV genome exhibits more than 751 translated open reading frames (ORFs)
(Patro, 2019; Ye et al., 2020). Many viral genes are dedicated to immune modulation
and evasion, and many of these genes have been identified in HCMV (Miller-Kittrell &
Sparer, 2009; Patro, 2019). The evasion mechanisms include downregulation of
major histocompatibility complex (MHC) class | molecules, which leads to a
downregulation of HCMV-directed CD8" T cell responses (Patro, 2019). HCMV
encodes for US2, US11, US6, U3, US2 and US3 that downregulate the expression of
MHC | (Noriega & Tortorella, 2009). The HCMV tegument protein pp65 (UL183) has
been shown to be involved in blocking interferon-alpha activity (Browne & Shenk,
2003). For overcoming antiviral NK responses, HCMV UL18 and UL40 proteins which
show sequence homologies to MHC class | on the surface of the infected cells, repress
NK activity (Prod’homme et al., 2012). Additionally, HCMV encodes for RL11 and
UL119, which show a Fcy-binding capacity, therefore they block host FcyR activation
and prevent subsequent antibody-dependent cellular cytotoxicity (ADCC) (Lilley et al.,
2001; Sprague et al., 2008; Ndjamen et al., 2016). The viral protein US28 exhibits a
high sequence homology to the cellular receptor CCR1, which enables it to bind to a
number of CC1 chemokines like CCL2, CCL3, CCL4 and CCL5 (Gao & Murphy, 1994;

9
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Kuhn et al., 1995). Additionally, US128 binds with high affinity to the CX3C chemokine,
CX3CL1 (fractalkine) (Kledal et al., 1998). Besides chemokine receptors homologues,

HCMV also codes for chemokine homologues.

1.5 Viral chemokines

Herpesvirus immune evasion factors are structurally and functionally similar to host
immune regulatory proteins. One interesting group are viral chemokines. For
subversion of the host’s chemokine network, herpesviruses produce viral chemokines,
chemokine receptors as well as chemokine-binding proteins (Alcami & Lira, 2010;
Pontejo et al.,, 2018). Chemokines are small cytokines (7-12 kDa) with chemo-
attractive activity. They are secreted from their producer cells to attract immune cells,
which carry the respective chemokine receptors on their surface. This leads to a
chemotactic gradient that initiates cell migration into tissue. Therefore, chemokines
influence the migration and effector functions of immune cells (Alcami, 2003).
Structurally, chemokines can be classified into subgroups based on the position of
highly conserved N-terminal cysteine residues connected by disulfide bridges. The 4
classes are called CXC, CC, C and CX3C chemokines (Hughes & Nibbs, 2018). Viral
chemokines very likely affect the host immune response including the cytokine
network, through their antagonistic or synergistic effects on host chemokine receptors.
Therefore, they may be novel therapeutic targets to combat herpesviruses (Pontejo &
Murphy, 2017a). HCMV encodes for UL146 and UL147 with homology to CXC
chemokines, also called vCXCL1 and vCXCL2, respectively. In vitro studies of
recombinant vCXC-1 confirmed its activity as a fully functional chemokine, which was
able to induce calcium mobilization, degranulation of neutrophils and chemotaxis
(Penfold et al., 1999). Additionally, vCXCL1 has been reported to act as agonist not
only for CXCR1 but also for CXCR2 (Luttichau, 2010). Furthermore, the deletion of
UL146-UL147 in an HCMV mutant, results in an impaired neutrophile infection,
suggesting that these proteins contribute to the interaction between HCMV and
neutrophils (Hahn et al., 2004; Miller-Kittrell & Sparer, 2009).

1.5.1 The UL128 chemokine

The UL128 component of the the pentameric complex is also a viral chemokine. The
pUL128 protein is a small soluble protein without membrane anchor, but it has a signal
peptide (Hahn et al., 2004).

10
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pUL128 has 4 conserved cysteine motifs near its N-terminus, spaced like in CC
chemokines, as shown in Figure 4. Homologs also exist in CMV from other species
like MCMV, rat CMV (RCMV), simian CMV (SCMV) and chimpanzee CMV (CCMV)
(Akter et al., 2003). Recombinant pUL128 has been shown to attract peripheral blood
mononuclear cells (PBMC) in vitro and to affect macrophage (M®) activity (Hui-hui et
al., 2013; Frascaroli et al., 2006). Additionally, pUL128 has been shown to antagonize
CCLS and CCL2 in vitro and downregulate CCR1, CCR2 and CCRS, thus blocking
primary human monocyte chemotaxis (Straschewski et al., 2011). Investigating the
crystal structure of the pentameric complex has revealed that pUL128 could correctly
fold as an active chemokine within the complex (Chandramouli et al., 2017).

Figure 4: Schematic structure of a CC chemokine with disulphide bridges between cysteine

residues, (adapted from de Munnik et al., 2015).

1.6 Cytomegaloviruses as vaccine vectors for infectious diseases

Most conventional vaccines induce neutralizing antibodies. However, they are not
efficient in protection from chronic infections, in particular, from pathogens with high
variability and pathogens which are less amenable to conventional vaccination
strategies. Therefore, there is a need to develop novel vaccines, which induce strong
and long-lasting cellular immune responses. There are many recombinant virus
vectors that have been studied including adenoviruses, adeno-associated viruses,
vesicular stomatitis virus, lentivirus and vaccina virus (Rollier et al., 2011; Méndez et
al., 2019). CMV exhibit unique features, which make them promising and attractive
vaccine vectors. CMV induce a potent and long-lasting CD8" T lymphocyte response
that comprises on average 10% of the memory CD8" T lymphocytes in infected hosts
like humans and mice (Sylwester et al., 2005; Karrer et al., 2003). Moreover, CMV is
known to be able to superinfect hosts with a history of prior infection (Boppana et al.,
2001) by using immune evasion strategies that let the virus escape from recognition
by primed T-cells (Hansen et al., 2010). CMV vectors have been shown to provide

protective immunity in vaccinated animals (Rhesus macaques and mice) with
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documented prior exposure to CMV infection (Hansen et al., 2018; Beyranvand Nejad
et al., 2019). Moreover, the large genome of CMV allows insertion of multiple vaccine
antigens because more than 50 kb can be excised from HCMV without any effect on

virus replication (Jarvis et al., 2013; Méndez et al., 2019).

Immunogenicity and safety are the two arms of vaccine development. Therefore,
attenuated CMV vaccine vectors, which cannot cross the placental barrier or cause
serious diseases, have to be used. Interestingly, infection of mice with attenuated-
single cycle MCMV did not diminish the development of CD8" T cell memory inflation,
confirming that only the establishment of latent infection in a certain number of cells is
sufficient to induce memory inflation without the need of production of infectious virus
(Méndez et al., 2019; Snyder et al., 2011). In addition, live-attenuated RhCMV vaccine
vector was generated by deletion of specific gene encodes the pp71 tegument protein,
which consequently inhibit lytic gene expression and thus viral genome replication
(Hansen et al., 2019). Importantly, this attenuated vector expressing simian
immunodeficiency virus (SIV) proteins still maintains its immunogenicity and could
control SIV infection in 59% of vaccinated rhesus macaques (Hansen et al., 2019).
Currently, HCMV-based vaccine vectors are in clinical trial | (Murray et al., 2017).

1.6.1 MCMV vaccine vectors

MCMV has repeatedly used as a vector in in vivo vaccination studies. An MCMV vector
expressing a CD8" T cell epitope of the nucleoprotein of Zaire ebolavirus (ZEBOV),
has been demonstrated to be efficient in inducing a durable CD8 * T cell response
against a lethal challenge with ZEBOV in a mouse- adapted ZEBOV variant (Tsuda et
al., 2011). A recombinant MCMV vector expressing an MHC-| restricted epitope from
influenza A virus (IAV) H1N1 was used for intranasal immunization of mice.
Immunization resulted in induction of |IAV-specific tissue-resident memory CD8" T
(CD8Trm) cells in the lungs, providing mucosal immunity at the sites of entry (Zheng
et al., 2019). MCMV-based vaccines have also been used to immunize against
Mycobacterium tuberculosis. Mice infected with recombinant murine CMV (MCMV)
expressing Mycobacterium tuberculosis Ag 85A, showed a reduced mycobacterial
load after challenge with Mycobacterium tuberculosis (Beverley et al., 2014). In
another study, MCMV has been used as a vector expressing non-toxic tetanus toxin
fragment C, in order to find an alternative for vaccination using inactivated tetanus

toxin. The MCMV vector could successfully induce a long lasting anti-tetanus antibody
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response after only one round of vaccination (Tierney et al., 2012). Additionally, an
MCMV vector expressing the E7 epitope of human papilloma virus could elicit vaccine-
induced CD8" T cell responses of more than 0.3% of the total circulating CD8" T cell
population, and consequently protected the mice from lethal challenge of Human
papillomavirus 16 (HPV 16) (Nejad et al., 2019). Beyond protection from viruses and
bacteria, MCMV-based vaccine vectors have also been investigated as vaccine
vectors to protect from cancer. One study has been conducted using the aggressive
B16 lung metastatic melanoma model. Mice immunized with MCMV-expressing
ovalbumin (OVA), showed a reduction of OVA-expressing B16 melanoma (Qiu et al.,
2015).

1.6.2 Rhesus CMV vaccine vectors

RhCMV-based vaccine vectors expressing simian immunodeficiency virus (SIV)
proteins have been shown to elicit a strong, tissue-resident effector memory T cell
(Tem) response, which translated into a 50% protection from SIV infection after
mucosal SIV challenge (Hansen et al., 2009; Hansen et al., 2013). The protection of
macaques using RhCMV-based vaccine was highly encouraging and raised the
interest in using HCMV as a vector for the development of therapeutic or prophylactic
vaccines against HIV (Liu et al., 2019). Interestingly, it was reported that RhnCMV
vaccine candidates elicited promiscuous MHC class | and class ll-restricted CD8" T
cell responses (Hansen et al., 2013), and not conventional anti-SIV responses. This
was correlated with a particular RhCMV strain. RhCMV strain 68-1 is known as a
fibroblast-adapted vector with a mutation in a region Rh157.4-6, which encodes
proteins that are functionally homologous to HCMV pUL(128,130,131A) (Hansen et
al., 2013; Lilja & Shenk, 2008; Malouli et al., 2012). RhCMV strain 68-1 with an
additional deletion of the Rh189 gene (HCMV US11 homolog), which is responsible
for downregulation of MHC class | in HCMV-infected cells was also tested. Vaccination
of macaques with this vector induced both a canonical MHC I-restricted CD8* T cells
response and an unconventional CD8" T cell response (Hansen et al., 2013; Frih &
Picker, 2017). Taken together, the design of the CMV vector may be a useful tool to
redirect and program for a particular pattern of CD8"* T cell epitope recognition, which
might give CMV-based vaccines an advantage over other vaccine vectors (Fruh &
Picker, 2017).
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1.7 Mouse Cytomegalovirus as a model for HCMV

Due to its high species-specificity, host-pathogen interaction of HCMV can only be
studied in animal models. Chimpanzee (Davison et al., 2003), rhesus macaque
(Tarantal et al., 1998), guinea pig (for congenital infection) (Schleiss, 2002), rat
(Suzanne etal, 2006; Kern et al, 2006), and mouse CMYV infection of their respective
hosts have been used (Fodil-Cornu et al., 2008; Reddehase & Lemmermann, 2018).
All these animal models are restricted to their specific CMV viruses (Mocarski et al.,
2013). Infection of mice with MCMYV is the most frequently used model for studying
CMV infection and the antiviral host immune response. The murine model of MCMV
infection is considered highly valuable, as it shares great similarity to the HCMV
infection of human, in terms of gene expression patterns or pathogenicity (except
congenital diseases) (Simon et al., 2006). MCMV is able to infect the same organs as
HCMV and shows the same cell-type tropism (Reddehase & Lemmermann, 2018).
Moreover, the transmission of MCMV infection is similar to HCMV, as it occurs via
shedding of bodily fluids like breast milk and saliva (Wu et al., 2011). Additionally,
using this model, the immune evasion of HCMV was correctly predicted, and an
adoptive immune cell transfer studied in mice could successfully be transferred to
clinical immunotherapy of HCMV infection (Watanabe et al., 1992; Reddehase &

Lemmermann, 2018).

Based on the susceptibility to MCMV infection, different mouse strains are more
(BALB/c mice) or less (C57BL/6 mice) susceptible to infection, depending on their
ability to mount an effective antiviral NK response (Krmpotic et al., 2003). The
activation of NK cells after MCMV infection requires the Ly49H receptor recognizing
the MCMV protein m157 (Arase et al., 2002; Smith et al., 2002). This activation of NK
cells leads to an early control of viral replication (Bubic et al., 2004; Fodil-Cornu et al.,
2008). This interaction between Ly49H receptor and m157 exists in C57BL/6 mice. In
contrast, BALB/c mice lack the Ly49H receptor and therefore are unable to activate
an effective NK cell response to MCMV. As a result, BALB/c mice develop viremia
rapidly after infection with MCMV in many organs (e.g. liver, lungs, spleen and kidney),
For this reason, BALB/c mice are often used for testing the efficiency of antiviral agents
and studying CMV disease (Reddehase et al., 2002; Schleiss, 2013).
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1.8 MCMV gH/gL complexes

Like HCMV, MCMV forms two distinct glycoprotein complexes that determine the cell
tropism, gH/gL/gO (Scrivano et al., 2010) and gH/gL/MCK2 (Wagner et al., 2013) with
unknown host cell target receptors. The gH/gL/gO complex of MCMV has been shown
to be indispensable for infection of first target cells (Lemmermann et al., 2015). The
following spread of virus within the tissues and infection of salivary glands, the main
site of host-host transmission, are mediated by both the gH/gL/gO and the
gH/gL/MCK2 complex (Lemmermann et al., 2015).

The trimeric gH/gL/MCKZ2 complex is functional homolog of the pentameric
gH/gL/pUL(128,130,131A) of HCMV (Wagner et al., 2013). One hallmark of this
complex is that it promotes infection of macrophages in vitro and in vivo (Wagner et
al, 2013; Stahl et al., 2015). Besides binding to gH/gL, MCK2 works as CC chemokine
(Noda et al., 2006; Wagner et al, 2013) (Figure 5).

Chemokine domain

MCK2
gH/gL binding domain

Figure 5: Schematic presentation of the gH/gL/MCK2 complex.
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1.9 The murine CMV chemokine 2 (MCK2)

1.9.1 The MCK2 protein

The m131 ORF of MCMV codes for a protein of 81 amino acids. Because of sequence
similarities between this gene product and other CC chemokines, this protein was
given the name murine CMV chemokine 1 (MCK1) (Vieira et al., 1994; MacDonald et
al., 1997). Two years later, a second gene product, called MCK2 was identified with
an additional 199 amino acids and characterized as the product of RNA splicing
between MCK1 and a downstream ORF, m129 (MacDonald et al., 1999; Fleming et
al., 1999), as illustrated in Figure 6.
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vvvvvvvvvvvvvvvvvvvvvvv

841 _ADCATACTACTORATGODDCT CACATCGYYYMAADDODC TODBOGG0GHGT CTTTTACAS

901 _GCTACAAOGACTETCORATGA ATGA

280 AA

Figure 6: Sequence of MCK2, indicating ORF m131 and ORF m129. The putative signal peptide
is highlighted in green, and conserved cysteine residues characteristic of CC chemokines are
highlighted in yellow.

The specific receptor for MCK2 has not yet been identified. The first biochemical
analysis of recombinant MCK2 showed that MCK2 shows two features of chemokines,
(Miller-Kittrell & Sparer, 2009) glycosaminoglycans (GAGs)-binding and the ability to
oligomerize on GAGs (Pontejo & Murphy, 2017b).

1.9.2 Chemokine activity of MCK2

First in vitro studies showed that MCK1 induced mobilization of Ca?* in peritoneal
exudates cells from mice infected with MCMV, suggesting that MCK1 may increase
recruitment of the cells to the site of infection (Saederup et al., 1999; Miller-Kittrell &
Sparer, 2009).
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It has been reported that also MCK2 exhibits chemokine activities, as it enhances the
migration of PBMCs to the site of inflammation (Saederup et al., 1999; Saederup et
al., 2001). Infection of mice with MCMV-expressing MCK2, promotes recruitment of
myelomonocytic leukocytes with an immature phenotype, and recombinant MCK2
proteins have the same action on this population of the cells even in the absence of
virus infection (Noda et al., 2006). Remarkably, MCK2-positive MCMV recruited more
monocytes into lungs than MCK2-negative MCMV at day 2 post-infection (Farrell, et
al., 2016).

1.9.3 The role of MCK2 in virus dissemination

Mice infected with MCMV lacking MCK2 showed lower viral titers in salivary glands
than mice infected with MCK2 positive MCMV. As salivary glands are primary sites of
virus spread and horizontal virus shedding, this was a first evidence that MCK2 may
also play a role in viral spread and dissemination (Fleming et al., 1999; Saederup et
al., 2001; Jordan et al., 2011). During acute MCMV infection, infected dendritic cells
work to spread infection (Farrell, et al., 2019a). MCK2 has been shown to promote
infection of macrophages in vitro and in vivo (Wagner et al., 2013; Stahl et al., 2015).

Furthermore, MCK2 mediates recruitment of cx3cri1hi patrolling monocytes to
become infected and then act as vehicles for dissemination of MCMYV infection, and a
source for seeding a persistent reservoir of infection (Daley-Bauer et al., 2014). It has
been reported that there is no difference between the numbers of infected leukocytes
in blood infected with wt MCMV and those infected with MCK2-negative MCMV at day
4 and 5 p.i (Farrell et al., 2016; Farrell et al., 2019a). In line with that, MCK2 has been
proposed to enhance proficient MCMV dissemination to salivary glands, but only late
after the initial seeding of infection (Farrell et al., 2019a).

1.9.4 Immunomodulatory activities of MCK2

An MCMYV infection leads to a strong inflammation at the site of infection, which is
mediated by the chemokine activity of MCK2, as it enhances the migration of PBMCs
to the site of inflammation (Saederup et al., 1999; Daley-Bauer et al., 2012). MCK2
also plays a role at a very early stage of viral infection (Wikstrom et al., 2013). It has
been shown that MCK2 induces the activation of plasmacytoid dendritic cells, and
accordingly enhances the production of IFN-a in mice infected with wt MCMV (intact

MCK2) at 40 hours post infection, in comparison with low IFN-a production in mice
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infected with MCMV lacking MCK2 (Wikstrom et al., 2013). The influence of MCK2 on
the adaptive immune response of the host has also been investigated. MCK2
cooperates with host CCR2-dependent recruitment of inflammatory monocytes and
impairs early CD8" T cell response, and thereby delays viral clearance from organs
(Daley-Bauer et al., 2012), whereas MCMV lacking MCK2 was cleared from organs
more rapidly (Fleming et al., 1999; Wikstrom et al., 2013; Daley-Bauer et al., 2012).

1.10 Aim of the thesis

MCK2 has a dual function: It is a functional chemokine attracting monocytes and
additionally it is part of a gH/gL/MCK2 envelope glycoprotein complex. It is not known
whether the effect of MCK2 on immune modulation and viral dissemination is attributed
to the chemokine activity of MCK2 or to its entry function as a part of the gH/gL/MCK2
entry complex or both. In order to understand and elucidate the role of MCK2, MCK2
mutant viruses have been cloned and used in vitro and in vivo. All in vivo studies on
mice have nearly exclusively used MCK2 mutant viruses with a complete deletion of
MCK2 (Saederup et al., 1999; Saederup et al., 2001; Stahl et al., 2015; Wikstrom et
al., 2013; Daley-Bauer et al., 2014; Daley-Bauer et al., 2012; Farrell et al. 2019a;
Farrell et al., 2016). Therefore, it is necessary to clone MCK2 mutant viruses, which
are lacking only the chemokine function of MCK2 or the gH/gL complex function. This
will enable us to discriminate between the contribution of each of MCK2 functions to
the above-described phenotypes.

Objectives of this thesis were:

1- To investigate the role of the MCMV MCK2 chemokine and the role of the
gH/gL/MCK2 entry complex in mediating early antiviral immune responses and viral

dissemination.

2- To investigate the role of MCK2 in vaccination studies using MCMV vaccine vectors
carrying different MCK2 mutations.
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2. Materials

2.1 Devices

Instrument

Manufacturer

BD FACSCalibur™

BDK laminar flow system

Beckman Optima L-80 XP Ultracentrifuge
Bio-Rad PowerPAC 200 Power supply
Biosciences vacuubrand vacuum pump unit
BVC21

Centrifuge Avanti J-26 XPI
Chemiluminescence & Fluorescence imager
Fusion FX7

Counting Chamber 0,1 mm

CLARIOstar ® microplate reader
E-C Apparatus Minicell EC370M horizontal

Electrophoresis Power Supply RCT basic
Eppendorf BioPhotometer 6131

Eppendorf centrifuge 5424R

Eppendorf ThermoMixer C

Eppi centrifuge mini

FASTPREP® - 24

Fluorescence microscope Olympus 1X71
Gene Pulser Xcell™ Electroporation Systems
Gilson Pipetman®

HE99X Max agarose electrophoresis unit

Heracell 150i Incubator

IKA Minishaker MS1

Incubator Memmert Model 200

Integra Biosciences™ Vacusafe™ Comfort
Aspiration system

Integra Pipetboy 2

Kern Balance 470

Kern Balance 510

Microliter Syringe

Mini-Trans-Blot® cell
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BD Biosciences (Heidelberg, Germany)
Weiss Pharmatechnik GmbH (Sonnenbiihl,
Germany)

Beckmann Coulter (Krefeld, Germany)
Bio-Rad Laboratories (Hercules, USA)

Integra Biosciences (Hudson, USA)

Beckmann Coulter (Krefeld, Germany)

Vilber Lourmat (Eberhardzell, Germany)

Paul Marienfeld GmbH (Lauda-
Konigshofen, Germany)
BMG Labtech (Ortenberg, Germany)

Surplus Solutions (Woonsocket, Germany)
IKA® Werke (Staufen, Germany)
Eppendorf (Wesseling-Berzdorf, Germany)
Thermo Fisher Scientific (Waltham, USA)
Eppendorf (Wesseling-Berzdorf, Germany)
Carl Roth (Karsruhe, Germany)

MP Biomedicals (USA)

Olympus (Hamburg, Germany)

Bio-Rad Laboratories (Hercules, USA)
Gilson (Middelton, USA)

GE Gealthcare Life Sciences (Chalfont St
Giles, UK)

Thermo Fisher Scientific (Waltham, USA)
IKA (Staufen im Breisgau, Germany)
Memmert (Schwabach, Germany)

Integra Biosciences (Hudson, USA)

Integra Biosciences (Zizers, Switzerland)
Kern & Sohn GmbH (Albstadt, Germany)
Kern & Sohn GmbH (Albstadt, Germany)
Carl Roth (Karsruhe, Germany)

Bio-Rad Laboratories (Hercules, USA)
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Mini-Protean® Tetra cell

Molecular Imager® Gel DocTM XR system
Multifuge 3 S-R centrifuge

Microwave Inverter

NanoPhotometer® P330

New Brunswick™Galaxy®170R CO2 Incubator
Olympus U-LH100HG Fluorescence light source
Olympus U-RFL-T Power Supply

pH meter 430

Pharmacia Biotech EPS 600

QuantStudio™ 3 Real-Time PCR System
Sonifier W-250

Stuart scientific roller mixer
T Gradient Thermocycler
UV-Transilluminator UST-20-8RA

VersaMax Tunable Microplate Reader
Water bath Model 1002

Zeiss Axiovert 40S Tissue culture microscope

Bio-Rad Laboratories (Hercules, USA)
Bio-Rad Laboratories (Hercules, USA)
Heraeus Group (Hanau, Germany)

Sharp (Osaka, Japan)

Implen GmbH (Munich, Germany)
Eppendorf (Wesseling-Berzdorf, Germany)
Olympus (Hamburg, Germany)

Olympus (Hamburg, Germany)

Corning (New York, USA)

Pharmacia Biotech (Uppsala, Sweden)
Thermo Fisher Scientific (Waltham, USA)
G. Heinemann Ultraschall- und Labortechnik
(Schwabisch Gmiind, Germany)

Merck (Darmstadt, Germany)

Analytik Jena (Jena, Germany)

Biostep (Burkhardtsdorf, Germany)
Molecular Devices (San José, USA)
Gesellschaft fiir Labortechnik (Burgwedel,
Germany)

Carl Zeiss Microscopy (Jena, Germany)
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2.2 Consumables

Consumable

Manufacturer

Aluminium foil

Cell scraper

Cell strainer

Combitips (10 ml, 5 ml)

CryoPure tubes (1.6 ml)

Gene Pulser® Cuvette (0.2 cm
electrode)

Falcon™ Standard cell culture dishes
Filter (0.45 ym, 0.22 ym)

Filter pipet tips

Fine-Ject 26G X 1/ 2 cannulas
HybondTM-ECL Nitrocellulose
membranes

Inoculation loop

Millicell cell culture hanging inserts
No-filter pipet tips

PCR tubes

Petri dishes (10 cm)

Photometer cuvettes

SafeSeal reaction tubes (1.5 ml, 2 ml)
Screw cap micro tubes

Serological pipets (2 ml, 5 ml, 10 ml,
25 ml)

Syringes (2 ml, 20 ml)

Single use syringe (1ml)
Ultracentrifugation tubes

TC plate (6-well, 24-well, 48-well, 96-
well)

Tubes (5, 15 ml, 50 ml)

TC flask T75

Whatman paper

Roth (Karlsruhe, Germany)

Sarstedt (Nirnbrecht, Germany)

Corning (New York, USA)

Eppendorf (Wesseling-Berzdorf, Germany)
Sarstedt (Nurnbrecht, Germany)

Bio-Rad (Hercules, Germany)

Corning (New York, USA)

Sartorius AG (Gottingen, Germany)

STARLAB International GmbH (Hamburg, Germany)
Henke-Sass Wolf GmbH (Tuttlingen, Germany)

Amersham Biosciences (Freiburg, Germany)

Sarstedt (Nurnbrecht, Germany)

Merck (Darmstadt, Germany)

STARLAB International GmbH (Hamburg, Germany)
Biozym (Hessisches Oldendorf, Germany)

Sarstedt (Nurnbrecht, Germany)

Brand (Wertheim, Germany)

Sarstedt (Nurnbrecht, Germany)

Sarstedt (Nurnbrecht, Germany)

Sarstedt (Nurnbrecht, Germany)

B.Braun (Melsungen, Germany)
B.Braun (Melsungen, Germany)
Beckman Coulter GmbH (Krefeld, Germany)
Sarstedt (Nurnbrecht, Germany)

Sarstedt (Nurnbrecht, Germany)
Sarstedt (Nurnbrecht, Germany)
Machery&Nagel (Diren, Germany)
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2.3 Reagents

Chemical/Buffer

Manufacturer

1kb DNA Ladder
1-Thioglycerol
Ammonium chloride
Ammonium persulfate
Ampicillin

Arabinose

Bacillol AF

Bacto-Agar
Bacto™Yeast extract
Boric acid

Bovine serum albumin (BSA)
Brefeldin A Solution
Bromophenol blue
Calcein-AM in DMSO
Carboxymethyl cellulose
sodium salt

Cell Stimulation Cocktail,
PMA/lonomycin
Chloramphenicol

Cristal violet

Dulbecco’s Modified Eagle
Medium (DMEM)

dNTPs

EDTA

Ethanol

Ethidiumbromide solution
FcR Blocking Reagent
Fetal calf serum (FCS)
FuGENE® HD Transfection
Reagent

Glycerol

Glycin

Hoechst 33258,
Pentahydrate (Bis-
Benzimide)

Hydrochloric acid

Isopropanol

New England Biolabs (Ipswich,USA)
Sigma-Aldrich (Deisenhofen, Germany
Sigma-Aldrich (Deisenhofen, Germany

Sigma-Aldrich (Deisenhofen, Germany

~_ ~— ~— ~—

Sigma-Aldrich (Deisenhofen, Germany
Sigma-Aldrich (Deisenhofen, Germany)
Paul Hartmann AG, Heidenheim, Germany
BD Bioscience (Heidelberg, Germany)

BD Bioscience (Heidelberg, Germany)
Roth (Karlsruhe, Germany)

BioLabs (Frankfurt am Main, Germany)
BioLegend (San Diego, USA)
Sigma-Aldrich (Deisenhofen, Germany)
BioLegend (San Diego, USA)
Sigma-Aldrich (Deisenhofen, Germany)

Biolegend (San Diego, USA)

Sigma-Aldrich (Deisenhofen, Germany)
Sigma-Aldrich (Deisenhofen, Germany)

Life Technologies (Darmstadt, Germany)

New England Biolabs (Ipswich,USA)

Sigma-Aldrich (Deisenhofen, Germany)

Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

MACS Miltenyi Biotec GmbH (Bergisch Gladbach, Germany)
PAN Biotech (Aidenbach, Germany)

Promega (Mannheim, Germany)
Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)
Thermo Fisher Scientific (Waltham, USA)

VWR International GmbH (Ismaning, Germany)
Merk (Darmstadt, Germany)
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Kanamycin

L-Glutamine

MEM (10x)

MEM Non-Essential Amino Acid
Solution

Mercaptoethanol

Methanol

N, N, N', N'-Tetramethylethylendiamin

(TEMED)

OptiPRO Serum Free Medium
Orange G

PageRulerTM Prestained Protein
Ladder

Paraformaldehyde (PFA)
Penicillin-Streptomycin
Phenol/Chloroform/Isoamyl alcohol
Phosphate buffered saline (PBS)
Polyethylenimin (PEI)

Ponceau S solution

RPMI medium 1640 (1X)
Saponin

SeaKem LE Agarose

Skim milk powder

Sodium chloride

Sodium dodecyl sulfate (SDS)
Sodium hydrogen carbonate
TRIS

Triton X-100

Trypan Blue

Trypsin/EDTA 0.25%
Trypton/Pepton from Casein
Tween-20

Gibco® Versene Solution
Glasgow-MEM BHK-21

Power SYPR Green PCR Master Mix

Life Technologies (Darmstadt, Germany)
Life Technologies (Darmstadt, Germany)
Life Technologies (Darmstadt, Germany)

Life Technologies (Darmstadt, Germany)

Merck (Darmstadt, Germany)
Sigma-Aldrich (Deisenhofen, Germany)

Roth (Karlsruhe, Germany)

Life Technologies (Darmstadt, Germany)
Fluka-Chemika (Buchs, Switzerland)
Thermo Fisher Scientific (Waltham, USA)

Sigma-Aldrich (Deisenhofen, Germany)
Life Technologies (Darmstadt, Germany)
Carl Roth GmbH (Karlsruhe, Germany)
Life Technologies (Darmstadt, Germany)
Sigma-Aldrich (Deisenhofen, Germany)
Sigma-Aldrich (Deisenhofen, Germany)
Life Technologies (Darmstadt, Germany)
Sigma-Aldrich ( Deisenhofen, Germany)

Biozym Scientific (Hessisch Oldendorf, Germany)

Merck (Darmstadt, Germany)

Merck (Darmstadt, Germany)
Sigma-Aldrich (Deisenhofen, Germany)
Life Technologies (Darmstadt, Germany)
Carl Roth GmbH (Karlsruhe, Germany)
Sigma-Aldrich (Deisenhofen, Germany)
Sigma-Aldrich (Deisenhofen, Germany)
Life Technologies (Darmstadt, Germany)
Carl Roth GmbH (Karlsruhe, Germany)
Sigma-Aldrich (Deisenhofen, Germany)
Life Technologies (Darmstadt,Germany
Life Technologies (Darmstadt, Germany)

Applied biosystems (Thermofisher UK)
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2.4 Commercial kits

Kit

Manufacturer

QIAquick® gel Extraction kit

QIAquick® PCR Purification kit
Macherey-NagelTM NucleoBondTM Xtra Midi
SuperSignal™ West Pico PLUS

Chemiluminescent Substrate
Mouse IFN -y ELISA MAX ™ Deluxe Sets

Mouse MCP-1 ELISA MAX ™ Deluxe Sets
Verikine mouse interferon alpha ELISA kit
DNeasy Blood & Tissue Kits

Qiagen Plasmid Maxi kit

Qiagen (Hilden, Germany)

Qiagen (Hilden, Germany)
Machery&Nagel (Diren, Germany)
Thermo Fisher Scientific (Waltham, USA)

BioLegend (San Diego, CA).
BioLegend (San Diego, CA).

PBL Assay Science (Piscataway, NJ)
Qiagen (Hilden, Germany)

Qiagen (Hilden, Germany)

2.5 Enzymes for molecular biology

Restriction enzymes and their corresponding reaction buffers were purchased from NEB, Frankfurt am

Main, DE.

2.6 Plasmids

Plasmid Provided by

pEPkan-S (Tischer et al. 2006)

pDrive_gB_PTHrP Kindly provided by Prof Dr. Mattias Reddehase (Simon et al., 2005)
pFuse -hlgG1-Fc2 Invivogen (San Diego, USA)

pFuse MCK2 Laura Jochem (Bachelor thesis, 2012)

pFuse CC1 MCK2 Simone Boos (AG Adler)

Rpl8 Kindly provided by Prof. Dr.Heiko Adler (Ruiss et al., 2012)
gB-MHV68 Kindly provided by Prof. Heiko Adler (Ruiss et al., 2012)
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2.7 Primers

Primers were synthesized by Metabion (Martinsried, DE).

Primer

Sequence

M74 del532 for

M74 del532 rev

PTHrP for
PTHrP rev

M55 gB for

M55 gB rev
rpL8 for

roL8 rev
MHV68-gBqufor
MHV68-gBqurev

5-TTT AAAATATTT GGC GGT GAT GTT ACT TTT CGG
GGT GAT GAG GTC TCT CCA GGA TGA CGA CGA TAA
GTA GGG- 3’

5- AGA GCC GCG ATT AAT GTC CGC TGT ATT CAA CGC
GGA GAT CAG CCC TCC CGG GAG AGA CCT CAT CAC
CCC GAA AAG TAA CAT CAC CGC CAA ATA TTT TAAA
CAA CCA ATT AAC CAATTC TGA TTAG - 3’

5-TGT TGG GAG CAG GTT TGGA - 3’

5-CGT TTC TTC CTC CAC CAT CTG -3’
5-TTG ACA CAC TCG GAC ATC GC - 3’
5- AAT CCG TCC AACATC TTGTCG -3
5- CAT CCC TTT GGA GGT GGTA -3’
5- CAT CTC TTC GGA TGG TGGA - 3’
5-GGC CCA AAT TCAATT TGC CT -3’
5-CCC TGG ACAACT CCT CAAGC -3’

2.8 Peptides

Peptide Sequence Provided by

Scrambled control for M123/IE1 NFYPTLPHM IPT Peptide Technologies GmbH (Berlin,
Germany)

M123/IE1 MCMV YPHFMPTNL IPT Peptide Technologies GmbH (Berlin,
Germany)

M45 peptide MCMV HGIRNASFI IPT Peptide Technologies GmbH (Berlin,
Germany)

ORF6 peptide MHV-68 AGPHNDMEI IPT Peptide Technologies GmbH (Berlin,
Germany)
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2.9 Antibodies

Antibody Host Source

mouse anti-MCMV ie1, (Croma 101)  Mouse Kindly provided by Stipan Jonjic (University of
Rijeka, Croatia) (Bantug et al., 2008)

Alexa Fluor 488-goat-anti mouse Goat Dianova (Hamburg, Germany)
FITC anti-mouse CD8a Antibody, Rat Biolegend (San Diego, USA)
Clone: 53- 6.7

FITC Rat IgG2a, « Isotype Cirl Rat Biolegend (San Diego, USA)
Antibody, Clone: Rat RTK2758

FITC anti-mouse CD4 Antibody, Rat Biolegend (San Diego, USA)
Clone: GK1.5

Monoclonal anti-MCK-2 O4 Mouse Kindly provided by Stipan Jonjic (University of
Antibody Rijeka, Croatia)

Monoclonal anti-human IgG (Fc- Mouse Sigma Aldrich (St. Louis, USA)
specific) Biotin, Clone: HP-6017

Monoclonal a-HA, Clone: 3F10 Rat Sigma Aldrich (St. Louis, USA)
Monoclonal mouse anti-gB Mouse Astrid Karbach (PhD Dissertation)
Antibody (5F12)

Polyclonal anti-human 1gG (Fc- Goat Sigma Aldrich (St. Louis, USA)
specific) POX

Polyclonal a-mouse POX Goat Sigma Aldrich (St. Louis, USA)
Polyclonal a-rat POX Donkey  Dianova (Hamburg, Germany)
PE anti-mouse IFN-y Antibody; Rat Biolegend (San Diego, USA)
Clone: XMG1.2

PE Rat IgG1, k Isotype Ctrl Rat Biolegend (San Diego, USA)

Antibody, Clone: Rat RTK2071

2.10 Cells and media

2.10.1 Bacteria

Bacterial strain Genotype Provided by

E.coli GS1783 DH10B [Ac1857 (cro- Gregory A. Smith (Northwestern

bioA)<>araC-PBadl- University, Chicago, USA)

Sce-l] gaIK+ gal 490
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2.10.2 Eucaryotic cells

Cells Description Reference /ATCC No

Primary cells

MEF Mouse embryonal fibroblasts Prepared from mouse
embryos (BALB/c &
C57BL/6)

Cell lines

ANA-1 Mouse macrophage cell line (Cox et al., 1989)

BHK-21 Baby hamster kidney fibroblasts ATCC: CCL-10

D2SC1 Dendritic cell line (Paglia et al., 1993)

J774 MO BALB/c macrophage cell line ATCC: TIB-67

NIH 3T3 fibroblasts Swiss mouse embryo fibroblasts ATCC: CRL-1658

HEK 293 kidney cells Human kidney epithelial cells ATCC: CRL-1573

2.10.3 Media for eucaryotic cells

Media Used for
Glasgow-MEM BHK-21 BHK-21
5% FCS

5% Tryptose Phosphate Broth (TPB)
100 U/ml penicillin, 100 pg/ml streptomycin
2 mM L-Glutamine

Dulbecco’s Modified Eagle Medium NIH3T3
(DMEM)

10% FCS

100 U/ml penicillin, 100 pg/ml streptomycin

Dulbecco’s Modified Eagle Medium MEF
(DMEM)

10% FCS

100 U/ml penicillin, 100 pg/ml streptomycin

Iscove's Modified Dulbecco's Medium D2SC1
(IMDM)

5% FCS

100 U/ml penicillin, 100 pg/ml streptomycin

2 mM L-Glutamine

0.05 mM 2- Merceptoethanol
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RPMI 1640 ANA-1
10% FCS

100 U/ml penicillin, 100 ug /ml

streptomycin

2 mM L-Glutamine

RPMI 1640 Splenocytes
10% FCS

100 U/ml penicillin, 100 ug /ml

streptomycin

2 mM L-Glutamine

0.05 mM 2- Merceptoethanol

RPMI 1640 PBMC
2% FCS

100 U/ml penicillin, 100 ug /ml

streptomycin

2 mM L-Glutamine

2.11 Viruses

A- Mouse cytomegalovirus strain Smith was derived from infected laboratory mice’s salivary glands
(Smith, 1954). It was cloned as a bacterial artificial chromosome (BAC) called pSM3fr (Messerle et al.,
1997; Wagner et al., 1999). Some years later, a frameshift mutation within the open reading frame
(ORF) of MCK2 was repaired and the repaired BAC called pSM3fr-MCK-2fl (Jordan et al., 2011). All of
the MCMV BACs used in this thesis were derived from pSM3fr-MCK-2fl.

B- Murine Gammaherpesvirus 68 (MHV-68): wildtype (clone G2.4) (Adler et al., 2000).

C- MCK2 mutant viruses

1- 131 stop mutant (MCMV no mck2): BAC-derived MCMV mutant was constructed in the Adler lab
(Wagner et al. 2013). A stop cassette was inserted in the m131 domain of MCK2, which prevents the

expression of the MCK2 protein.

2- 129 stop mutant (MCMV o complex): A stop cassette was inserted in the m129 domain of MCK2
(Wagner et al. 2013), which prevents the formation of the gH/gL/MCK2 binding complex and results in

a truncated protein which should still have the chemokine function of MCK2.

3- CC1 mutant (MCMV no chemokine): This mutant has recently been cloned by Thomas Deiler during an
internship in the Adler lab. A point mutation was introduced in the m131 domain of MCK2, exchanging

a cysteine for glycine (AA 27).
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4- 131 d stop: The 131 stop mutant contains a stop codon in m131 ORF, which allow the expression
of 66 amino acid. Additional stop codon was introduced directly behind the start codon of the reading
frame m131 in MCMV BAC (131 stop mutant) to ensure that no more MCK2 protein can be expressed.

D- MCMV vaccine vectors: MCMV vaccine vectors expressing ORF6 of murine gamma herpes virus 68

(MHV-68) as a vaccine antigen.

1- wt ORF6: An MCMV vaccine vector, which has recently been cloned by Ursula Rambold during her
master project in the Adler lab, m128 ORF (IE2) from MCMV genome was deleted and replaced with
ORF6-HA in BAC-cloned MCMV.

2- MCMV 1o chemokine ORF6: An MCMYV vaccine vector, which has recently been cloned by Ursula

Rambold during her master project in the Adler lab, m128 ORF (IE2) from MCMV genome was deleted
and replaced with ORF6-HA in a BAC-cloned MCMV, then a point mutation of CC1 (explained above)

was subsequently introduced.

3- MCMV o mckz ORF6: An MCMV vaccine vector, m128 ORF from MCMV genome was deleted and
replaced with ORF6-HA in a BAC-cloned MCMV (131 stop mutant), then 131 d stop mutation (explained

above) was subsequently introduced.

4- MCMV no complex ORF6: An MCMV vaccine vector, which has recently been cloned by Ursula Rambold

during her master project in the Adler lab, m128 ORF (IE2) from MCMV genome was deleted and
replaced with ORF6-HA in a BAC-cloned MCMV, then 129 stop mutation (explained above) was

subsequently introduced.

2.12 Software

Software Manufacturer

BD CellQuestTM Pro BD Bioscience (Heidelberg, Germany)
Flowing Software 2.5.1. Perttu Terho (University of Turku, Finland)
Fusion 15.12f Vilber Lourmat (Eberhardzell, Germany)
Prism GraphPad Software (San Diego, USA)
Quantstudio Thermo Fisher Scientific (Waltham, USA)
SnapGene® GSL Biotech LLC (Chicago, USA)
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3. Methods

3.1 Bacterial cell culture

Escherichia coli (E.coli) GS1783 were cultivated either on LB agar plates or in LB
medium at 32°C. A temperature shift to 42°C results in activation of Red recombinases
exo, bet and gam (Warming et al., 2005). The addition of specific antibiotics was
required for selection of bacteria at different steps of cloning. Bacterial cultures were
measured at optical density (OD) = 600 nm (OD600 of 1 corresponds to 1 x 108
cells/ml), in order to assess the growth of bacterial suspensions.

LB-medium (1 L) Antibiotics

10 g Bacto tryptone Chloramphenicol (CAM): 25 ug/ml
5 g Bacto yeast extract Kanamycin (KAN): 50 pg/ml

8 g NaCl

LB-agar (500 ml)
7 g Bacto Agar
500 ml LB medium

3.1.1 Glycerol stocks
For storing bacteria, glycerol stocks were prepared by adding 500 ul of 50 % glycerol
(in H20) to 500 pl of an overnight culture and stored at -80°C.

3.2 General molecular biology

3.2.1 Preparative Plasmid Midi Preparation

Large scale preparations (midi-preps) of plasmid DNA were performed. 200 ml of
overnight culture was used to isolate plasmid DNA using the Macherey-NagelTM

NucleoBondTM Xtra Midi Kit according to the manufacturer’s protocol.

3.2.2 Determination of DNA concentration

The concentration of nucleic acids was measured using NanoPhotometer® according
to the manufacturer’s protocol (Implen GmbH). The absorption was measured at 260
nm. OD260 of 1 corresponds to 50 ug/ml dsDNA.
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3.2.3 Quantitative real-time PCR for viral genomes in mouse organs

Briefly, DNA was extracted from blood and spleen cells using DNeasy Blood & Tissue
Kits and quantified by UV spectrophotometry and kept at 4°C. Quantification of viral
and cellular genes was performed using the Quantstudio 3 real time PCR machine.
Amplification was performed in 20 pl reaction volumes using a SYBR green Kkit.
Absolute quantification of the desired genes was achieved by generating standard
curves for plasmids harboring the same genes under investigation. PCR was
performed with the following cycler conditions: an initial 2 minutes (min) at 50°C, then
15 min at 95°C for HotStarTag DNA polymerase activation, followed by 50 cycles of
15 s at 94°C, 1 min at 60°C. Following amplification, a melting curve analysis of the
PCR products was conducted by increasing the temperature to 95°C, cooling down
quickly to 60°C for 1 min, and then slowly raising the temperature again to 95°C for 15
s. The calculations of the copy numbers were performed using Quantstudio software,
depending on CT values of the standard curves.

3.2.4 Analysis of DNA

3.2.4.1 Restriction enzyme digestion

Digestions of DNA were performed using restriction endonucleases according to the
manufacturer’s instructions (NEB). Plasmid digestions were usually performed using
1 pg plasmid DNA in a volume of 20 pl. For digestion of BAC-DNA, 2 ug BAC-DNA or
a complete BAC-mini preparation were digested with the respective enzyme and NEB
buffer and incubated overnight at the recommended temperature.

3.2.4.2 Agarose gel electrophoresis

DNA fragments were separated by agarose gel electrophoresis. Samples were mixed
with 10x DNA loading buffer before loading onto the gel. Ethidium bromide was added
to visualize DNA fragments under UV-light. 1% TAE agarose gels were used for small
gel analytical or preparative analysis. The settings for gel electrophoresis of small gels
were 100 V for 40—60 min. BAC-DNA was separated in 0.8% agarose/TBE gels for
restriction digest analysis. These gels were run for 3 h at 120 V.
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50x TAE buffer, pH 7.3 10x TBE buffer, pH 8.3 10x DNA loading buffer

2 M Tris 900 mM Tris 50 mM Tris-HCL, pH 7.6
250 mM Na-acetate 900 mM boric acid 60 % (v/v) glycerol
50 mM EDTA 20 mM EDTA 2.5 mg/ml orange G

3.2.4.3 Isolation of DNA fragments from agarose gels

DNA fragments separated in agarose gels after gel electrophoresis were cut on a UV
table (254 nm) using a scalpel and isolated from the agarose gel using the QIAquick®
gel extraction kit (QIAGEN) according to the manufacturer’s protocol.

3.3 BAC-mutagenesis

BAC (bacterial artificial chromosome) cloning is a technique used for mutagenesis and
stable maintenance of large DNA fragments of up to 300 kbp using an E.coli F-plasmid
(Shizuya et al., 1992) and was first applied for a herpes virus genome by (Messerle et
al., 1997). Traceless mutagenesis which allows mutagenesis of viral genes without
introducing additional changes in the genome was used to construct virus mutants.
The traceless BAC-mutagenesis consists of two Red-recombination events and one
cleavage step by the rare cutter /-Scel (Tischer et al. 2006). E.coli GS1783 is the
bacterial strain used for traceless mutagenesis of BACs. The E. coli recABCD
recombination system is disrupted in this strain of bacteria. However, the expression
of recombinases is induced by a temperature shift to 42°C under the control of the
temperature-sensitive phage repressor cl857 and the phage promotor pL (Warming et
al., 2005; Lee et al., 2001; Yu et al., 2000). Firstly, touchdown PCR was used to amplify
a kanamycin cassette and a flanking I-Scel restriction site from the plasmid pEPkan-
S. The PCR primers are designed in a way to contain homologous sequences of the
target BAC-DNA which should be mutated. The resulting PCR product will be
introduced into the target BAC via a first homologous recombination event, which
results in the deletion of BAC-DNA of interest and insertion of the kanamycin cassette.
For induction of the second recombination step, the addition of L-Arabinose is
essential for switching on the expression of /-Scel in E.coli GS1783. This enzyme cuts
the sequence at the I-Scel cleavage site, thus facilitates the traceless removal of KanR
(Figure 7).
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Target BAC-containing desired ORF ORF I

Primers: primerfor 5 =) 3 3 5 primerrev

pEP-KanS

I-Scel

Kan R

4—\

PCR using pEP-Kan$S plasmid
I-Scel

I I-|Kanamycin resistance gene T
Y

) ,
AN Y 7 7
Transform PCR product into GS1783-containing ‘\‘\ 1 ’,’
target BAC ASY ) ,’ pa
4 GS1783 4 N
ORF
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4 GS1783 R
I-Scel
I-|Kanamycin resistance gene
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Induction of I-Scel by addition of arabinose 1 |-Scel

Induction of red recombination by shifting N

temperature to 42 °C A
I-Scel N

Kanamycin resistance gene MR m—

|

———— T —————  Target BAC after deletion of desired ORF

Second Red recombination

Figure 7: Schematic illustration showing the strategy of BAC traceless-mutagenesis for deletion
of ORF of interest.

Colored rectangles represent identical sequences; black dotted lines indicate homologous
recombination steps.

e Protocol

Firstly, E.coli GS1783 containing the BAC of interest was made electrocompetent (see
3.3.2). Afterwards, PCR product of recombinant fragment was electroporated into
these electrocompetent bacteria and the first red recombination occurred. After
electroporation, the bacterial cells were recovered by adding 1 ml LB medium and
grown for 2 h at 32°C. Then, the bacteria were plated on LB agar plates supplemented
with 50 pg/ml kanamycin and 25 ug/ml chloramphenicol. Positive clones which grew
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on both of CAM and KAN were selected for BAC Mini Preparation (see 3.3.4) and
checked by restriction digest analysis. For starting second recombination, 4 ml pre-
warmed LB supplemented with 25 uyg/mL CAM was inoculated with 100 uL pre-culture
of KAN and CAM-positive clones. The bacteria were grown at 32°C for 2 h until the
bacteria reach only early logarithmic phase. Thereafter, 2 ml pre-warmed LB medium
supplemented with 25 yg/mL CAM and and 0.5% arabinose (final concentration) were
added for induction of |- Scel expression, and the incubation of bacteria continued for
additional 30 min at 32°C. Afterwards, the bacteria were transferred to a water bath
with shaking for 15 min at 42°C to induce the expression of red recombination system.
During this incubation step, the removal of the positive selection marker occurs. Then,
the culture was returned back to 32°C and incubated for 3 h. Finally, bacteria were
plated at 10" to 10 dilutions on freshly prepared agar plates with 25 ug/ml CAM and
0.5% arabinose and incubated overnight. After 24 h, colonies were picked from these
plates and transferred to replica plates supplemented with both of 25 pg/ml CAM and
50 pug/ml KAN or only 25 ug/ml CAM. The next day, the clones which were CAM-KAN
negative, but CAM-positive, were selected for BAC Mini Preparation and checked by
subsequent restriction digest analysis. At the end, positive clones were chosen for
BAC-Midi preparation (see 3.3.5) and sent to Sequiserve (Vaterstetten, Germany) for

sequencing. The sequencing results were analyzed by SnapGene software.

3.3.1 Polymerase chain reaction (PCR)

The amplification of DNA with longer primers was conducted by touchdown PCR
(Table 1). Touchdown PCR is one of PCR methods which aims to avoid amplification
of non-specific sequences. It depends on using higher annealing temperature at the
earliest steps then the annealing temperature is decreased incrementally after each
cycle till a specified or “touchdown” annealing temperature is reached (Green &
Sambrook, 2018).
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Table 1: Touchdown PCR program.

Step Temperature | Time Cycles
1. linitial-denaturation 95°C 5 min
2. |denaturation (TD) 95°C 30 sec
3. |annealing (TD) 62-45°C 30 sec
4. |elongation (TD) 72°C 2 min 17 x back to 2.
5. |denaturation 95°C 30 sec
6. |annealing 45°C 45 sec
7. |elongation 72°C 2 min 18 x back to 5.
8. [final-elongation 72°C 5 min
9. |end 4°C hold

3.3.2 Preparation of electrocompetent bacteria for BAC mutagenesis

Electrocompetent bacteria are required for introduction of foreign DNA by
electroporation. 150 ml LB medium supplemented with CAM antibiotic (required for
BAC selection) was inoculated with 3 ml overnight culture of GS1783 containing an
MCMV BAC and grown at 32°C until an OD600 of about 0.5 was reached. Then, the
culture was transferred to a water bath with 42°C for 15 min to induce expression of
recombinases. All the next preparation steps were performed on ice using pre-cooled
pipettes and solutions. Bacteria were cooled on ice for 20 min and then pelleted by
centrifugation at 5,500 xg for 10 min and subsequently washed for 3 times with 150
ml 10% glycerol. Afterwards, bacteria were pelleted again and resuspended in 1.5 ml
10% glycerol and snap frozen in liquid nitrogen as 70 pul aliquots and stored at -80°C.

3.3.3 Transformation of electrocompetent bacteria

DNA was introduced into electrocompetent bacteria (for BAC mutagenesis) by
electroporation. 50- 300 ng DNA was added to electrocompetent bacteria which were
pre-thawed on ice. The bacteria were transferred to a cuvette (Biorad; 0.2 um in
diameter) and the cuvette was kept on ice then the bacteria were electroporated using
a gene pulser (2,5 kV, 400 Q and 25 yF). This way, the genetic material could be
introduced into the bacterial cells. After the electroporation, 1 ml of antibiotic-free LB
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medium was added immediately. Afterwards, the bacteria were grown for 2 h at 32°C.
200 pl of bacterial suspension and the remaining 800 ul concentrated to 200 pl were
plated on agar plates and incubated overnight.

3.3.4 Analytical BAC Mini Preparation

Buffers of the plasmid Maxi kit (Qiagen, Germany) were used for small scale BAC-
DNA preparations (analytical BAC Mini-Preps), which was done as followed. 10 ml
overnight culture was prepared with appropriate antibiotics for each clone. The next
day, the bacterial cells were pelleted at 2,643 x g for 15 min at room temperature (RT).
The supernatants were removed, and the pellets were resuspended in 300 pl
resuspension Buffer (Qiagen, Germany), then 300 pl lysis buffer (Qiagen, Germany)
was added and the samples were gently inverted several times, followed by addition
of 300 pl of the neutralization buffer (Qiagen, Germany) to stop the action of lysis
buffer, then the samples were incubated on ice for 5 min for complete precipitation of
proteins and chromosomal DNA, followed by centrifugation at 18,407 x g at RT for 5
min. The supernatant-containing BAC-DNA was carefully transferred to a new tube
and mixed with 1 ml phenol/chloroform/isoamyl alcohol (25/24/1). Samples were
gently mixed by inverting several times and centrifuged 5 min at 18,407 x g at RT. The
upper phase, which contains BAC-DNA was transferred to new tubes with 1 ml
isopropanol. The BAC plasmids were precipitated at 18,407 x g for 20 min at RT. The
pellets were washed with 1 ml ethanol to remove salt, then re-pelleted at 18,407 x g
for 10 min at 4°C. After a short drying of the pellets, they were resuspended in 30 pl
TE buffer (pH = 7.5). BAC-DNA was then analyzed by restriction digest analysis.

P1 resuspension buffer P3 neutralization buffer
50 mM Tris-HCI, pH 8 3 M KAc, pH 5,5
10 mM EDTA

100 pg/ml RNase |

P2 lysis buffer TE buffer pH (7.5)
200 mM NaOH 10 mM Tris-HCI, pH 7.5
1% (w/v) SDS 1 mM EDTA
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3.3.5 Preparative BAC Midi Preparation

Overnight cultures in 200 ml volume were used to isolate BAC-DNA in a large scale
(BAC-midi-preps), using a modified protocol of the Qiagen Maxi kit manufacturer’'s
protocol. Buffer P1, Buffer P2 and Buffer P3 were used in 20 ml volume instead of 10
ml. BAC-DNA was then analyzed by restriction digest analysis.

3.4 Analysis of protein

3.4.1 Protein extracts
Cell extracts or extracts from virus stocks cells were prepared by lysis with 2x sample

buffer. In cell extracts, DNA was disrupted by ultrasonication.

2x sample buffer

10% (w/v) SDS 6 mi
0.5 M Tris-HCI, pH 6.8 2.5 mi
a-Thioglycerol 1 ml
Glycerol 1ml
Bromophenol Blue 0.01%

3.4.2 Protein separation using SDS-PAGE

The mobility of proteins in an electrical field depends mainly on its mass and charges.
SDS incorporates into unfolded proteins and mask the intrinsic charges of proteins
and adds to them negative charges, so the separation of proteins depends solely on
size of the protein. Cell lysates in 2x sample buffer were heated for 5 min at 95°C.
Proteins were separated on polyacrylamide gel electrophoresis (PAGE), and the
electric voltage was adjusted to 100 V until the protein samples had passed through
the stacking gel, then the voltage was increased to 140 V for 1 h. A protein standard
(Pre-stained Protein Marker, Invitrogen) was also loaded in parallel with the samples

to determine the molecular weight of the samples.
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Table 2: Components of separating and stacking gel used for SDS-
Polyacrylamide gels

Component Separating gel Stacking gel
ddH20 2000 pl 1410 pl
Tris-HCI 1250 pl (1.5 M, pH 8.8) 630 ul (0.5 M, pH 6.8)
10% SDS 50 pl 25 pl
30% Acrylamide 1670 pl 420 pl
10% APS 50 pl 25 pl
TEMED 2.0 ul 1.5

10x running buffer

Tris 25 mM
10% (w/v) SDS 10%
Glycine 250 mM

3.4.3 Western blot

After protein separation via SDS PAGE, the proteins were transferred to a
nitrocellulose membrane in an electric field in order to detect specific proteins.
Membranes and gels were incubated for 15 min in blotting buffer before transfer of the
gel onto a nitrocellulose membrane. The blotting was performed for 1 h at 100 V. The
transfer of proteins could be confirmed by staining the membrane with Ponceau Red.
Afterwards, the membrane was blocked using blocking buffer for 1 h to avoid non-
specific binding of protein. Then, the membrane was incubated with a primary antibody
diluted in blocking buffer. The incubation with the primary antibody was conducted
overnight at 4°C on a roller mixer. The next day, membrane was washed five times (5
min/each) with TBST and then incubated with horseradish peroxidase-conjugated
secondary antibody diluted in blocking buffer for 2 h at RT. After washing the
membrane again for five times with TBST, the membrane was transferred to TBS
buffer. The kit SuperSignal™ West Pico PLUS Chemiluminescent Substrate was used
for visualization of the protein bands according to manufacturer’s instruction and the

signal was detected by Fusion FX7 Imager at 425 nm.
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Blotting buffer TBST buffer Blocking buffer
25 mM Tris 150 mM NacCl TBST

192 mM glycine 10 mM Tris-HCI 5% skimmed milk
20% methanol (v/v) 0.2% Tween-20

TBS buffer

150 mM NacCl

10 mM Tris-HCI

3.4.4 Quantification of proteins by Enzyme-Linked Immunosorbent Assay
(ELISA)

Sandwich Enzyme-Linked Immunosorbent Assay (ELISA) is an assay, which used for
quantification of proteins. Fc fused proteins were quantified using ELISA. Firstly, a
Neutravidin coated 96-well plate was washed three times with wash buffer. Then, 100
ul of diluted biotinylated capture antibody (10 ug/ml) were added to each well and
incubated for 1 h at RT. Afterwards, the wells were washed three times with wash
buffer (200 ul/well). The Fc fused samples were previously diluted 1:2, 1:4 and 1:8 in
the respective medium, then added (100 pl/well). In parallel, the standard was also
diluted to 6.00, 3.00, 1.50, 0.75, 0.38 and 0.19 pg/ml and added (100 pl/well). The
samples and standard were incubated for 30 min at RT, followed by three times
washing with washing buffer (200 pl/well). Afterwards, the peroxidase-conjugated
secondary antibody was diluted 1:3000 in wash buffer, added (100 ul/well) and
incubated for 30 min in dark. Then the wells were washed three times with wash buffer,
followed by adding the TMB substrate (100 pl/well). After 15-30 min incubation period,
the peroxidase substrate was oxidized, producing a blue-coloured end-product. 10%
phosphate acid was added (100 pl/well) as reaction stop solution. Absorbance was
measured at 450 nm using an ELISA reader. The concentrations of Fc fused proteins

were quantified using the standard curve.

Wash buffer, pH 7.2
25 mM Tris

150 mM NacCl

0.1% BSA

0.05% Tween-20
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3.5 Mammalian cell culture

3.5.1 Cultivation of mammalian cells

All of the mammalian cell lines were cultivated at 37°C, 6 or 8% CO,, in a humidified
cell culture incubator. For maintenance of the cells, sub-culturing was regularly
performed. The general procedures of sub-culturing involved washing of the cells once
with PBS, then detachment of the cells from plates or flasks by adding a 25%
trypsin/EDTA solution for 3-5 min at 37°C. The trypsin reaction was stopped by adding
adequate amount of the respective medium with FCS. Then, the cells were
resuspended and reseeded into new plates or flask containing fresh medium and
incubated at 37°C. In order to count the cell numbers in a cell suspension, a Neubauer
cell counting chamber was used. The cell suspension was mixed with trypan blue to
discriminate between live and dead cells

3.5.2 Freezing of cells

For long-term storage, cells were grown to 90% confluency, harvested and pelleted at
300 xg for 5 min at RT. The pelleted cells were resuspended with precooled freezing
medium. 1 ml aliquots were dispensed into cryo tubes and slowly cooled down to 80°C.

After 48 h, cells were transferred to a liquid nitrogen tank.

Freezing medium

70% cell-type specific media
20% FCS
10% DMSO

3.5.3 Thawing of cells

For thawing the cells, frozen cells were rapidly thawed at 37°C, pelleted and washed
with appropriate medium to remove DMSO. Then, the cells were resuspended in cell-
type specific medium and transferred to appropriate cell culture dishes.

3.5.4 Preparation of primary murine embryonic fibroblast cells

Primary murine embryonic fibroblast cells (MEF) were prepared from 14 day old
BALB/c mouse embryos. The uterus with embryos was transferred to a petri dish. The
embryos were then isolated from amnion and placenta and transferred to a new petri
dish. The internal organs and brain were removed, then the embryos were cut with a

scalpel and tweezers into small pieces on ice. Afterwards, the cutted pieces were
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transferred to an Erlenmeyer beaker with glass beads and filled with 30 ml
EDTA/trypsin in PBS (1:1) dilution, pH 7.4. The tissue suspension was incubated for
1 h at 37°C with stirring. During the last 30 min of incubation, additional 30 ml
EDTA/trypsin in PBS was added. Afterwards, the tissue suspension was resuspended
and transferred to a wire mesh, which was placed on an Erlenmeyer beaker to get rid
of big tissues pieces. Then, the cell suspension was collected and centrifuged at 311
xg for 5 min at RT to pellet the cells, followed by washing with DMEM medium
supplemented with 10% FCS, L-glutamine and Pen/Strep. Thereafter, the cells were
filtered using 100 um cell strainers to remove cell clumps. Then, the filtered cells were
counted and adjusted to 2-3 x 107 cells per 15 cm plate, or at least one 15 cm dish for
each embryo. The cells were cultured for 1 day. On day 2, the cells were washed 3x
with PBS to remove non adherent cells and fresh medium was added. The cells were
incubated until they reached 80% confluency (4-5 days). Then, the cells were frozen
for long term storage.

3.5.5 Transfection of cells using PEI

Polyethyleneimine (PEI) is widely used as an effective transfection reagent, which is
capable of condensing DNA into positively charged particles, which can enter the cell
by endocytosis (Longo et al., 2013). The transfection with polyethyleneimine was used
to transfer DNA into eukaryotic cells. HEK 293 cells were seeded into 10 cm dishes
one day before transfection. The transfection mixture was prepared in a 1.5 ml tube:
for each 10 cm dish, 400 pl Opti-MEM medium, 60 pl PEI and 24 ug of the plasmid
were mixed and incubated for 40 min at RT. Then, the transfection mixture was added
dropwise to the cells, followed by a 3 h incubation period then exchanged with Opti-

MEM serum-free medium.

3.5.6 Migration assay

The migration assay was performed to test the capacity of the cells to migrate in
response to a stimulus through cell culture inserts with a specific pore size. The
migrated cells were measured using the cell-permeable dye calcein-AM, which is
converted to a green, fluorescent calcein after hydrolysis by intracellular esterases in
viable cells. Therefore, a florescent signal is produced and can be measured. J774
cells (mouse macrophages) were harvested using versene (EDTA solution) and
centrifuged for 5 min at 311 xg to pellet the cells, then the cells were resuspended in
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DMEM supplemented with 0.2% BSA, counted. Cell culture inserts were placed into
24 well plate, and divided the well of 24 well plate into lower chamber and upper
chamber. Chemokine samples under investigation were added in 1.3 ml volume to the
lower chamber of the wells, while 1 x 10° cells were added to the upper chamber. The
chambers were incubated for 4 h at 37°C. In order to be able to determine the number
of migrated cells, a standard curve was generated at the same time, and two-fold serial
dilutions of the cells starting from 1 x 10° cells were prepared. Then, 100 pl of each
dilution were added on a black 96-well plate and incubated at 37°C for 4 h. At the end
of the incubation period, the cell culture inserts were removed from 24 well plates, and
the fluid and cells on the upper side of the insert was removed with a cotton swab. The
migrated cells in 24 well plates and the cells of the standard curve on 96 well plates
were pelleted at 311 xg for 5 min at RT. The supernatants were sucked off, then 600
pl of 8 uM calcein-AM in versene were added to the migrated cells in 24 well plates
and the cell cultured inserts were returned back to their corresponding wells. In
addition, 100 ul of the 8 uM of calcein-AM was added to each well in 96 well plate. The
cells were incubated for 45 min at 37°C. In order to remove cells sticking to the
membrane of the cell culture inserts, their membranes were washed four times with
the liquid of the wells. Then, (4x) 100 pl aliquots of each sample were transferred to
the black 96-well plate and the fluorescence measured (excitation: 483-14, emission:
530-30). The number of migrated cells was calculated from the standard curve
readings.

3.5.7 Fluorescence-activated cell sorting (FACS) of cells

1- Surface staining

Surface staining was performed on U-bottom 96 well plates. The cells were pelleted
at 311 xg for 5 min at 4°C, then resuspended in 50 yl FACS buffer containing 1 ul of
Fc block and incubated for 10 min on ice. Thereafter, the cell surfaces were stained
with antibodies to surface markers or their respective control isotypes for 30 min on
ice and in the dark, followed by washing with 150 ul FACS buffer. Afterwards, the cells
were pelleted and resuspended in 150 ul of 1% paraformaldehyde/PBS and measured
using BD FACSCalibur™ machine. The data was analyzed using Flowing Software
2.5.1.

FACS buffer 2% FCS in PBS
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2- Intracellular staining for infected cells

For intracellular staining of viral IE1 protein in MCMV-infected cells, cells were
harvested using trypsin, resuspended in the appropriate medium, pelleted, then
transferred to 1.5 ml tubes for further procedures. The cells were pelleted again at 425
xg for 5 min at RT, the supernatant was aspirated, and the cells were fixed using 500
bl 1% PFA/PBS for 10 min at RT. Starting from here, all following steps were
performed on ice. After fixation of the cells, they were pelleted at 425 xg for 5 min at 4
°C and washed twice with 1 ml washing buffer. Then, the cells were incubated with
100 pl of the first antibody (mouse anti-ie antibody croma 101) diluted (1:100) in
staining buffer for 30 min on ice. After that, the cells were washed with 1 ml washing
buffer and centrifuged at 425 xg, 5 min at 4°C. Then, the supernatant was aspirated,
and the cells were stained with 100 pl of the secondary antibody (anti-mouse Fluor
488-coupled antibody) diluted (1:1000) in staining buffer. The samples were again
incubated for 30 min on ice, then washed with 1 ml washing buffer and pelleted at 425
xg for 5 min at 4°C. Finally, the pelleted cells were resuspended with 400 pl 1%
PFA/PBS and measured using BD FACSCalibur™ machine. The data was analyzed
using Flowing Software 2.5.1.

Wash buffer 0.03% saponin in PBS

Staining buffer 0.3% saponin in PBS, 1% BSA

3- Intracellular cytokine staining (ICS)

Intracellular cytokine staining was performed on 1x10° cells/ well in U-shaped 96 well
plates for ex vivo peptide-stimulated splenocytes or splenocytes which were
cocultured with infected MEF. All procedures were performed at 4°C. The cells were
pelleted at 311 xg for 5 min at 4°C, then resuspended with 50 yl FACS buffer
containing 1 pl of Fc block and incubated for 10 min on ice. Thereafter, the cells were
surface stained with anti-CD8 (1:200 in FACS buffer), anti-CD4 (1:100 in FACS buffer)
antibodies or control isotypes for 30 min on ice and in the dark, followed by washing
with 150 pl FACS buffer. Then, the cells were fixed using 150 pl of 1% PFA for 10 min
at RT, pelleted and washed with 150 pl of washing buffer. The samples were then
resuspended in permeabilization buffer containing anti-IFN y antibodies (1:100) for 30
min on ice and dark, washed again with 150 pl of washing buffer, pelleted,
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resuspended with 1% PFA in PBS and subjected to flow cytometry (BD
FACSCalibur™). The data was analyzed using Flowing Software 2.5.1.

FACS buffer 2% FCS in PBS

Permeabilization buffer 0.1% saponin in PBS, 10% FCS

Wash buffer 0.03% saponin in PBS

3.6 Virological methods

3.6.1 Virus reconstitution from BAC-DNA

To reconstitute infectious virus from BAC-cloned MCMV genomes, the DNA was
transfected into MEF cells using the transfection reagent FuGene HD. One day before
transfection, MEF cells were seeded on 6-well plates. The reconstitution was
performed in duplicate for each BAC-DNA. Briefly, 1.5 yg BAC-DNA was mixed with
100 pl OptiMEM and then 6 ul of Fugene HD reagent was added. The mixture was
carefully mixed and incubated for 40 min at RT. After the incubation period, the
transfection mixture was added dropwise to the cell culture supernatant. After 24 h
cultivation, the cells were washed with PBS, trypsinized, transferred to a 10 cm dish,
and cultivated until plaques appeared. The cells were checked daily for plaque
formation. When a complete cytopathogenic effect (CPE) was reached, the

supernatants were harvested.

3.6.2 Virus production in MEF cells

Cells were seeded one day before infection, to achieve about 80% - 90% confluence.
Virus inocula were diluted in DMEM medium containing 10% FCS and applied to the
cells in small volume, e.g., 4 ml on a 10 cm plate. The cells were co-incubated with
the inocula for 1.5 h at 37°C, then washed three times with medium to remove the
inocula and supplied with fresh medium and incubated at 37°C. Sometimes centrifugal
enhancement was used to enhance the infection efficiency. For centrifugal
enhancement, cells with virus were centrifuged at 863 xg for 30 min at RT, then

incubated for 1 h at 37°C, followed by a medium change.
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3.6.3 Virus harvest
After a complete CPE was observed, cell culture supernatants were harvested from
the infected cells and centrifuged at 2643 xg for 15 minutes at RT, in order to remove

the cell debris. Then, the supernatants were frozen at -80°C.

3.6.4 Virus stock production

1- MCMV virus stock:

A virus inoculum was prepared, prior to the production of an MCMV virus stock. To do
that, 10 cm dishes of MEF cells were infected and incubated at 37°C until a complete
CPE was reached, supernatants and infected cells were detached by scraping and
stored at -80°C. For starting virus stock preparation, NIH3T3 cells from four-15 cm
dishes, which were 100% confluent, were trypsinized, pelleted and resuspended with
the virus inoculum. Then, 16 dishes (15 cm) were seeded with the virus inoculum-
NIH3T3 cell mixture. After complete cell lysis (usually 4-5 days post-infection), the
supernatants were harvested and cleared from cellular debris at 5403 xg at 4°C for 15
min. Afterwards, virus particles were pelleted at 25364 xg for 3 h at 4°C. Pellets were
resuspended in 1.5 ml of VSB overnight at 4°C. The next day, a precooled douncer
was used for resuspension of the pellet by douncing 20 times. Thereafter, the
resuspended pellet was carefully layered on a sucrose cushion composed of 10 ml
cold VSB buffer + 15% Sucrose in an ultracentrifugation tube, avoiding mixing of the
layers. The virus on this sucrose cushion was centrifuged for 70 min at 53,837 xg, 4
°C (Beckman OptimaTM L-80 XP Ultracentrifuge, Rotor: SW32 Ti). The supernatant
was discarded, and the pellet was washed twice with 10 ml ice cold VSB to remove
any leftovers of sucrose. Then, the pellet was covered with 1.5 ml VSB buffer and kept
overnight at 4°C on ice to soften the pellet. The next day, the pellet was resuspended
by pipetting on ice, and the suspension was cleared at 956 xg for 3 min at 4°C. The
supernatant was then transferred to a new tube and centrifuged for a second time,

followed by aliquoting of the resulting supernatant. The virus stock was kept at -80°C.

VSB buffer (pH 7.8) Tris-HCL 50 mM
KCI 12 mM

EDTA 5mM
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2- MHV-68 virus stock:

For production of an MHV-68 virus stock, BHK-21 cells were seeded in four T75 culture
flasks. The next day, the cells in each flask were infected with 50 pl MHV-68 virus
stock, diluted in 6 ml BHK-21 medium and co-incubated for 1 h. After this incubation
period, the virus supernatant was removed, and new medium was added. The cells
were incubated for 4 days until a complete CPE occurred. The cells and supernatants
were harvested. Cells were pelleted at 1349 xg for 10 min at 4°C and the pelleted cells
were resuspended in 1 ml medium, followed by two cycles of freezing and thawing
and centrifuged again at 1349 xg for 10 min at 4°C. The produced supernatants from
the cells were aliquoted and kept at -80°C.

3.6.5 Virus growth curves

Multi-step growth curves were performed, to assess the kinetic of virus growth on MEF
cells. MEF cells were seeded in 24-well plates (6 x 10* cells per well) and the cells
were incubated for 24 h at 37°C. Afterwards, the cells were infected at multiplicity of
infection (MOI) of 0.2. The infection was performed for 1.5 h, then the cells were
washed 6 times with 1 ml medium per well to remove any leftovers from the inoculum.
After the last wash step, 1 ml medium was added to each well and the infected cells
were incubated at 37°C for up to 5 days. The virus supernatants were harvested after
24 h,48 h, 72 h, 96 h and 120 h, cleared from cells and cell debris by centrifugation
at 2643 xg for 15 min at 4°C. Then, the supernatants were frozen at -80°C and virus
titer was determined by the TCID50 method.

3.6.6 Titration of the virus using a TCID50 assay

Virus titers were determined using a tissue culture infectious dose (TCID50) assay,
which was performed on MEF cells in 96-well plates. One day before the titration, MEF
cells were seeded. MCMV virus was 10-fold serially diluted from 10" to 108, 100 pl of
each dilution were added in quadruplicates. The cells were incubated for 5-6 days,
then stained with 1x cristal violet for 10 min at RT and washed with water. After drying
of the plates, plaque positive wells were counted under the microscope and the
TCID50 values were calculated following the Reed and Muench (1938) method.
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10x crystal violet Formaldehyde/PBS  10%

Crystal violet 1%

3.6.7 Titration of the virus using a plaque assay
Plaque assay is another method which is used to determine the number of plaque-

forming unit (PFU) of infectious viruses.

3.6.7.1 Titration of MCMV

MEF were seeded in 48-well plates one day before titration. MCMV virus was 10-fold
serially diluted from 10" to 108 (1 ml volumes), 200 ul of each dilution were added in
triplicates onto MEF cells for 1 h at 37°C. Then, a methylcellulose overlay was added
to prevent supernatant-driven virus spread. The infected cells were incubated for three
days at 37°C, then stained with crystal violet, and plaques were counted to calculate
the virus titer in plaque forming units (PFU) per ml. The calculation is based on the
publication of Dulbecco and Vogt (1954). The virus titers were calculated according to
the following formula:

Viral Titer (PFU/ml) = number of plaques X dilution X Input factor

Input factor = 1ml /0.2ml =5

Methyl cellulose overlay | Carboxymethylcellulose sodium salt  3.75 g

medium (MEM) dd H20 388 ml
FCS 25 ml
10x MEM 50 ml
Glutamine 5 mi
MEM nonessential amino acids 2.5ml
Pen/Strep 5ml
NaHCOs3 24.7 ml
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3.6.7.2 Titration of MHV-68

A plaque assay was also used to determine the number of infectious MHV-68 particles.
BHK-21 cells were seeded in 24-well plates (40000 cells/well). The next day, ten-fold
serial dilutions of samples (10"' to 108) were prepared in a volume of 1 ml. 900 pl of
each dilution were added onto BHK-21 cells for 90 min. Afterwards, the virus solutions
were removed and 2 ml of prewarmed overlay medium (0.75% methylcellulose) was
added to the cells, then incubated for 4 days. Afterwards, the cells were stained with
crystal violet (300 pl/well) for 15 min. After the staining, the cells were washed with
water and dried at RT, then the plaques were counted. The virus titers were calculated

according to the following formula:
Viral Titer (PFU/ml) = number of plaques X dilution X Input factor

Input factor = 1ml /0.9ml = 1.1

Methyl cellulose overlay | Glasgow -MEM BHK-21 440 ml

medium (BHK-21) FCS 25 ml (5%)
Tryptose phosphate 25 ml (5%)
Pencillin /Streptomycin 5ml (1%)
L-Glutamin 5 ml (1%)

Carboxymethylcellulose sodium 3.75 g (0.75%)

3.6.8 Infection of monocytes

ANA-1 and D2SC1 were seeded the day before the infection to reach about 80%
confluency. Then, the cells were detached with versene, pelleted and counted.
Afterwards, the cells were transferred to 1.5 ml tubes and infected with virus
supernatants/stocks at an MOI of 1. The infection was performed for 2 h at 37°C, with
a periodical sniping of the tubes every 30 min. Then, the cells were transferred to 6
well plates. After 24 h, the efficiency of infection was monitored by intracellular staining
of MCMV protein IE1 using FACS analysis.
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3.7 In vivo experiments

3.7.1 Mice

Mouse husbandry was conducted under specific-pathogen-free environment
according to the Federation of European Laboratory Animal Science Associations
protocols (FELASA) at the Max von Pettenkofer-Institute, Munich. Experiments were
performed in accordance with German animal care and ethics legislation and with the
approval of the responsible animal welfare authority. Inbred BALB/c and C57BL/6 (6
weeks), female mice were purchased from Janvier (France). Mice were housed in
individually ventilated cages and all of the applications were performed under a sterile

hood. Mice were killed using CO2 asphyxiation.

3.7.2 Infection of mice

1- Intraperitoneal infection

MCMV or MCMV vaccine vectors were intraperitoneally injected in a final volume of
150 ul PBS. Mice were injected into the peritoneum using 26 G 1 /2 cannula: mouse
was restrained appropriately in the head-down position and injected in the lower right
quadrant of the abdomen.

2- Intranasal infection

MHV-68 was intranasally administrated. Before the intranasal infection, the mice were
anesthetized by intraperitoneal injection of Ketamin (80 mg/kg)/ Xylazin (10 mg/kg).
Then, the mice were infected intranasally with 20 pl of virus diluted in PBS, by
application of the fluid to the nostrils of the mouse. Then, the mouse was put on heating
pad for 3-4 min and regular breathing was monitored all of the time. The mouse was
returned back to the cage after recovery from anesthesia.

3.7.3 Preparation of organ homogenates

To determine virus titers or cytokine levels in organs, organs had to be homogenized.
Organs of mice killed by CO were transferred to 2 ml tubes under sterile conditions,
and placed in dry ice until storage at -80°C. For preparation of organ homogenates,
the organs were thawed and then placed on ice. Before homogenization, organs were
weighed. Afterwards, the organs were placed in Fasrprep-24 tubes. Each tube was
supplemented with one bead and filled with 500 pl of MEF medium or BHK-21 medium.
For mechanic homogenization of organs, FASTPREP®-24 instrument was used.
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Then, the organ homogenates were transferred to 15 ml falcon tubes and the volume
was completed to 3 ml (spleen, lungs, salivary glands) or 10 ml (liver). Afterwards, the
samples were centrifuged at 863 xg for 15 min at 4°C to remove bigger tissue parts.
The samples for titration and cytokine measurement were taken from the supernatants
and kept at -80°C.

3.7.4 Titration of viral titers in organs

Organ homogenates (spleen, lungs, salivary glands, and liver) of MCMV-infected mice
were titrated on MEF cells. MEF were seeded on 48-well plates (200 pl/well). 400 pl
of organ homogenate was used to start a serial 1:5 dilution. Then, 200 ul of each
dilution were added to the cells (in duplicate wells). Infection was done using
centrifugal enhancement. Then, the supernatants were sucked off and 500 pl
of prewarmed methylcellulose was added. The cells were incubated for 3 days at 37
°C, then stained with crystal violet, and the number of the plaques were counted. Titers
were calculated according to the following formula:

Viral titers in different organs: Number of plaques X dilution X input factor

Input factor is 15 in spleen, lungs and salivary glands, and 50 in case of liver. Titers
were finally calculated per gram organ. Organ homogenates infected with MHV-68
were titrated on BHK-21 cells as in 3.6.7.2.

3.7.5 Quantification of cytokines and chemokines by ELISA

IFN-y, CCL2 and IFN-a were measured in the spleen using commercial sandwich
ELISA kits following the manufacturer’s instructions. Standard curves for each
cytokine were generated (in duplicate) using the standard set of cytokines, provided
in each kit (Mouse IFN-y ELISA MAX ™ Deluxe Sets, Mouse MCP-1 ELISA MAX ™
Deluxe Sets, Verikine mouse interferon alpha ELISA kit).

3.7.6 Infectious center assay

To determine the number of MCMV-infected leukocytes in the peripheral blood, an
infectious center assay was performed. Blood samples were taken from the chest
cavities of mice killed with CO2 and collected in Eppendorf tube-containing 0.5 M
EDTA as anti-coagulant agent. For separation of leukocytes from whole blood, the
non-coagulated blood was transferred to 15 ml falcon tubes containing 1 ml 8mM
EDTA in PBS.
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Then, erythrocytes were lysed by mixing the blood suspension with 5 ml ACK lysis
buffer, followed by 5 min incubation at RT. Then, 5 ml of RPMI medium were added
to stop the lysis buffer, followed by centrifugation at 216 xg for 5 min. The supernatant
was sucked off carefully, the pellet resuspended in 300 uyl of RPMI medium, and then
the cells counted. In order to avoid counting of leftovers of erythrocytes, PBS 2% HAC
(acetic acid) was added to the trypan blue stain. This eliminates remaining
erythrocytes. The leukocytes were then added to 12-well plates with MEF cells seeded
a day before (2 x 10%well). For that, the supernatants were sucked off and the
separated leukocytes were added and distributed in two wells (1ml/well), for each
mouse. After 14hr, the supernatant was sucked off and 1.5 ml of methylcellulose were
added. The cells were incubated for additional 2 days at 37°C then stained with crystal

violet and the number of plaques counted.

ACK Lysis buffer NH«Cl 0.15 M
(pH 7.2-7.4) KHCOs 1.0M
EDTA 0.1 mM

3.7.7 Isolation of mouse splenocytes

Spleens were transferred to PBS/2%FCS and kept on ice. For further applications,
single cells suspensions from spleens were prepared. The spleens were transferred
to cell strainers (100 um pore size) on top of 50 ml falcon tube. The spleens were
mashed carefully with the plunger of 2 ml syringe. Afterwards, the spleen cells were
pelleted at 216 xg for 5 min at RT and the supernatant was discarded. In order to get
rid of the erythrocytes, the pellet of the cells was resuspended with 3 ml ACK lysis
buffer for 5 min then 10 ml of RPMI medium (10% FCS, L-glutamine and Pen/Strep,
0.05 mM 2-Merceptoethanol) was added to stop the lysis reaction. The splenocytes
were pelleted again, washed twice with 10 ml medium and counted.

3.7.8 Stimulation of splenocytes by peptides

For ex vivo stimulation of splenocytes, the splenocytes cells were adjusted to a
concentration of 1x107/ml and seeded in 96-well U-bottom plates (100 pl/well). The
stimulant peptide was added to the cells at a final concentration of 1 pg/mL and
incubated for 1 h. As a positive control, cells were stimulated with a cell activation
cocktail containing PMA (50 ng/ml) plus ionomycin (1000 ngl/ml). After 1 h, Brefeldin
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A Solution (1 pl/ml) was added to each well as an inhibitor of protein secretion via the
Golgi apparatus. Afterwards, the stimulation time was continued for further 5 h, then
the PMA/lonomycin cocktail removed and exchanged with splenocytes medium, and
the plates were kept at 4°C until FACS staining.

3.7.9 Stimulation of splenocytes by infected cells

MEF cells were seeded in flat 96-well plates (1.2 x 10%/well) and the next day, the cells
were infected with MHV68 at an MOI of 0.2 and the infection was enhanced by
centrifugation at 863 xg for 30 min. The next day, the splenocytes cells were added
directly to the infected MEF cells in flat 96-well plates (1 x 10° cells/well). Afterwards,
the cells were co-incubated for 1 h. Then, Brefeldin A Solution (1 pl/ml) was added,
and the incubation time was continued for additional 5 h. After that, the splenocytes
were transferred from the flat 96-well plate to U-shaped 96-well plates for FACS

staining.

3.7.10 Ex vivo Reactivation assay

Latently MHV-68 infected splenocytes can reactivate the virus after contact with
NIH3T3 cells. A reactivation assay was performed to determine the frequency of
latently infected cells. NIH3T3 cells were seeded in 96-well plates a day before (7.5 x
102 cells) in 200 pl/well. Spleen cells were threefold serially diluted, starting at a
concentration of 1.5 x 10° cells/well, and plated on NIH3T3 cells in 96-well plates (100
pl/well), 24 wells for each dilution. After 7 and 14 days, NIH3T3 cells in the plates were
screened microscopically for a viral cytopathic effect (CPE). The other half of the
dilutions were frozen and thawed twice to mechanically destroy intact spleen cells,
and applied to NIH3T3 cells according to the above scheme, in order to differentiate
between latently infected cells and infectious virus in the samples.

The percentage of CPE-positive wells per dilution was calculated using the following
formula:

(CPE positive wells latent virus - CPE positive wells lytic virus) x 100/24
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3.8 Statistical analysis

All statistics analysis were performed with Prism 6.0 software (GraphPad, CA).
Normally distributed datasets were analyzed by one-way ANOVA with Tukey post-
test. Datasets with skewed distributions were analyzed with the nonparametric test,
Mann-Whitney U test. P values < 0.05 were considered statistically significant and
shown as * in the figures; ** p < 0.01; *** p < 0.001.
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4. Results

4.1 Characterization of MCMV MCK2 mutants in vitro

4.1.1 Description of MCK2 mutants

MCMYV encodes a viral CC chemokine called MCK2, which results from splicing of the
two MCMV open reading frames (ORFs) m131 and m129 (MacDonald et al. 1999)
(Figure 8). Like the HCMV UL128 gene product, MCMV MCK2 has a dual function: As
CC chemokine, it can for example attract monocytes and activate them and
additionally, MCK2 is part of the gH/gL/MCK2 envelope glycoprotein complex
promoting infection of macrophages with MCMV (Wagner et al., 2013). Studies with
MCMV mutants lacking MCK2 demonstrated a role of MCK2 in viral dissemination and
in immunomodulation of the host’s antiviral immune response (Saederup et al., 2001;
Stahl et al., 2015; Wikstrom et al., 2013; Daley-Bauer et al., 2014; Daley-Bauer et al.,
2012; Farrell et al. 2019; Jordan et al., 2011; Wagner et al., 2013; Farrell et al., 2016).
To date, it is not known whether dissemination and immunomodulation are driven by

the chemokine activity of MCK2 or by its entry function or by both.

ml131 m129
| |

CC chemokine domain gH/gL binding domain

\ J
|

MCK2

—» CC chemokine domain

MCK2
—» gH/gL binding domain

g— gH e——

gH/gL/MCK2

Figure 8: Schematic presentation of MCK2, indicating the CC chemokine domain and the gH/gL
binding domain of MCK2.
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In order to investigate the role of MCK2 and discriminate between the chemokine
function and the entry function of MCK2, a set of MCMV mutants expressing different
MCK2 mutations is required. All of MCK2 mutants used in the thesis are illustrated in
Figure 9 and were generated on the backbone of pSM3fr-MCK-2fl (Jordan et al., 2011),
designated as MCMV wildtype (wt). At the beginning of my thesis, the following MCK2

mutants were available:

1- 131 stop mutant (MCMV no mckz2): an MCK2 mutant, which has been cloned by
inserting a stop cassette in the m131 domain of MCK2, that prevents the expression
of the complete MCK2 protein. The 131 stop mutant has been characterized in vitro
and in vivo, and showed for example low titers in salivary glands, and impaired

macrophage infection (Wagner et al. 2013; Lemmermann et al. 2015).

2- 129 stop mutant (MCMV 1o complex): an MCK2 mutant, which has been cloned by
inserting a stop cassette in the m129 domain of MCK2 (Wagner et al. 2013), that
prevents the formation of the gH/gL/MCK2 complex and results in a truncated protein
which should still have the chemokine function. The 129 stop mutant has been
characterized and also showed a low capacity to infect macrophages and low titers in
salivary glands (Jordan et al. 2011; Wagner et al. 2013).

An MCK2 mutant, which lacks the chemokine function, but retains its entry function
was missing at the beginning of the thesis. Saederup et al., 2001, generated an MCK2
mutant called CC mutant, by introducing a point mutation in the m131 domain of MCKZ2,
exchanging two cysteines for glycine (AA 27, 28), assuming that this would eliminate
the chemokine activity of MCK2, since these cysteines form disulfide bonds, which are
necessary for chemokine function (Clark-Lewis et al., 1995; Rajarathnam et al., 1999).

Yet, a profound characterization of this mutant was lacking.
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Figure 9: Schematic presentation of MCK2 mutants.

4.1.2 An MCK2 mutant lacking the chemokine function, but still able to form the
gH/gL/MCK2 complex

In an attempt to generate an MCK2 mutant, which lacks the chemokine function, a new
MCK2 mutant designated CC1 has been generated in the AG Adler. For that, a point
mutation was introduced in the m131 domain of MCK2, exchanging the cysteine (TGT)
at position 27 for glycine (GGT) (Figure 10). This CC1 mutation was expected to
abolish the chemokine activity of MCK2, as the conserved CC motif forms disulfide
bonds, which are crucial for the chemokine function (Clark-Lewis et al., 1995;
Rajarathnam et al., 1999). Additionally, this subtle mutation should not disturb the
protein structure to a degree that MCK2 loses its entry function and cannot form a
complex with gH/gL. The starting point of my thesis was focusing on characterization
of the CC1 MCK2 mutant and comparing it with the previously characterized MCK2

mutants.
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Figure 10: Sequence of MCK2, indicating ORF m131 and ORF m129, * indicates the mutated
cysteine in the CC1 MCK2 mutant.

4.1.2.1 Expression of CC1 MCK2

To study the expression of CC1 MCK2, extracts of MEF cells infected with wt MCMV
and different MCK2 mutant viruses were analyzed by Western blot. Additionally, the
expression of CC/MCK2 protein (mutation in AA 27, 28) (Saederup et al., 2001) was
also tested to compare it with the expression of CC1 MCK2 protein (mutation in AA
27). In the Western blot, wt MCK2 has been shown before to appear as several bands
due to different levels of glycosylation (MacDonald et al. 1999). In virions, only the most
glycosylated band can be detected (Wagner et al. 2013) (Figure 11a). In extracts of
infected cells, similar bands were detected for wt MCK2 and CC1 MCK2 mutant protein
(Figure 11b). An a-MCK2 (04) antibody was used for detection. This antibody
recognizes an epitope in the 129 ORF, which is deleted by the stop cassettes in 129
stop and 131 stop viruses. Therefore, no bands were detected in 131 stop and 129
stop proteins. The expression of MCK2 protein was also analyzed in virions produced
by infected NIH3T3 cells. Supernatant virus of wt and MCKZ2 mutants were
resuspended with sample buffer and subjected to SDS-PAGE and Western blot. The
detection of MCK2 expression was also performed using a-MCK2 (04) antibody, and
in parallel the expression of gB was also investigated to normalize the input of virions.
The Western blot shows the expression of CC1 MCK2 and wt MCK2 in these extracts,
suggesting that both are integrated in virions very likely as complexes with gH/gL. In
contrast, the CC/MCK2 protein ran at a different size in extracts of infected cells and

was not detected in extracts of virions (Figure 11c).
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This implies that the CC mutant was not able to integrate in virions, very likely because
it cannot form a complex with gH/gL. In summary, the expression of the CC1 MCK2
protein in Western blot implies that CC1 MCK2 can form a complex with gH/gL and is
equally glycosylated as wt MCK2.
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Figure 11: Expression of MCK2 in infected cells and virions.

a) Expression of MCK2 in cell lysate of infected MEF and supernatant virus produced by infected NIH3T3
(Wagner et al., 2013); b) MCK2 protein expressed by wt MCMV, MCMV 131 stop, MCMV 129 stop,
MCMV CC1 in the cell lysate of infected MEF and supernatant virus produced by infected NIH3T3.
Primary antibody: mouse a-MCK2 04 (1:1000); Secondary antibody: Polyclonal a-mouse POX (1:1000);
c) MCK2 protein expressed by wt MCMV, MCMV CC and MCMV CC1 in the cell lysate of infected MEF
and virions. gB expression was detected using mouse a-gB MCMV (5F12).
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4.1.3 Validation of the CC1 MCK2

4.1.3.1 Generation of a CC1 A m74 MCMV

The infection of MCMV is secured by the entry complexes gH/gL/gO and gH/gL/MCK2.
The deletion of one of these entry complexes, would make the entry of MCMV strictly
dependent on the other entry complex. To provide evidence that CC1 MCK2 still
maintains its entry function as a part of gH/gL/MCKZ2, a second mutation was generated
in MCMV genome carrying the CC1 mutation, to remove gO (m74) of the gH/gL/gO
complex. The deletion of gO would make the entry of the CC1 mutant strictly
dependent on gH/gL/MCK2. If CC1 MCK2 retained its entry function, a double mutant
CC1/delta m74 (CC1 AgO) should still be able to grow in culture. Traceless
mutagenesis was used to delete 532bp of the m74 ORF, resulting in an N-terminal

deletion of 164 amino acids. The strategy is depicted in Figure 12.

First Red-Recombination: Replacement of m74 ORF in the CC1 BAC by KanR
Primer’s design is crucial for the ORF deletion by traceless mutagenesis. The primer
sequences were designed in a way to contain homologous sequences flanking the
m74 region to be deleted, and sequences binding the pEPkan-I-Scel plasmid (Figure
12a). Traceless mutagenesis is based on two red recombination steps. In the first red-
recombination of the BAC-mutagenesis, an MCMV genome cloned as a BAC and
containing a CC1 mutation was used. KanR was inserted in the CC1 BAC (from here
on called “CC1 BACmId”), replacing parts of the m74 ORF by homologous
recombination. The homologous recombination in the first recombination step resulted
in a removal of the N-terminus of gO, and introduction of the selection marker (KanR)
and a flanking |-Scel restriction site. The successful recombination was assessed by
restriction digest analysis using Nsil restriction enzyme. In successful recombined CC1
BACmid with KAN cassette, the *1 band was cut into two *2 and *3 (Figure 13).

Second Red-Recombination: Removal of KanR from CC1/KanR

The second red-recombination was performed with two clones. It was induced by
adding L-arabinose and shifting the growth temperature to 42 °C, which induce the
expression of |-Scel restriction enzyme in GS1783 bacteria and recombinases,
respectively. As a result, the homologous recombination in the second red
recombination led to a traceless removal of KanR (Figure 12b). BACmids were then
analysed by using Nsil restriction enzyme (Figure 13).
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Then, BAC-DNA was sequenced to confirm the deletion of gO and generation of CC1
A gO. The sequenced BAC-DNA was transfected into MEF cells and infectious virus
could be reconstituted. If CC1 MCK2 did not form a functional gH/gL/MCK2 complex,

the reconstitution of virus would not have been possible.
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Figure 12: Schematic illustration showing the two recombination steps of traceless mutagenesis
to generate CC1 A gO. a) KanR was amplified using m74 primer for and m74 primer rev, which contain
homologous sequences flanking the m74 region. The PCR product was transformed into GS1783
bacteria contains an MCMV BAC with a CC1 mutation; b) The second recombination was induced by
adding L-arabinose and shifting the growth temperature to 42 °C, which induce the expression of I-Scel
and recombinases, respectively to remove KanR.
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Figure 13: Restriction analysis of BAC DNA during BAC mutagenesis.

BAC Midis were digested after first and second red-Recombination with Nsil (0.8% agarose gel, 120V,
3 h), * indicates the bands of interest.

4.1.3.2 Growth of the MCMV double mutant CC1 A gO in fibroblast culture

MCMV infection of cells is promoted by gH/gL/gO and gH/gL/MCK2 complexes.
Growth of MCMV mutants lacking gO (A gO) results in an attenuated growth pattern,
due to a loss of particle infectivity in A gO MCMV. The residual growth depends on
gH/gL/MCK2 (Scrivano et al. 2010; Wagner et al. 2013). If the entry function of the
CC1 mutant was still intact, CC1 A gO mutant should grow like A gO. A multi-step
growth curve was performed to investigate the growth kinetics of wt MCMV, A gO
MCMV, and CC1 A gO MCMV in fibroblasts (MEF). MEF were infected at an MOI of
0.2. Then virus supernatants were collected every 24 h for five days and viral titers
were determined by the TCIDso method. The growth of CC1 A gO on MEF culture
showed a comparable growth pattern to the growth of A gO (Figure 14), indicating that

61



Results

the CC1 mutation does not impair the entry function of gH/gL/MCK2. If the point
mutation in CC1 had affected the entry function of MCK2, the growth of CC1 A gO
would have been different than the growth of A gO.
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Figure 14: Multi-step growth curve of MCMV double mutants CC1 A gO, A gO, and wt MCMV.
MEF cells were infected with wt, CC1 A gO and A gO MCMYV at an MOI of 0.2. Virus supernatants were
harvested every 24 h for five days. Viral titers in these supernatants were determined by the TCIDso
method. Shown are means +/- SD of three independent experiments.

4.1.4. Evaluation of the chemokine activity of the CC1 MCK2 protein

4.1.4.1 Production of MCK2 recombinant proteins

In order to verify that the CC1 mutant has lost its chemokine activity, a migration assay
was performed using J774 macrophages. Recombinant Fc fusion MCK2 proteins, wt
MCK2 and CC1 MCK2 cloned a pFuse-hlgG1-Fc2 vector were produced in HEK 293
cells. To do that, HEK 293 cells were transfected with pFuse-hlgG1-Fc2 plasmids
expressing the whole reading frame of wt MCK2 and CC1 MCK2. After 48 hours,
supernatants from the transfected cells were collected and the supernatant proteins
were precipitated, followed by Western blot analysis to confirm the expression of the
Fc fusion proteins. As a control, supernatant from cell transfected with pFuse-hlgG1-
Fc2 vector was used. Wildtype MCK2 and CC1 MCK2 proteins showed protein bands
with comparable sizes around 72 kDa, as shown in Figure 15, which matches with the
expected size, since higG1-Fc has 26 kDa and MCK2 45 kDa. Fc fusion proteins were
also quantified using sandwich ELISA.
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Figure 15: Recombinant MCK2 protein production and quantification.

HEK 293 cells were transfected with pFuse-hlgG1-Fc2 vector expressing wt MCK2 or CC1 MCK2 or a
vector control (pFuse-hlgG1-Fc2). After 48 h, the supernatants were harvested from transfected cells
and the proteins were precipitated and analyzed by Western blot; A polyclonal anti-human IgG-POX
antibody (1:100) (Sigma) was used.

4.1.4.2 Migration assay

After quantification of MCK2 and CC1 MCK2 proteins using an ELISA based on
detection of Fc fusion proteins, equal amounts of proteins were used to analyze the
chemokine function of MCK2 and CC1 MCK2. The experimental design of the
migration assay used is illustrated in Figure 16. Cell culture inserts with a small pore
size (5 um) were chosen to allow J774 M® to migrate in response to chemoattractant
proteins, but not to fall through the pores. Cell culture inserts containing J774 M® cells
were added to wells containing supernatants of HEK 293 cells transfected with pFuse-
wt MCK2 or pFuse-CC1 MCK2. As a negative control, supernatants from cell
transfected with pFuse-hlgG1-Fc2 vector was used. The cells were incubated for 4 h
at 37 °C, and during this period the cells could migrate through the membrane of the
insert, in response to the chemoattractant activity of the samples. The migrated cells
were labelled with calcein-AM and the fluorescence signals measured (excitation: 483-
14nm, emission: 530-30nm). For calculation of the exact number of migrated cells,
standard curves of different numbers of J774 cells, which were treated equally as the
migrated cells were prepared and measured in parallel. As shown in Figure 17, the
CC1 MCK2 induced less migration than wt MCK2, suggesting that the CC1 MCK2
protein lost its chemokine activity.
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Figure 16: Experimental design of migration assay.
Cell culture inserts containing 1 x 10° J774 cells were placed to wells containing supernatants of
MCK?2 proteins. The cells were incubated for 4 h and the migrated cells were labelled with calcein-AM.
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Figure 17: Migration assay to show the chemokine activity of wt MCK2 and CC1 MCK2 protein.
Supernatants containing MCK2 proteins, produced from transfected HEK 293 cells were used in 1
pg/ml concentration as chemotactic stimulus. Supernatant of mock-transfected HEK 293 cells was used
as a control. Means +/- SD of three independent experiments are shown. Unpaired student's t-test was
performed for statistical analysis (** denotes p<0.01).

4.1.5 Analysis of virus growth of MCK2 mutant viruses in fibroblast cultures

Virus growth in cell culture is dependent on entry, replication and spread capacities. It
has been shown that HCMV with a mutation in the UL131 gene of the pentameric
complex grew differently in fibroblast cultures than wildtype virus (Wang and Shenk
2005; Adler et al. 2006). Multi-step growth curves were performed to evaluate the
growth kinetics of the CC1 MCK2 mutant and compare it with other MCK2 mutants.
MEF were infected with wt MCMV, CC, CC1, 129 stop, and 131 stop mutants of MCMV
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at an MOl of 0.2, and the growth of viruses was monitored for 5 days by harvesting of
the virus supernatant every 24 h. Viral titers were determined by the TCIDso method
for all of the collected samples in parallel. The results demonstrate that 131 stop and
129 stop mutants showed higher titers of virus in the supernatant than wt MCMV
(Figure 18). Notably, the CC1 MCK2 mutant grew like wt MCMV, indicating that the
CC1 mutant grow on fibroblasts with the same kinetics as wt MCMV. The CC/MCKZ2,
which was used in another study (Saederup et al., 2001) grew like the 131 stop mutant,
confirming the data from Western blots, which indicated that this mutant behaves like
a 131 mutant and cannot form a functional gH/gL/MCK2 complex.
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Figure 18: Multi-step growth curve of different MCK2 mutant viruses on fibroblasts.

a) MEF cells were infected with wt MCMV and different MCK2 mutant viruses at an MOI of 0.2. Virus
supernatants were periodically harvested every 24 hr. Viral titers were determined by the TCIDso method
for all of the collected samples in parallel. Shown are means +/- SD of three independent experiments;
b) MEF cells were infected with wt MCMV and 129 stop viruses at an MOI of 0.2, virus supernatants
were harvested every 24 hr. Shown is one representative experiment.
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4.1.6 MCK2 and viral cell tropism

From now on, wt MCMV will called “wt”, CC1 mutant “MCMV no chemokine”, 129 stop
mutant “MCMV no complex” and 131 stop mutant “MCMV no mck2”.

MCMV has a broad cell tropism, including its tropism for hematopoietic cells like
dendritic cells or macrophages (Krmpotic et al., 2003). It has been shown that infection
of macrophages was impaired after infection with MCMV MCK2 mutants, either lacking
the complete MCK2 or no longer able to form the gH/gL/MCK2 complex (Wagner et
al. 2013). Using the above described MCK2 mutants, these studies were extended
and the contribution of MCK2 to infection of monocytes was investigated. ANA-1, a
mouse macrophage cell line established from bone marrow cells of C57BL/6 mice
(Cox et al., 1989) and D2SC1, an immortalized dendritic cell line, were infected with
wt and the above mentioned MCK2 mutants at an MOI of 1 for 2 h. The next day, the
infection capacity was evaluated by determining the percentage of infected ANA-1 and
D2SC1 cells using intracellular FACS staining for MCMV IE1 protein. As shown in
Figure 19, infection of ANA-1 and D2SC1 cells with MCMV lacking MCK2 or unable to
form the gH/gL/MCK2 complex was highly impaired. In contrast, infection of the cells
with wt MCMV or MCK2 mutant lacking only the chemokine function, showed a
comparable infection efficiency. This suggests that reduced infection of macrophages
and dendritic cells correlated with a loss of the gH/gL/MCK2 complex.

In summary, the characterization of MCK2 mutants in vitro showed that, the MCK2
mutant lacking only the chemokine function behaves like wt MCK2, with regard to entry
and infection of fibroblasts, macrophages and dendritic cells.
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Figure 19: Comparison of the infection capacity of wt MCMV and different MCK2 mutant

viruses for monocytes.
ANA-1 and D2SC1 cells were infected with wt MCMV and different MCMV MCK2 mutants at an MOI of

1. After 24 h, the number of infected cells were determined by intracellular FACS analysis specific for
MCMYV ie1 protein. Shown are means +/- SD of three independent experiments. One-way ANOVA with
Tukey post-test was performed for statistical analysis (n.s. denotes p>0.05; * denotes p<0.05; ** denotes
p<0.01; *** denotes p<0.001). Black bars indicate MCK2 mutants, which form the gH/gL/MCK2 complex,
red bars indicate MCK2 mutants, which no longer form the gH/gL/MCK2 complex.
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4.2 The role of the MCK2 chemokine and the role of the gH/gL/MCK2

entry complex in the MCMYV infection in vivo

Investigation of aspects of virus infection like dissemination and interference with host
immune responses can only be studied in vivo. It has been reported before that MCK2
contributes to MCMV dissemination and immunomodulation of the host's immune
response (Saederup et al., 2001; Stahl et al., 2015; Wikstrom et al., 2013; Daley-Bauer
et al., 2014; Daley-Bauer et al., 2012; Farrell et al. 2019a; Jordan et al., 2011; Wagner
et al., 2013; Farrell et al., 2016). It has not been determined whether dissemination
and regulation of the immune response is shaped by the chemokine activity of MCK2
or its entry function as part of the gH/gL/MCK2 complex or by both. In order to address
this question, infection of BALB/c mice with MCMV was used as a model. BALB/c mice
were chosen because they are more susceptible to MCMV infection, since BALB/c
mice lack the NK cell receptor Ly49H. Thus, they are unable to mount a massive NK
cell response. Consequently, the clearance of MCMV infection in BALB/c mice
depends mainly on the adaptive immune response, in particular CD8" T cells
(Reddehase et al., 2002; Schleiss, 2013). Additionally, BALB/c mice have been widely
used in many of MCK2 studies (Fleming et al., 1999; Saederup et al., 2001; Jordan et
al., 2011; Daley-Bauer et al., 2012; Wikstrom et al., 2013; Farrell et al., 2016; Farrell
et al., 2019a).

BAC-derived wildtype murine cytomegalovirus and the above described MCK2
mutants were propagated in NIH3T3 cells and purified on a sucrose cushion as
described in materials and methods (3.6.4). Virus titers were determined by a plaque
assay on MEF cells. Female inbred BALB/c mice (6 weeks) were housed in individually
ventilated cages in pathogen-free environment. The mice were infected
intraperitoneally (i.p.) with 2 x 10° PFU of wt MCMV or MCMV MCK2 mutants in 150
Ml volume of PBS. The mice were sacrificed at different timepoints after infection, and
the organs were harvested (Figure 20).
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Figure 20: Schematic illustration of the in vivo experimental design.
BALB/c mice were infected i.p. with 2 x 10° PFU of wt MCMV or MCMV MCK2 mutants. The mice
were sacrificed at the indicated timepoints, and the organs were harvested.

4.2.1 The role of MCK2 in MCMV dissemination in vivo

4.2.1.1 Viral dissemination to salivary glands

After infection of mice with MCMV, virus disseminates from primary sites of infection
to distal organs like salivary glands via recruitment of monocytic peripheral blood
leukocytes (Collins et al., 1994; Stoddart et al., 1994; Daley-Bauer et al., 2014). It has
been shown that infection of mice with MCMV lacking MCK2, results in lower titers in
the salivary glands, than in mice infected with wt MCMV (Fleming et al., 1999;
Saederup et al., 2001; Jordan et al., 2011). The efficient infection of salivary glands in
mice infected with wt MCMV could be driven by the chemokine activity of MCK2 and
recruitment of monocytes, or gH/gL/MCK2-dependent infection of monocytes cells,
which act as vehicles to disseminate the infection to the salivary glands. Therefore, the
contribution of MCK2 to infection of salivary glands was investigated. BALB/c mice
were infected i.p. with 2 x 10° PFU of wt MCMV or MCK2 mutants, and at day 14 post-
infection (p.i.), salivary glands were harvested, homogenized and the titers were
determined by a plaque assay. Figure 21 shows that mice infected with wt MCMV or
MCMV no chemokine, Which can form the gH/gL/MCK2 entry complex showed 2 logs higher
titers in the salivary glands than MCK2 mutants, which are unable to form the
gH/gL/MCK2 entry complex. This suggests that MCMV infection of salivary glands is
promoted by the gH/gL/MCK2 complex and independent of the chemokine function of
MCK2. It has recently been reported that both MCK2-negative MCMV and wt MCMV
are equally effective in seeding the initial infection in salivary glands at day 5 p.i. (Farrell
et al., 2019a).
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Figure 21: Dissemination of MCMV to the salivary glands is gH/gL/MCK2 complex-dependent.
BALB/c mice were infected with 2 x 10° PFU of wt MCMV or MCK2 mutants. The mice were sacrificed
at day 14 (p.i.) and the salivary glands were harvested and homogenized. Virus titers were determined
by a plaque assay on MEF. Viral titers are expressed as PFU/g organ. Each symbol represents an
individual mouse, and the bars represent the median. The data are from three independent experiments.
One-way ANOVA with Tukey post-test was performed for statistical analysis (n.s. denotes p>0.05; **
denotes p<0.01; *** denotes p<0.001).

4.2.1.2 Infection of peripheral blood leukocytes

Blood-borne myeloid cells are infected during acute MCMV infection (Collins et al.,
1994; Farrell et al., 2019a). It has been shown that the number of infected peripheral
blood leukocytes is lower in mice infected with MCMV lacking MCK2 mutant at day 5
p.i. than in wt MCMV infections (Saederup et al., 1999; Saederup et al., 2001). In
contrast, recent studies suggested that there is no difference between the numbers of
infected leukocytes in blood infected with wt MCMV and those infected with MCMV
lacking MCK2 (Farrell et al., 2016; Farrell et al., 2019a). The infection of leukocytes
with wt MCMV or different MCK2 mutants was studied to address this discrepancy.
BALB/c mice were infected i.p. with 2 x 10° PFU of wt MCMV or MCK2 mutants, and
at day 4 p.i. non-coagulated blood samples were harvested and used for extraction of
DNA from leukocytes. MCMV genomes were quantified by real time PCR. Absolute
quantification of viral genes was performed using the plasmid pDrive_gB_ PTHrP,
which harbors the sequence of MCMV M55/gB and the sequence of the cellular gene
mouse parathyroid hormone-related protein-encoding gene (PTHrP) needed to
normalize for cellular DNA. The data are presented as viral genome copy numbers
relative to the copy number of PTHrP.
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No statistically significant differences could be observed between wt MCMV and MCK2
mutants in infection of leukocytes (Figure 22a). These findings contradict (Saederup et
al. 1999, 2001) studies, but confirm the data of (Farrell et al., 2016; Farrell et al., 2019a)
studies. To make sure that this contradiction is not due to the assay used, the same
assay was used as in (Saederup et al., 1999, 2001) studies. After collection of non-
coagulated blood samples at day 4 p.i., peripheral blood leukocytes (PBL) were
isolated, counted and cocultured with MEF cells. After 14 hours, the cells were overlaid
with carboxymethylcellulose. Infected leukocytes get activated after contact with
fibroblasts and infect MEF cells, and accordingly plagques were formed. Two days later,
the cells were stained with crystal violet and the number of the plaques were counted
and thus the percentage of infected leukocytes calculated. Again, the numbers of
infected PBL cells were comparable for wt MCMV and MCK2 mutants (Figure 22b),
suggesting that the infection of leukocytes during acute MCMV infection is MCK2-
independent. The data from the two assays contradict (Saederup et al., 1999, 2001)
studies, but are in consistence with (Farrell et al., 2016; Farrell et al., 2019a).
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Figure 22: Infection of PBL with wt MCMV or MCK2 mutants.

BALB/c mice were infected i.p. with wt MCMV or MCK2 mutants and non-coagulated blood was
collected at day 4 p.i. a) DNA was extracted from leukocytes and gPCR was performed to amplify both
of gB and PTHrP genes. The data are from three independent experiments; b) PBL were isolated and
subjected to an infection center assay on MEF cells. The data are from two independent experiments.
Each symbol represents an individual mouse, the horizontal lines show means.
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4.2.2 Effect of MCK2 on virus virulence and pathogenesis

Acute MCMV infection results in splenomegaly, which occurs in mice as a result of
extramedullary hematopoiesis (EMS) (Jordan et al., 2013; Leung et al., 1991; Lucia &
Booss, 1981). The role of MCK2 in the development of splenomegaly after MCMV
infection was investigated. BALB/c mice were infected i.p. with 2 x 10° PFU of wt
MCMV or MCK2 mutants and the mice were killed at days 0, 2, 4, and 6 p.i. and spleens
weighed. As shown in Figure 23, the weights of the spleens in all groups increased
over the course of early infection. Interestingly, mice infected with the MCMV no mcke
mutant exhibited slightly, but significantly bigger spleens at days 4 p.i, when compared
to wt MCMV-infected mice. Statistical analysis was evaluated using one-way ANOVA
with Dunnett test and the spleens weights of mice infected with wt MCMV was
considered as a control group.

To evaluate the virulence of MCK2 mutant viruses, the weights of mice were monitored
over 5 days. All groups with the exception of the MCMV no mck2 mutant showed a slight
weight loss (about 5%) between day 2 and 4 (Figure 24). Interestingly, MCMV o mck2
showed weight increase like expected for non-infected mice. Original weights were
restored for all groups at day 5. The data indicate that MCK2 may be involved in host-
virus interaction and pathogenesis, thus the absence of MCK2 expression might
reduce the virulence of MCMYV infection on mice.
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Figure 23: Spleen weight after infection with different MCK2 mutants.

BALB/c mice were infected i.p. with 2 x 10° PFU of wt MCMV or MCK2 mutants. The mice were
sacrificed at day 0, 2, 4 and 6 p.i. and the spleens were harvested, and weights of spleens were
determined. Spleen weight is shown as means +SD of (6-9) mice per group. The data were pooled from
two independent experiments. Statistical analysis was assessed by one-way ANOVA with Dunnett test
(* denotes p<0.05).
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Figure 24: Monitoring of weight loss after infection with different MCK2 mutants.

BALB/c mice were infected i.p. with 2 x 105 PFU of wt MCMV or MCK2 mutants. Mice were weighed
daily over 5 days. The weights of mice are expressed as percentage of original weight. Weight loss is
shown as means +SD of (6-9) mice per group. The data were pooled from two independent experiments.
Statistical analysis was assessed by one-way ANOVA with Dunnett test (* denotes p<0.05).

4.2.3 Investigating the immunomodulatory activity of MCK2

It has been reported that MCK2 shapes the innate and adaptive immune responses
early after the infection. MCK2 expression is associated with eliciting higher production
of IFN-a during the early stage of viral infection (Wikstrom et al. 2013). Furthermore,
the immunomodulatory activities of MCK2 result in an inhibition of early CD8" T cell
response specific for IE1 and a delay of virus clearance within the host (Daley-Bauer
et al., 2012; Wikstrom et al. 2013). It is not known whether these immunomodulatory
activities are driven by the chemokine function of MCK2 or its entry function as a part
of the gH/gL/MCK2 entry complex or both.

4.2.3.1 The role of MCK2 in virus clearance

Contradictory observations have been reported for the role of MCK2 in the early
clearance of MCMV infection from organs. (Saederup et al., 2001) observed that
MCMYV infection was equally cleared from liver and spleen after infection of BALB/c
with wt MCMV or MCMV lacking MCK2, and no differences were detected between wt
MCMV and MCK2-negative MCMV. In contrast, it has been shown that infection of
BALB/c mice with MCK2-negative MCMV was cleared more rapidly from liver and
spleen at day 5 p.i. (Fleming et al., 1999) or spleen at day 6 p.i. (Wikstrom et al. 2013),
or lung and spleen at day 5 p.i. (Daley-Bauer et al., 2012), compared to delayed
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clearance after infection with wt MCMV. Therefore, it was of interest to test the
clearance of MCMV infection from organs using the complete set of MCMV MCK2
mutants. The potential role of MCK2 in the early clearance of MCMV infection from
organs was investigated. BALB/c mice were infected i.p. with 2 x 10° PFU of wt MCMV
or MCK2 mutants. At day 4 and 6 p.i., mice were sacrificed, and spleens, livers and
lungs harvested. Before titration, spleen, liver and lung homogenates were prepared.
Then, the samples were titrated on MEF cells using a plaque assay.

Similar viral titers in the spleens (Figure 25a) and livers (Figure 25b) were observed at
day 4 in all groups, then the infection with wt MCMV or MCK2 mutants was controlled
equally at day 6 and the viral titers in the spleens and livers decreased, without any
differences between wt MCMV and MCK2 mutants. Consequently, the data suggest
that clearance of MCMV infection from spleen and liver is MCK2-independent. These
results are in contradiction with previous studies (Fleming et al., 1999; Daley-Bauer et
al., 2012; Wikstrom et al., 2013), which showed an earlier clearance of infection from
spleen infected with MCK2-negative MCMV, although not consistently.

Viral titers in lungs are shown in Figure 25c. Viral titers of the MCMV 1o mck2 mutant
were significantly reduced at day 6 p.i, compared to day 4. Additionally, also the viral
titers of the MCMV o chemokine mMutant decreased in lungs at day 6 p.i., however it was
not significant. In contrast, there was no significant difference between viral titers of wt
MCMYV in lungs at day 4 and day 6, and the titers of the MCMV no complex mutant in the
lungs even increased at day 6 p.i. This implies that infection with the MCMV 1o mcke
mutant was controlled much better in lungs at day 6 p.i., suggesting that MCK2 may
contribute to the virulence of MCMYV infection in lungs.

To sum up, the role of MCK2 in the early clearance of infection from organs was
investigated here for the first time using a complete set of MCK2 mutants, including
the MCK2 mutant, which lacks only the chemokine function of MCK2. The data here
conclude that early clearance of MCMV infection from lungs is mediated by MCK2,

whereas MCK2 is redundant for the clearance of MCMV infection from spleen and liver.
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Figure 25: Viral clearance in organs after infection of mice with MCK2 mutants.

BALB/c mice were infected i.p. with 2 x 10° PFU of wt MCMV or MCK2 mutants. Mice were sacrificed
at day 4 and 6 p.i., and spleens, livers and lungs were harvested and homogenized. The titers were
determined by a plaque assay on MEF. Viral titers are expressed as PFU/g organ, each symbol
represents an individual mouse, and the bars represent the median, dashed lines show the detection
limit (d.l). The data are from two independent experiments. Mann-Whitney test was performed for
statistical analysis (n.s. denotes p>0.05; * denotes p<0.05; ** denotes p<0.01).
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4.2.3.2 MCK2 and the early anti-MCMV CD8" T cell response

4.2.3.2.1 IE1-specific CD8* T cell responses

It has been reported that infection of BALB/c mice with MCK2-negative MCMV results
in an enhanced immediate early 1 (IE1)-specific CD8" T cell response at day 4
(Wikstrom et al. 2013) and day 7 p.i. (Daley-Bauer et al. 2012). To find out whether the
differences observed in viral clearance from lungs (Figure 25c) are reflecting
differences in CD8" T cell responses, the early CD8" T cell response was studied.
Stimulation of CD8* T cells with an IE1-peptide was used. The H2L%-restricted peptide
(sequence: YPHFMPTNL) from IE1 of MCMV is one of the best characterized T-cell
epitopes of MCMV (Reddehase, 2002; Volkmer et al., 1987; Andrews et al., 2008).
BALB/c mice were infected with 2 x 10° PFU of wt MCMV or MCK2 mutants, spleens
were harvested at day 4 p.i. and processed for single-cell suspensions. 1 x 10°
splenocytes cells /well were stimulated with m123/IE1 peptide of MCMV in 1 ug/mL
concentration. Cells were stimulated also with IE scrambled peptide (Sequence:
NFYPTLPHM) as a negative control. After 1h, Brefeldin A Solution (1 yl/ml) was added
for each well and the cells were incubated for further 5 h. In order to determine the
percentage of IFN-y producing CD8" T cells, the cells were stained for anti-CD8"
surface marker, followed by intracellular staining for IFN-y. The samples were
measured using BD FACSCalibur™ (BD Biosciences) and the analysis of the data was
performed with the Flowing Software 2.5.1, gating strategy shown in Figure 26.
Interestingly, infection of mice with the MCMV o chemokine OF MCMV no mck2 mutants
elicited higher percentage of IFN-y-producing CD8* T cells, compared to wt MCMV or
the MCMV no complex mutant (Figure 27). The data reveal that enhanced early CD8" T
cell responses were detected only in mice infected with MCK2 mutants, which lack the
chemokine function, suggesting an inhibitory effect of the chemokine activity of MCK2
on early CD8" T cell responses.

Taking together, the early clearance of infection from lungs infected with MCK2
mutants lacking chemokine function (Figure 25c) was correlated with an enhanced IE1-
specific CD8" T cell response. This implies that early clearance of infection from lungs
was driven by an elevated early CD8" T cell response.
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These results are in consistence of previous studies (Wikstrom et al., 2013; Daley-
Bauer et al. 2012), confirming the elevated early CD8" T cell response in mice infected
with MCMV no mck2. Additionally, the data here provide the first evidence that the
interaction between MCK2 and early CD8" T cell response during acute MCMV

infection is driven by the chemokine function of MCK2.
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Figure 26: Gating strategy for IFN-y positive CD8" T cells in splenocytes after stimulation with
IE1 peptide. Lymphocytes were selected based on forward scatter height (FSC-H) and side scatter
(SSC-H) (panel a). CD8*-positive cells (b) were analyzed for intracellular IFN-y (c).
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Figure 27: Enhanced IE1-specific CD8* T cell response after infection with MCMV mutants
lacking the MCK2 chemokine activity.

BALB/c mice were infected i.p. with 2 x 10° PFU of wt MCMV or MCMV MCK2 mutants. The mice were
sacrificed at day 4 p.i. and spleens were harvested. Single-cell suspensions were prepared, 1 x 108
splenocytes cells /well were stimulated with IE1-peptide or scrambled peptide (control peptide) or
PMA/lonomycin as a positive control for 6 h. The cells were surface stained with an anti-CD8" antibody
for 30 min, followed by Intracellular staining for IFN-y and the samples were measured by FACS. Three
independent experiments were performed, and results were pooled (n=8-10 mice/group) and shown as
group means +/- SEM. Each symbol represents one mouse. Mann-Whitney test was performed for
statistical analysis (n.s. denotes p>0.05; * denotes p<0.05; ** denotes p<0.01; *** denotes p<0.001).

4.2.3.2.2 M45-specific CD8* T cell response

It was of interest to investigate other MCMV-specific CD8* T cell responses. The M45-
derived peptide (Sequence: HGIRNASFI) is an epitope triggering a conventional
MCMV-specific CD8" T response with a peak at day 7 p.i. after MCMV infection in
C57BL/6 mice (Munks et al., 2006; Dekhtiarenko et al., 2013).
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Infection of C57BL/6 mice were chosen as most of M45 epitopes are identified for
H2LP-restriction. C57BL/6 mice were infected i.p. with 5 x 10° PFU of wt MCMV or
MCK2 mutants. Spleens were harvested at day 8 p.i., the splenocytes were stimulated
with M45 peptide for 6 h. Stimulation with M45 peptide resulted in a high M45-specific
CD8* T cell response in all groups (Figure 28). Notably, the highest M45-specific CD8*
T cell response was detected in mice infected with the MCMV no mcke mutant, which
was significantly higher than those in mice infected with wt MCMV. Again, the MCMV
no Mck2 infection showed an elevated stimulation, but this time no pattern was detected

for a chemokine-dependency of increased T cell responses.

20+

% IFN-y positive CD8 *T cells

Figure 28: M45-specific CD8* T cell response after infection of mice with wt MCMV and MCMV
MCK2 mutants.

C57BL/6 mice were infected i.p. with 5 x 10° PFU of wt MCMV or MCK2 mutants. The mice were killed
at day 8 p.i. and spleens were harvested. Single-cell suspensions were prepared, splenocytes were
stimulated with M45 peptides (1 pg/mL) for 6 h. Cells were stained with anti-CD8*, followed by
intracellular staining for IFN-y and the samples were measured by FACS. Two independent experiments
were performed, and results were pooled (n=5-6 mice /group) and shown as group means +/- SEM.
One-way ANOVA with Tukey post-test was performed for statistical analysis.

4.2.3.3 MCK2 and induction of cytokines

4.2.3.3.1 Interferon alpha (IFN-a)

Cytokine production during MCMV infection can have pivotal effects on the course of
infection (Dalod et al., 2003; Heise & Virgin, 1995; Robbins et al., 2007; Wikstrom et
al., 2013).
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Production of type | interferon as one of the first lines of host defense, is believed to
have a protective role in MCMYV infection (Gil et al., 2001; Steinberg et al., 2009). It has
been shown that infection of mice with wt MCMV is associated with high levels of
interferon alpha (IFN-a) production at 40 h p.i., in contrast to low levels of IFN-a after
infection with MCK2-negative MCMV (Wikstrom et al., 2013). To investigate the
contribution of MCK2 to IFN-a production, BALB/c mice were infected i.p. with 2 x 10°
PFU of wt MCMV or MCK2 mutants. After 42 h, the mice were sacrificed, the spleens
harvested, homogenized, and the titers determined by a plaque assay on MEF. In
addition, IFN-a was measured in the supernatants of spleen homogenates using a
commercial ELISA kit (PBL Assay Science, Piscataway, NJ). The amounts were
calculated per spleen. The levels of IFN-a in non-infected mice were also measured.
The data demonstrate that viral titers in spleens were comparable in all groups (Figure
29, left panel). Infection of mice with wt MCMV induced the highest levels of IFN-a and
all groups of MCK2 mutants showed a reduction in IFN-a production (Figure 29, right
panel), however no significant differences were detected.

(Wikstrom et al., 2013) reported that viral titers of MCK2-negative MCMV in spleens
were higher than wt MCMV, in the context of lower IFN-a production at 40 h p.i.,
indicating that higher titers in spleens infected with MCK2-negative MCMV is a
consequence of lower IFN-a production. Here, viral titers in spleens were comparable
in mice infected with wt MCMV or MCK2 mutants. Spearman rank correlation analysis
revealed that also here there is a direct a correlation between spleen titers and IFN-a
production at 42 h p.i. The correlations were strong for wt MCMV (r=1), MCMV 1o complex
(r=1)and MCMV no mck2 (r=0.9). While a moderate correlation of r=0.5 was detected for
MCMV o chemokine. The high titers of wt MCMV in spleens induced the production of high
levels of IFN-a, high titers of the MCMV no mckz and MCMV o complex Mutants elicited
also high levels of IFN-a, but in a lower range than those induced by wt MCMV
infection. More mice would have been needed to detect the significant differences
between wt MCMV and MCK2 mutants.
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Figure 29: IFN-a production after infection of mice with different MCK2 mutants.

BALB/c mice were infected i.p. with 2 x 10° PFU of wt MCMV or MCK2 mutants. The mice were
sacrificed after 42 h, and spleens were harvested and homogenized. The titers were determined by a
plaque assay on MEF, viral titers are expressed as PFU/g organ. IFN-a concentrations were measured
by a commercial ELISA kit. The concentrations are plotted as mean+/- SEM (n= 3-5 mice/group) from
two independent experiments. Mann-Whitney test was performed for statistical analysis. Black bar
indicates wt MCMV (intact MCK2), red bars indicate MCK2 mutants.

4.2.3.3.2 IFN-y and CCL2

Interferon gamma (IFN-y) has been shown to control MCMV infection and inhibit Iytic
MCMV replication (Gribaudo et al., 1993; Lucin et al.,1994; Krmpotic et al., 2003).
Monocyte chemoattractant protein-1 (MCP-1 or also called CCL2) is considered to play
a role in tissue inflammation and is produced in response to infection. It can attract
inflammatory monocytes to enter inflamed tissue (Geissmann et al., 2003; Wikstrom et
al., 2013; Daley-Bauer et al. 2012). It has been reported that infection of mice with wt
MCMYV induced higher levels of IFN-y (at day 5 p.i.) and CCL2 (at day 4 and 5 p.i.),
compared to lower levels of IFN-y and CCL2 production after infection with MCK2-
negative MCMV (Wikstrom et al., 2013).

Here, the effect of MCK2 on IFN-y and CCL2 production was studied to find out which
role of MCK2 may affect IFN-y or CCL2 induction. BALB/c mice were infected i.p. with
2 x 10° PFU of wt MCMV or MCK2 mutants. At day 4 and 6 p.i., mice were sacrificed,
and spleens harvested. Local production of IFN-y and CCL2 was subsequently
examined. IFN-y and CCL2 were measured in the supernatants of spleen

homogenates using a commercial ELISA kit (Biolegend, San Diego, CA).
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The amounts were calculated per spleen (3000 pl spleen homogenate), the level of
IFN-y and CCL2 in non-infected mice were also measured. The data demonstrate that
BALB/c mice infected with wt MCMV showed higher IFN-y production at day 4 and day
6 than mice infected with MCK2 mutants (Figure 30a). CCL2 production in spleens
(Figure 30b) also showed higher levels of CCL2 on day 4 after wt MCMV infection than
after infection with MCK2 mutants, followed by a decline on day 6. All MCK2 mutants
induced the same levels of CCL2 at day 4 and 6. Only for wt MCMV, there is a
correlation between viral titers in spleens (at day 4 and 6) (Figure 25a) and IFN-y and
CCL2 levels, but for MCK2 mutants, IFN-y and CCL2 levels were low on both days.
The data confirm (Wikstrom et al., 2013) study, showing the higher production of IFN-
y and CCL2 in mice infected with wt MCMV, compared to MCMV lacking MCK2.

To sum up, IFN-a, IFN-y and CCL2 levels induced by infection with wt MCMV were
always higher than those induced by MCK2 mutants. Moreover, no differences were
detected between MCK2 mutant lacking the chemokine function, and those lacking the
gH/gL/MCK2 complex, suggesting that both chemokine and entry functions of MCK2
are required for higher IFN-a, IFN-y and CCL2 productions. Thus, the production of
these cytokines might be influenced by both chemokine activity and infection of
immunoregulatory cells producing theses cytokines.
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Figure 30: IFN-y and CCL2 production in spleens after infection with different MCK2 mutants.

BALB/c mice were infected i.p. with 2 x 10° PFU of wt MCMV or MCK2 mutants. The mice were killed
at day 4 and 6 p.i. and spleens were harvested and homogenized. a) viral titers in spleens; b) IFN-y
production; ¢) CCL2 production. The concentrations are plotted as means +/- SEM (n= 6-8 mice/group)
from two independent experiments. One-way ANOVA with Tukey post-test was performed for statistical
analysis (* denotes p<0.05; ** denotes p<0.01; *** denotes p<0.001). Black bars indicate wt MCMV

(intact MCK2), red bars indicate MCK2 mutants.
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As differences in viral titers in the lungs were observed for the different MCMV mutants
(Figure 25c), IFN-y and CCL2 levels were also measured in lung homogenates. At
days 4 and 6 p.i., the lungs were harvested and IFN-y and CCL2 were measured in
the supernatants of lung homogenates using a commercial ELISA kit (Biolegend, San
Diego, CA). The concentrations were calculated per 100 mg lungs. As shown in Figure
31, the production of IFN-y (Figure 31b) and CCL2 (Figure 31c) in lung tissues directly
correlated with the titers in the lungs at days 4 and 6 (Figure 31a), independent of the
virus used. These observations are in contrast to what was observed in the spleen

cytokines, since cytokines levels in the lungs correlate with infection levels.
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Figure 31: IFN-y and CCL2 production in lungs after infection with different MCK2 mutants.
BALB/c mice were infected i.p. with 2 x 10° PFU of wt MCMV or MCMV MCK2 mutants. The mice were
killed at day 4 and 6 p.i. and lungs were harvested and homogenized. a) viral titers in lungs; b) IFN-y
production; c) CCL2 production. The concentrations are plotted as means +/- SEM (n= 6-8 mice/group)
from two independent experiments. For titers in lungs, one-way ANOVA with Tukey post-test was
performed for statistical analysis. For IFN-y and CCL2, Mann-Whitney test was performed for statistical
analysis (* denotes p<0.05; ** denotes p<0.01). Black bars indicate wt MCMV (intact MCK2), red bars
indicate MCMV MCK2 mutants.
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4.2.4 The role of MCK2 in MCMV latency

The herpesvirus latency stage is characterized by the existence of viral genomes in
infected cells in the absence of virus production. After persistent infection of MCMV in
the salivary glands, MCMYV establishes latent infection in different organs like spleen,
liver, and lungs (Pollock & Virgin, 1995; Kurz et al., 1997; Reddehase et al., 2002). To
study the role of MCK2 in establishment of MCMV latency in the spleen, C57BL/6 mice
were infected i.p. with 5 x 10° PFU of wt MCMV or MCK2 mutants. The mice were
killed at day 59 p.i. and spleens were harvested and processed for preparation of
splenocytes. DNA was extracted from the splenocytes, and real time PCR was
performed, in order to quantify the gB gene from MCMV in parallel with the cellular
gene PTHrP, to normalize for cellular DNA. The data were presented as viral genome
copy numbers relative to the copy number of PTHrP. As shown in Figure 32, no
significant difference was detected between viral genomic loads in mice infected with
wt MCMV and those in MCK2 mutants. These results indicate that MCK2 has no impact
on MCMYV latency in the spleen.

Log 1g viral genomic load
(gB/1000 copies PTHrP)
[

Figure 32: MCMV latency in the spleen after infection with different MCK2 mutants.

C57BL/6 mice were infected i.p. with 5 x 10° PFU of wt MCMV or MCMV MCK2 mutants. The mice were
sacrificed at day 59 p.i., the spleens were collected followed by preparation of splenocytes. DNA was
extracted from splenocytes, and qPCR was performed to amplify both of gB and PTHrP genes. The
data are from three independent experiments. Each symbol represents an individual mouse, the
horizontal lines show means.
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4.3 Investigating the role of MCK2 in vaccination with MCMV vaccine

vectors

4.3.1 Generation of MCMV vaccine vectors

The characterization of MCK2 mutants in vivo highlighted the role of the chemokine
function of MCK2 in the early CD8" T cell response. Additionally, early cytokine
production after infection was mediated by both the MCK2 chemokine and the
gH/gL/MCK2 complex. A question which arises is whether the differences observed for
MCK2 mutations in vivo, play a role when MCMV is used as a vaccine vector.

Mice infected with murine y-Herpesvirus 68 (MHV-68) is widely used as a model to
study the human gamma herpes viruses Epstein-Barr virus and Kaposi’'s sarcoma
herpesvirus (Simas and Efstathiou 1998; Virgin IV and Speck 1999; Weinberg et al.
2004). MHV-68 ORF6 codes for a single-stranded DNA binding protein and is known
for its ability to induce CD8" T cell responses in C57BL/6 mice (Gredmark-Russ et al.,
2008). Therefore, ORF6 was chosen as a vaccine antigen to be inserted into MCMV
vaccine vectors. ORF6 has recently been used in a vaccination study in mice using
modified vaccinia ankara virus (MVA). This offers the unique opportunity to directly
compare two viral vectors, MCMV and MVA. The MCMV immediate early 2 protein
(ORFmM128) is expressed during the early phase of MCMV replication and encodes a
non-essential viral protein. Thus, m128 (IE2) can be deleted without any effect on virus
replication in vitro and in vivo (Cardin et al., 1995). The cloning strategy was therefore
based on deletion of MCMV |E2 and replacing it with MHV-68 ORF6 using traceless
BAC-mutagenesis. Only m128 ORF was removed, in order to enable the expression
of ORF6 vaccine antigen under the transcriptional control of m128 promotor
(Dekhtiarenko et al. 2013; Zheng et al. 2019). The different MCK2 mutations (no
chemokine, no complex and no MCK2) were subsequently introduced (Figure 33).
Finally, these viruses were reconstituted and amplified. A construct carrying only the
m128 deletion was generated as a control vector and designated MCMV Am128. The
cloning of these vaccine vectors was performed by students in the AG Adler.
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Figure 33: Schematic diagram for MCMV vaccine vectors.
Traceless-BAC mutagenesis was used to delete m128/IE2 from MCMV and replaced with ORF6 of
MHV-68, thereafter, MCK2 mutations were introduced.

4.3.1.1 ORF6 expression by MCMV vaccine vectors

To detect ORF6 protein by Western blot, a human influenza hemagglutinin (HA) tag
was added to the C-terminus of ORF6 during BAC mutagenesis. To verify the
expression of ORF6 by the MCMV vectors, MEF were infected with MCMV Am128
ORF6 (wt ORF6), MCMV no chemokine ORF6, MCMV no mck2 ORF6, and MCMV o complex
ORFB6. The extracts of the infected cells were lysed with sample buffer and the proteins
were separated by SDS-PAGE, and subsequently analyzed by Western blot. As shown
in Figure 34, all extracts of cells infected with ORF6 vectors showed a band at around
130 kDa, which matches the expected size of 124 kDa for ORF6-HA.
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Figure 34: MCMV vaccine vectors express ORF6.

Detection of ORF6-HA protein in cell lysates of MEF infected with wt ORF6, MCMV no chemokine ORF®,
MCMV nomckz ORF6 and MCMV no complex ORF6 by Western blot analysis. Membranes were stained with
monoclonal rat a-HA antibody, and the proteins detected with a polyclonal donkey a-rat-POX antibody
(Dianova).

4.3.2 Design of the vaccination experiments

After intranasal infection of mice with MHV-68, virus replicates in the lungs, followed
by trafficking of infection to secondary lymphoid organs, and latency establishment in
B cells, dendritic cells and macrophages in the spleen (Flafio et al., 2000; Flafio et al.,
2005). The protective efficiency of MCMV vaccine vectors against MHV-68 infection
was investigated. C57BL/6 mice were infected i.p. with 5 x 10° PFU of MCMV vaccine
vectors (wt ORF6, MCMV no chemokine ORF6, MCMV 16 complex ORF6, MCMV 1o mck2
ORF6) or MCMV Am128 (as infection control). A group of mice was also injected with
PBS (as a negative mock control). A group of mice was sacrificed at day 8 p.i., and
spleen harvested. At day 42 p.i., the mice were infected intranasally (i.n.) with 5 x 10*
PFU of MHV-68. Mice were either sacrificed at day 6 post-challenge, and lungs and
spleens harvested or at day 17 post-challenge, and spleens and blood harvested, as
illustrated in Figure 35.
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Figure 35: Schematic illustration of the design of the vaccination experiments analyzing lytic and
latent infection.

C57BL/6 mice were vaccinated i.p. with 5 x 10° PFU of MCMV vaccine vectors or injected with PBS. A
group of mice was sacrificed at day 8 p.i., and spleen harvested. At day 42 p.i., the mice were challenged
i.n. with 5 x 10* PFU of MHV-68. At day 6 post-challenge, the mice were sacrificed, and spleens and
lungs were harvested. At day 17 post-challenge, spleens and blood were harvested.

4.3.3 CD8* T cell responses elicited by MCMV vaccine vectors

4.3.3.1 ORF6-specific CD8* T cell responses at day 8 p.i.

ORF6 of MHV-68 is capable of inducing a strong CD8" T cell response in H-
2° haplotype C57BL/6 mice (Gredmark-Russ et al., 2008). Proof-of-concept
experiments were performed to look for an ORF6-specific CD8* T cell response after
infection with ORF6-expressing vectors. For that, C57BL/6 mice were infected i.p. with
5 x 10° PFU of MCMV vaccine vectors (wt ORF6, MCMV 1o chemokine ORF6, MCMV 10
complex ORF6, MCMV no mck2 ORF6), MCMV Am128, as a control or injected with PBS
(Figure 35). At day 8 p.i., spleens of infected mice were harvested, and single-cell
suspensions were prepared. Splenocytes cells were seeded onto 96-well plates and
stimulated with ORF6 4s7.495 peptide (Sequence: AGPHNDMEI). All ORF6-expressing
vectors elicited an ORF6-specific CD8" T cell response (Figure 36). Interestingly, all
MCK2 mutants elicited a higher ORF6-specific CD8"* T cell response than the wt vector,
while MCMV no chemokine induced the highest response. As expected, no stimulation was
detected after infection with control vector MCMV Am128.

In summary, the data confirmed that all ORF6 MCMYV vaccine vectors elicited ORF6-
specific CD8" T cell responses at day 8 p.i.
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Figure 36: MCMV vaccine vectors elicited ORF6-specific CD8* T cell response.

C57BL/6 mice were injected i.p. with 5 x 10° PFU of MCMV vaccine vectors or PBS. The mice were
sacrificed at day 8 p.i. and spleens harvested. Single-cell suspensions were prepared and splenocytes
stimulated with ORF6 peptide (1 ug/mL) for 6 h. Cells were stained with anti-CD8", followed by an
intracellular staining for IFN-y and the samples were measured by FACS. Two independent experiments
were performed, and results were pooled (n=5-6 mice /group) and shown as group means +/- SEM.
One-way ANOVA with Tukey post-test was performed for statistical analysis (* denotes p<0.05).

4.3.3.2 ORF6-specific CD8* T cell responses in vaccinated mice after challenge
with MHV-68

CD8* T cells play a pivotal role in controlling MHV-68 infection, which is essential to
limit lytic infection or to inhibit reactivation from latency (Dutia et al., 1997; Weck et al.,
1997). Therefore, CD8" T cell responses were monitored in immunized mice after
MHV-68 challenge. CD8" T cell responses elicited by the ORF6 vaccine antigen and
the kinetic pattern of ORF6-specific CD8" T cell response were investigated in
immunized mice at day 6 and day 17 after challenge with MHV-68. A group of control
mice were vaccinated with wt ORF6 but were not challenged with MHV-68, to detect
the ORF6-specific CD8" T cell response elicited by the MCMV vector alone. At day 6
and 17 after MHV-68 infection, high levels of ORF6-specific CD8" T cell responses
could be detected, and the differences observed for MCMV vaccine vectors at day 8
after immunization disappeared (Figure 37).
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ORF6-specific CD8" T cell response levels observed at day 6 and 17 after MHV-68
challenge (corresponding to day 48, 59 after vaccination with MCMV vaccine vectors)
were similar to primary ORF6-specific CD8" T cell responses induced at day 8 after
infection with MCMV vaccine vectors (Figure 36). Interestingly, ORF6-specific CD8" T
cell responses elicited by wt ORF6 in non-challenged mice were also high (Figure 37,
right panel, control). This suggests that ORF6-specific CD8" T cell responses elicited
by MCMV vaccine vectors do not contract until day 59 p.i. An ORF6-specific CD8* T
cell response triggered by the natural MHV-68 infection in mice injected with PBS or
immunized with empty vector (MCMV Am128), showed an increase between day 6

and day 17 post- challenge.
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Figure 37: Kinetic of ORF6-specific CD8" T cell response during the lytic and latent infection of
MHV-68.

C57BL/6 mice were vaccinated i.p. with 5 x 105 PFU of MCMV vaccine vectors or injected with PBS.
After 42 days, the mice were infected i.n. with 5 x 10* PFU of MHV-68. The mice were killed at day 6
or day 17 post-challenge, the spleens were harvested. Splenocytes were stimulated with ORF6 peptide
(1 pg/mL) for 6 h. The cells were surface stained with an anti-CD8* antibody, followed by intracellular
staining for IFN-y and the samples were measured by FACS. Three independent experiments were
performed, and the results were pooled (n=5-7 mice /group) and shown as group means +/- SEM. One-
way ANOVA with Tukey post-test was performed for statistical analysis (* denotes p<0.05; ** denotes
p<0.01; *** denotes p<0.001).

4.3.3.3 MHV-68-specific CD8"* T cell responses in vaccinated mice after challenge
with MHV-68
Another question to be answered was how the immunization of mice with different

MCMV vectors would affect the anti-MHV-68 T cell response in general.
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For this purpose, MHV-68-infected cells were used for ex vivo stimulation of
splenocytes at day 17 post-challenge. MEF prepared from C57BL/6 mice were infected
with MHV-68 at an MOI of 0.2. The next day, the infected MEF-cells were used to
stimulate splenocytes. The splenocytes were also stimulated with non-infected MEF
as a control. Stimulation with MHV-68-infected cells, reveals the T cell response to all
MHV-68 T cell antigens. It was observed that CD8" T cell responses were
downregulated in all mice which were vaccinated with MCMV vectors, however the
differences were not significant due to the wide spread of values (Figure 38a). In
contrast, the CD4* T cell response was diminished only for ORF6 MCMV vaccine
vectors (Figure 38b). CD4" T cell responses were measured for 2-3 mice in one

experiment and have to be considered as a preliminary experiment.
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Figure 38: MHV-68-specific CD8* and CD4* T cell responses in splenocytes of MCMV vaccinated
mice.

C57BL/6 mice were vaccinated i.p. with 5 x 105 PFU of MCMV vaccine vectors or injected with PBS.
After 42 days, the mice were infected i.n. with 5 x 10* PFU of MHV-68. The mice were killed at day 17
post-challenge, the spleens were harvested. a) For CD8" T cell response, three independent
experiments were performed, and results were pooled (n=6-7 mice /group); b) For CD4* T cell response,
the data were from one preliminary experiment (n=2-3 mice /group) and shown as group means +/-
SEM. Mann-Whitney test was performed for statistical analysis (* denotes p<0.05; ** denotes p<0.01).
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4.3.4 Control of lytic MHV-68 infection

Protection from Iytic MHV-68 infection was studied to look whether the immunized mice
would be protected from lytic infection of MHV-68 in the lungs, and whether this
protection could be correlated with ORF6-specific CD8* T cell responses.

To do that, lungs of vaccinated mice were harvested at day 6 post-challenge and the
titers in the lungs determined using a plaque assay on BHK-21 cells. As shown in
Figure 39, viral titers in lungs were reduced by about 2 logs in mice vaccinated with
MCMV vaccine vectors, when compared to vaccination with the control vector (MCMV
Am128) or the mock control (PBS). Protection was independent of MCK2.
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Figure 39: Reduction of lytic MHV-68 infection in the lung after immunization with MCMV vaccine
vectors.

C57BL/6 mice were vaccinated i.p. with 5 x 105 PFU of MCMV vaccine vectors or injected with PBS.
After 42 days, mice were infected i.n. with 5 x 10* PFU of MHV-68. At day 6 post-challenge, lungs were
harvested, and the titers determined by plaque assay on BHK-21 cells. Viral titers are shown for
individual mice, each symbol represents an individual mouse and the bar represent the median. The
data are from three independent experiments. One-way ANOVA with Tukey post-test was performed for
statistical analysis (** denotes p<0.01).

4.3.5 Control of latent MHV-68 infection

4.3.5.1 Splenomegaly after immunization with MCMV vaccine vectors

Latency of MHV-68 is associated with splenomegaly, which is a consequence of a
virus-induced increase in numbers of B and T cells and establishment of latency in B
cells, dendritic cells, and macrophages in the spleen (Flafo et al., 2000; Flano et al.,
2005). The peak of splenomegaly is at day 14 post infection (Sunil-Chandra et al.,
1992; Flano et al., 2000).
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For all immunizations, the degree of splenomegaly was analyzed at day 17 after MHV-
68 challenge, the time of establishment of early MHV-68 latency. To do that, C57BL/6
mice were vaccinated i.p. with 5 x 10° PFU of MCMV vaccine vectors or injected with
PBS. A control group was infected with wt ORF6 without challenge with MHV-68, to
determine the degree of splenomegaly caused by the MCMV vector alone. 42 days
after vaccination, mice were challenged i.n. with 5 x 10* PFU of MHV-68 and the
control group was not challenged. At day 17 post-challenge, spleens were taken, and
the weights of spleens were determined. As shown in Figure 40, the spleens weights
of mice vaccinated with MCMV vaccine vectors (wt ORF6, MCMV no chemokine ORF6,
MCMV no complex ORF6, MCMV 1o mck2 ORF6) were about 2-fold lower than the spleens
weights of mice injected with PBS or infected with MCMV Am128. The weight
reductions were comparable for all MCMV-ORF6 vaccinated mice. Spleen weights of
mice vaccinated with MCMV no chemokine ORF6 appeared a bit more reduced, but the

difference was not significant.

600 e

400

200

Spleen weight (mg)

Figure 40: Spleen weights in MHV-68 latent phase of vaccinated mice.

C57BL/6 mice were vaccinated i.p. with 5 x 105 PFU of MCMV vaccine vectors or injected with PBS.
After 42 days, the mice were anaesthetized and challenged i.n. with 5 x 10* PFU of MHV-68. The mice
were killed at day 17 post-challenge, the spleens were harvested, and the weights of spleens were
measured. Three independent experiments were performed, (n=5-7 mice /group) and are shown as
group means +/- SD. One-way ANOVA with Tukey post-test was performed for statistical analysis (***
denotes p<0.001).
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4.3.5.2 Determination of latently infected splenocytes in the spleen at day 17 of
MHV-68 infection

In addition to spleens weights, also DNA load in spleen or reactivation of latently
infected splenocytes are parameters to quantify latency. Latently infected spleen cells
can reactivate and re-enter the lytic phase. The reactivation can be triggered ex vivo
by contact with fibroblasts. Splenocytes from latently infected spleens were isolated,
threefold serially diluted and plated on NIH3T3 monolayers in 96-well plates (24
wells/dilution). After 7 and 14 days, NIH3T3 cells in the plates were screened
microscopically for a viral cytopathic effect.

To control for preexisting lytically infected cells in the spleen cell preparations, the
reactivation assay was also performed on splenocytes that were previously
mechanically destroyed by freezing and thawing. The frequency of reactivation was
calculated by determining the number of spleen cells at which 63.2% of the wells
scored positive for CPE. Paired student's t-test was performed over all dilutions to
calculate the significance. As shown in Figure 41, control groups (PBS and MCMV
Am128) showed the highest frequency of reactivation (63.2% infection at 2889 and
5320 cells, respectively). In spleens of mice vaccinated with MCMV o mcke ORF6 or
MCMV no complex ORF6, the frequency was lower (63.2% infection at 29638 and 101600
cells, respectively. The differences were significant between mice vaccinated with
MCMV Am128 and those with MCMV no complex ORF6 or MCMV 1o mck2 ORF6 (P=
0.0078 and P= 0.0078, respectively). A significant difference was also detected
between MCMV 1o chemokine ORF6 and MCMV no complex ORF6 (P= 0.03). No significant
differences were detected between wt ORF6 and MCMV 1 chemokine ORF6, P value of
0.06 was detected between wt ORF6 and MCMV o mck2 ORF6 vectors. Vaccination
of mice with wt ORF6 or MCMV no chemokine ORF6 showed the lowest reactivation and
in this case, calculation of frequency of reactivated cells was not possible as it was
lower than 63.2% for the range of cell numbers analyzed. In summary, MCMV vectors
expressing the gH/gL/MCK2 complex suppress early latency better than vectors

lacking the complex.
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Figure 41: Reactivating splenocytes from mice vaccinated with MCMV vaccine vectors.

C57BL/6 mice were vaccinated i.p. with 5 x 105 PFU of MCMV vaccine vectors or injected with PBS.
After 42 days, the mice were challenged i.n. with 5 x 10* PFU of MHV-68. The mice were sacrificed at
day 17 post-challenge, the spleens were harvested, and the splenocytes were prepared. Three-fold
dilutions of splenocytes were plated on monolayers of NIH3T3 cells in 96-well plates. Three independent
experiments were performed, and frequency of reactivation of latent virus were calculated (n=5-7 mice
/group) and shown as group means +/- SEM. The horizontal dotted line specifies the point of 63.2%
Poisson distribution, set by the non-linear regression, and used for calculation of the frequency of
reactivating cells. Paired t-test over all cell dilutions was performed to calculate significance.

4.3.5.3 Measurement of latent viral load by quantitative real-time PCR

An alternative to quantify latently infected splenocytes is to determine the viral load in
spleens by real time PCR. For that, DNA was extracted from splenocytes using the
DNeasy Blood & Tissue Kit. Viral DNA copy numbers were quantified by amplification
of a 70-bp region of the MHV-68 glycoprotein B (gB) gene. Standard curves using
known amounts of a plasmid containing the gB gene of MHV-68 were generated. In
order to normalize input DNA between samples, the murine ribosomal protein L8 (rpl8)
was also amplified in parallel. The data are presented as viral genome copy numbers
relative to the copy number of rpl8. As shown in Figure 42, viral DNA loads in the
spleens of all vaccinated mice were significantly reduced, when compared to mice
infected with MCMV Am128. Again, the loss of only the chemokine function of MCK2
resulted in a trend toward reduced numbers of latently infected cells. The MCMV vector
lacking both the chemokine and the gH/gL/MCK2 complex of MCK2 showed higher
viral load, compared to the MCMYV vector lacking only the chemokine activity of MCK2.

The data match exactly what was seen for the reactivation assay.
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Collectively, the spleen weights, the frequency of reactivating cells, and viral loads
were significantly reduced in all mice vaccinated with MCMV vaccine vectors,
confirming that MCMV vaccine vectors could protect the immunized mice against
MHV-68 latency. The differences between MCMV vaccine vectors in protection against
MHV-68 latency, suggest a role of MCK2 in modulating the immune response after
vaccination. Yet, there is no obvious correlation with CD8" T cell responses.
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Figure 42: Latent viral DNA load after vaccination with MCMV vaccine vectors

C57BL/6 mice were vaccinated i.p. with 5 x 10° PFU of MCMV vaccine vectors or injected with PBS. After
42 days, the mice were anesthetized and challenged i.n. with 5 x 10* PFU of MHV-68. The mice were
sacrificed at day 17 post-challenge, the spleens were harvested, and the splenocytes were prepared.
DNA was extracted from the spleen cells and viral DNA copy numbers were quantified. The MHV-68
glycoprotein B (gB) gene was amplified. Amplification of rpl8 gene was also performed in parallel to
normalize the input DNA between samples. The data are pooled from three independent experiments and
the horizontal lines show means. Mann-Whitney test was performed for statistical analysis (* denotes
p<0.05; ** denotes p<0.01).

99



Discussion

5. Discussion

HCMV is the most common infectious cause of congenital disease following primary
infection during pregnancy as well as many of life-threating diseases following infection
or reactivation in immunocompromised individuals (Mocarski et al., 2013).
Cytomegaloviruses encode for many immunomodulatory genes including viral
chemokines, to evade from the host immune response (Miller-Kittrell & Sparer, 2009).
Infection of mice with MCMV is a powerful model which helps to understand the
interaction between the host’s immune response and an HCMV infection (Reddehase
&Lemmermann, 2018). The UL128 gene product of HCMV and its murine
cytomegalovirus homolog MCK2 both have a dual function: They can act as
chemokines and attract for example monocytes and additionally, as part of a
gH/gL/chemokine entry complex, they can promote infection of host cells (Nguyen &
Kamil, 2018). This study focused on analyzing the role of the viral MCK2 chemokine
and/or the gH/gL/MCKZ2 complex in viral dissemination and antiviral immune
responses. Secondly, the contribution of MCK2 to the vaccination success using
MCMV as a vaccine vector was investigated.

5.1 A set of MCMV MCK2 mutants

5.1.1 Dual function of MCK2

MCK2 was first identified as a viral CC chemokine homolog with proinflammatory
properties that enhances monocyte migration to the initial sites of infection, and thus
may also enhance MCMV dissemination (MacDonald et al., 1999; Saederup et al.,
1999; Noda et al., 2006). Studies using MCMV mutants lacking MCK2 revealed that
MCK2 contributes to both, viral dissemination and immunomodulation of the host’s
antiviral immune response (Saederup et al., 2001; Stahl et al., 2015; Wikstrom et al.,
2013; Daley-Bauer et al., 2014; Daley-Bauer et al., 2012; Farrell et al. 2019a; Jordan
et al., 2011; Wagner et al., 2013; Farrell et al., 2016). Wagner et al., 2013, provided
the first evidence that MCK2 is not only a viral chemokine but also has an entry function
as a part of the virion gH/gL/MCK2 entry complex, promoting for example macrophage
infection. It has been shown that the expression of MCK2 is associated with
enhancement of viral titers in salivary glands (Fleming et al., 1999; Saederup et al.,
2001; Jordan et al., 2011). It has also been shown that MCK2 increases the recruitment

of inflammatory monocytes, which may act as vehicles to disseminate MCMYV infection
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to distal organs like salivary glands (Daley-Bauer et al., 2014). Furthermore, MCK2
promotes infection of macrophages in vitro and in vivo (Wagner et al., 2013; Stahl et
al., 2015). MCMV lacking MCK2 showed higher infection in the lungs than wt MCMV
at day 2 p.i. (Farrell et al., 2016).

Regarding immunomodulatory activities of MCK2, infection of mice with MCMV
mutants lacking MCK2 promotes an early CD8" T cell response which accelerates viral
clearance from organs (Daley-Bauer et al., 2012; Wikstrom et al., 2013). A key
question was whether MCK2 exerts its roles through its chemokine activity or through
gH/gL/MCK2-dependent infection of immunoregulatory cells like monocytes or
macrophages. Dissemination could depend on attraction of cellular vehicles like
patrolling monocytes, or on the gH/gL/MCK2-dependent infection of these cellular
vehicles. Immunomodulation could depend on attraction of immunoregulatory cells like
inflammatory monocytes (Daley-Bauer et al., 2012), or on inactivation of antigen
presenting cells (APCs) like dendritic cells (Andrews et al., 2001). To address these
questions, a set of MCK2 mutants was required, to discriminate between the
chemokine function of MCK2 and its entry function as a part of the gH/gL/MCK2

complex.

5.1.2 MCMV MCK2 mutants

The MCK2 mutants used in this thesis are based on BAC-cloned MCMV strain Smith
with intact MCK2 (Jordan et al., 2011). An MCK2-negative mutant was available, in
which a stop mutation was introduced by inserting a stop cassette in the m131 domain
of MCK2, thus preventing the expression of the MCK2 protein (MCMV o mck2) (Wagner
et al. 2013). Additionally, a 129 stop mutant was available, which carries a stop
cassette in the m129 domain of MCK2 (Wagner et al. 2013), resulting in a truncated
MCK2 protein, which was shown to still have chemokine activity, but is no longer able
to form a complex with gH/gL (MCMV no complex). The only MCK2 mutant, which was
missing at the start of the thesis, was a mutant, which lacks the chemokine function of
MCK2 but maintains the entry function and forms a functional complex with gH/gL. This
mutant was cloned by introducing a point mutation in the conserved CC motif of m131
domain of MCK2, exchanging a cysteine for glycine (AA 27), and was designated CC1
mutant, or (MCK2 no chemokine). The CC1 mutant was cloned but not characterized at the
start of the thesis. To test the entry function of the CC1 mutant, a double mutant (CC1
AgO) was generated using traceless mutagenesis, to remove gO which would make
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the entry strictly dependent on the gH/gL/MCK2 complex. The growth of CC1 AgO on
fibroblasts showed the same growth pattern as the A gO mutant, which confirmed that
the entry function of gH/gL/MCK2 was still intact. Additionally, the CC1 mutant virus
grew in fibroblast cultures with the same kinetic as wt MCMV and showed the same
protein pattern in Western blot as wt MCMV, in both extracts of infected cells and in
virions. These results indicated that an gH/gL/MCK2-CC1 complex was incorporated
into virions and that gH/gL/MCK2-dependent entry was maintained. The chemokine
activity of a recombinant CC1 MCK2 protein was analyzed using a migration assay. It
could be shown that the MCK2 chemokine function was abolished in the CC1 mutant.
In summary, the characterization of the CC1 MCKZ2 mutant confirmed that the
chemokine function of MCK2 was eliminated, while the entry function was still intact.
Most of MCK2 studies used MCK2 mutants with a complete deletion of MCK2 (Stahl
et al., 2015; Wikstrom et al., 2013; Daley-Bauer et al., 2014; Daley-Bauer et al., 2012;
Farrell et al., 2019a; Farrell et al., 2016). Only one study included experiments with an
MCK2 mutation, in which two cysteines (AA 27, 28) were mutated by exchanging the
cysteines for glycines to generate the CC/MCK2 mutant (Saederup et al. 2001). It could
now be shown that this point mutation in the CC/MCK2 mutant lead to a less
glycosylated MCK2, which resulted in the failure to integrate the gH/gL/MCK2 complex
in virions. Consequently, this CC/MCK2 mutant showed the same growth curve in
MEF-infected cells like a mutant lacking MCK2. Now, for the first time, a complete set
of MCK2 mutants was available to elucidate the roles of the MCK2 chemokine and the
gH/gL/MCK2 complex.

5.2. In vitro infection of macrophages and dendritic cells is mediated

by the gH/gL/MCK2 entry complex

MCMV, like HCMV, shows a very broad cell tropism, including a tropism for
hematopoietic cells like dendritic cells and macrophages (Krmpotic et al., 2003). It has
been reported that MCK2 promotes infection of macrophages in vitro and in vivo
(Wagner et al., 2013; Stahl et al., 2015). The capacity of the above described MCMV
MCK2 mutants to infect dendritic cells (D2SC1) and macrophages (ANA-1) was
studied in vitro, to understand whether MCK2-dependent infection of macrophages is
driven by the chemokine activity of MCK2 or its entry function as a part of the
gH/gL/MCK2 entry complex. D2SC1 and ANA-1 cells were infected with virus titrated
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on MEF cells, and one day after infection, the percentage of infected cells was
determined by intracellular staining for the MCMV |E1 protein. It could be reproduced
that the infection of ANA-1 was impaired after infection with MCMV lacking MCK2 or
unable to form the gH/gL/MCK2 complex (Wagner et al., 2013). In contrast, the MCMV
no chemokine Mutant showed the same infection capacity as wt MCMV. The same
observation was made for D2SC1 infection. Accordingly, MCK2 promotes MCMV
infection of macrophages and dendritic cells through its entry function as a part of the
gH/gL/MCK2 entry complex, independent of the chemokine function of MCK2.
Spread of MCMV infection depends mainly on infected dendritic cells, which work as
vehicles to disseminate infection (Farrell et al., 2017; Farrell et al., 2019a).
Furthermore, MCMV infection of dendritic cells dampens functions of dendritic cells,
and accordingly inhibits antigen presentation and activation of CD8" T cells (Andrews
et al., 2001). Therefore, infection of dendritic cells with MCMV may have a profound
impact not only on the viral dissemination, but also on the immune response. Here, in
vitro infection of dendritic cells with MCMV-lacking MCK2 was impaired. More in vivo
studies will be needed to study infection of dendritic cells with MCMV MCK2 mutants.
Infection of primary cells like BMDM using MCK2 mutants would provide more
information about MCK2-dependent infection of monocytes. BMDM infection was
investigated in another study (Wagner et al., 2013) and also showed a reduced
infection with MCMV lacking MCK2.

5.3 The gH/gL/MCK2 entry complex enhances viral dissemination to

salivary glands

Salivary glands are considered to be the major site of MCMV shedding and the
infection of salivary glands reflects successful dissemination of MCMV (Lagenaur et
al., 1994; Manning et al., 1992; Daley-Bauer et al., 2012). BALB/c mice were infected
with wildtype MCMV and the above described MCK2 mutants, salivary glands
harvested at day 14 p.i., and viral titers determined. Significantly higher viral loads were
detected in the salivary glands of mice infected with wt MCMV or the MCMV no chemokine
mutant. On the contrary, mice infected with MCK2 mutants which are unable to form
the gH/gL/MCK2 entry complex, showed 100-fold lower viral loads in salivary glands.
Reduced titers in salivary glands are one of the hallmarks of infection of mice with
MCMV lacking MCK2 (Fleming et al. 1999; Saederup et al. 2001; Jordan et al. 2011).
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This unique phenotype was originally assumed to be attributed to the chemokine
activity of MCK2, since MCK2 increases the recruitment of myelomonocytic leukocytes
and was considered to enhance this way the number of infected cells, followed by
dissemination of infected cells to salivary glands (Fleming et al., 1999; Noda et al.,
2006; Saederup et al., 1999). Here, the data indicate that rather the gH/gL/MCK2 entry
complex promotes viral dissemination to salivary glands. Infected dendritic cells have
been proposed to be the main vehicles, which transfer MCMV infection to the salivary
glands (Farrell et al., 2017; Farrell et al. 2019b; Farrell et al., 2019a), confirming the
crucial role of infected dendritic cells in MCMV dissemination to salivary glands.

It has been reported that no difference was detected between viral titers in salivary
glands infected with wt MCMV and those infected with MCMV lacking MCK2 at day 5
p.i., whereas a clear difference in salivary gland titers was observed at day 10 p.i.,
indicating that both wt MCMV and MCMV lacking MCK2 could equally infect salivary
glands during early phase of infection (Farrell et al., 2019a). Furthermore, the equal
viral titers in salivary glands at day 5 p.i. coincided with equal infection of leukocytes.
Here, infection of leukocytes in the peripheral blood was studied after i.p. infection of
BALB/c mice with wildtype MCMV and the above described MCK2 mutants, and blood
samples were collected at day 4 p.i. The numbers of viral genomes were quantified in
infected leukocytes by real time PCR. The numbers of viral genomes in peripheral
blood leukocytes were comparable in all groups of mice. This data are in accordance
with recent studies (Farrell et al., 2016; Farrell et al., 2019a), confirming that there is
no difference between number of infected leukocytes in blood infected with wildtype
MCMYV and those infected with MCK2-negative MCMV at day 4 and 5 p.i. On the other
hand, the data are in contradiction to previous studies (Saederup et al. 2001,1999),
suggesting that the number of infected peripheral blood leukocytes decreases after
infection of BALB/c mice with MCK2-negative MCMV at day 5 p.i., when compared to
wt MCMV infection. To make sure that this contradiction is not due to the applied assay,
another assay was also used, and the blood samples were subjected to an infectious
center assay as in (Saederup et al., 1999, 2001) studies. The numbers of infected
peripheral blood leukocytes were again comparable for all MCK2 mutants, confirming
the results of quantification of viral genomes by real time PCR. Consequently, the data
suggest that MCK2 is not relevant for leukocyte infection in the blood, during early
acute MCMYV infection.
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MCK2 recruits both, patrolling monocytes and inflammatory monocytes, but only
patrolling monocytes get infected and enhance viral dissemination, whereas
inflammatory monocytes are not infected by MCMV and rather modulate the antiviral
immune response (Daley-Bauer et al., 2012; Daley-Bauer et al., 2014). Thus, MCK2
mediates its effect on viral dissemination via recruitment and infection of particular
lineages of monocytes. Here, it was concluded that for infection of leukocytes during
acute MCMV infection, MCK2 is not relevant. Yet, the effect of MCK2 on infection of
leukocytes might be more pronounced at later timepoints or in a specific population of
myeloid cells, like resident dendritic cells, which play the major role in spread of MCMV
infection (Farrell et al., 2017; Farrell et al., 2019a). Infection of macrophages may
contribute to viral clearance (Farrell et al., 2016). It has been reported that the majority
of viral genomes in blood infected with wildtype MCMV were CD11c*-associated at
day 4 p.i., confirming the contribution of infected dendritic cells to viral spread during
acute MCMV infection (Farrell et al.,, 2017). Collectively, the gH/gL/MCK2 entry
complex might enhance viral dissemination to salivary glands through promoting
dendritic cell infection. Infection of mice with MCMV MCK2 mutants and investigating
dendritc cells infection in blood or organs at different time points would help to confirm
this approach.

5.4. The antiviral response is shaped by the chemokine activity of
MCK2

5.4.1. The clearance of MCMV infection from lungs is mediated by the chemokine
activity of MCK2

Besides viral titers in salivary glands and numbers of infected leukocytes in the blood,
the clearance of infection from spleen, liver, and lungs was also studied. BALB/c mice
were infected with wildtype MCMV and the above described MCK2 mutants.

At days 4 and 6 p.i, lungs, spleens, and livers were harvested, and viral titers
determined in organ homogenates. Comparable viral titers were detected in spleens
and livers of all groups at day 4 p.i., followed by a comparable control of infection and
a reduction in viral titers at day 6 p.i., suggesting that clearance of MCMV infection
from spleens and livers is MCK2-independent. In contrast, clearance of infection from
lungs at day 6 p.i. was more pronounced in mice infected with MCMV MCK2 mutants

lacking the chemokine activity (MCMV no chemokine Of MCMV 1o Mmck2 mutants), whereas
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the infection with wildtype MCMV or the MCMV 1o complex mutant did not start to become
cleared at day 6 p.i. Furthermore, for the infection with the MCMV o complex mutant,
even an increase in viral titers was observed at that timepoint.

(Saederup et al., 2001) showed that infection of organs was equally cleared after
infection of BALB/c with wt MCMV or MCMV lacking MCK2, and no differences were
detected between wt MCMV and MCK2-negative MCMV, with the exception of
inconsistent differences in lung titers. It has also been described that infection of
BALB/c mice with MCK2-negative MCMV, was cleared more rapidly from liver and
spleen at day 5 p.i. (Fleming et al., 1999) or spleen at day 6 p.i. (Wikstrom et al. 2013),
or lung and spleen at day 5 p.i. (Daley-Bauer et al.,, 2012), when compared to
clearance after infection with wt MCMV. Notably, the differences between wt MCMV
and MCMYV lacking mutant in these studies were not consistent and only detected at
specific timepoints.

Here, another pattern was observed. Infections with wt MCMV and MCK2 mutants
were equally cleared from spleen and liver, independent of MCK2, but the clearance
of infection from lungs was dependent on the chemokine activity of MCK2. These
differences in different studies could for example be explained by different MCMV
strains. In all previous studies, MCMV K181 strain was used for infection of mice.
(Daley-Bauer et al., 2012) used MCMV K181 strain, propagated in NIH3T3 murine
fibroblasts, and (Fleming et al., 1999; Wikstrom et al. 2013) studies used MCMV K181
that was purified from the salivary glands of infected mice. The K181 strain MCMV
(Fleming et al., 1999; Wikstrom et al. 2013; Daley-Bauer et al., 2012) is known to be
more virulent (Misra & Hudson, 1980) and exhibits a different kinetics of clearance
from organs than the Smith strain-derived BACs used in this study. Viral titers in mice
infected with wt MCMV in spleen and lungs at day 4 and 6 p.i. match with a recent
study (Oduro et al., 2016). The differences observed for lung clearance suggest that
infection of mice with MCMV mutants lacking the chemokine function of MCK2 was
more rapidly cleared from lungs, indicating that the clearance of wt MCMYV infection
from lungs is inhibited by the chemokine activity of MCK2.

In addition to early control of infection in lungs, mice infected with MCMV lacking MCK2
also did not show a weight loss, suggesting that MCK2 might be involved in
pathogenesis of MCMV. In line with this, infection of mice with wt MCMV induces a
larger inflammatory infiltrate in the livers than MCMV lacking MCK2 at day 2 p.i.
(Fleming et al., 1999). Furthermore, the histological examination of spleens infected
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with MCMV lacking MCK2 at day 4 p.i. revealed that, the spleens were preserved with
less disruption of lymphoid follicles, compared to spleens infected with wt MCMV
(Wikstrom et al. 2013). This confirms the role of MCK2 in induction of an early

inflammatory response.

5.4.2 The early antiviral CD8* T cell response is shaped by the chemokine activity
of MCK2

It has been shown that early antiviral CD8" T cell responses were elevated in BALB/c
mice infected with MCMV lacking MCK2, compared to wt MCMV starting from day 4
p.i. (Wikstrom et al., 2013; Daley-Bauer et al., 2012). (Wikstrom et al., 2013; Daley-
Bauer et al., 2012) studies evaluated early CD8" T cell responses to the immediate
early protein 1 and agreed that MCK2 seems to dampen the early antiviral immune
response. Here, early anti-IE1 CD8" T cell responses were studied after infection of
BALB/c mice with wildtype MCMV and the above described MCK2 mutants. At day 4
p.i., the spleens were harvested from infected mice, the splenocytes were ex vivo
stimulated with IE1 peptide and the number of IFN y-producing CD8* T cells was
determined by intracellular cytokine staining.

The results of previous studies (Daley-Bauer et al., 2012; Wikstrom et al., 2013) could
be reproduced, and a significantly higher IE1-specific CD8" T cell response was
detected in mice infected with MCMV lacking MCK2, compared to wt MCMV.
Interestingly, an enhanced CD8" T cell response was also observed in mice infected
with the MCMV o chemokine mutant. On the contrary, IE1-specific CD8" T cell response
was even below the level observed for wt MCMV in mice infected with the MCMV n,
complex Mutant, which maintains only the chemokine function of MCK2. This suggests
that the chemokine function of MCK2 may be more active when MCK2 is not bound to
the gH/gL complex. Consequently, the inhibitory effect of the chemokine function of
MCK2 on CD8* T cell response was more pronounced in the MCMV no complex Mmutant.

Taken together, the improved early CD8™" T cell responses in mice infected with MCMV
MCK2 mutants lacking the chemokine function directly correlated with the early
clearance of infection from lungs infected with these mutants. Therefore, the data in
this study reinforce a crucial role of the chemokine activity of MCK2 in inhibiting the
early antiviral CD8" T cell response, which consequently may allow a better
establishment of a lytic and subsequently also a latent infection. Remarkably, the
MCMV MCK2 mutant lacking the complete MCK2 could elicit higher early CD8* T cell
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response than those elicited by the MCK2 chemokine-negative mutant, indicating that
the absence of MCK2-dependent attraction and additionally of gH/gL/MCK2-
dependent infection of immune regulatory cells might have an additive effect.

5.4.3 How could MCK2 affect the early CD8* T cell response?

Different scenarios try to explain how MCK2 inhibits the early antiviral CD8" T cell
response. (Daley-Bauer et al., 2012) reported that MCK2 works as an agonist and
cooperates with host CCR2 in mediating signaling to increase recruitment of
inflammatory monocytes, which in turn inhibit the CD8* T cell response via an iNOS-
mediated pathway. Another scenario discusses an enhanced antigen presentation by
conventional dendritic (cDC), namely CD8a* cDC cell in the spleen, and accordingly
an enhanced early CD8* T cell response when MCK2 is lacking (Wikstrom et al., 2013).
Improved CD8" T cell responses in MCK2 chemokine-negative mutants argue for
inhibiting MCK2-dependent recruitment of inflammatory monocytes and their
diminishing effect on early CD8" T cell response. The higher CD8" T cell response in
the MCMV MCK2 mutant lacking both of chemokine and complex function, argues that
a lack of an MCK2-dependent infection of dendritic cells may additionally affect antigen
presentation by dendritic cells, and thus activation of CD8" T cell response. Further
studies will be needed to understand the exact mechanism by which the chemokine
function of MCK2 interferes with CD8* T cell response, and the MCMV no chemokine
mutant should be involved in these studies.

5.4.4 Expression of intact MCK2 is essential for production of early cytokines

The cooperation between cytokines is necessary for early control of MCMYV infection.
After MCMV infection, type | interferons (IFN-a /B) are produced from plasmacytoid
dendritic cells (pDC) and mediate the localized production of CCRZ2-binding
chemokines as CCL2, CCL7 and CCL12 in the bone marrow, which are required for
mobilization of monocytes from bone marrow into inflamed tissues (Crane et al., 2009;
Wikstrom et al., 2013). The enhanced antiviral CD8"* T cell response in mice infected
with MCMV lacking MCK2 coincided with lower production of IFN-a by plasmacytoid
dendritic cells, indicating a role of MCK2 in the activation status of dendritic cells
(Wikstrom et al., 2013). Furthermore, CCL2 is also released from spleens in response
to inflammation (Wikstrom et al., 2013). It has been reported that IFN-y play a crucial
role in inhibiting lytic MCMYV replication and controlling of MCMV infection (Gribaudo
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et al., 1993; Lucin et al.,1994; Krmpotic et al., 2003). Therefore, the production of IFN-
a, CCL2 and IFN-y cytokines in spleen was investigated, to test whether their
production is influenced by MCK2 or not. After harvesting of spleens of mice infected
with wt MCMV and the above described MCK2 mutants, the concentration of IFN-a,
CCL2 and IFN-y were measured in spleen homogenates using ELISA. For IFN-a
production, direct correlations were detected between viral titers and IFN-a levels in
spleens for wt MCMV and all MCK2 mutants. Infection of mice with (wt MCMV or
MCMV no chemokine) induced high levels of IFN-a in response to high titers in spleens,
whereas lower ranges of IFN-a were produced in mice infected with (MCMV no mck2 or
MCMV 1o complex) mutants, in response to the same titers. This opens the question of
the role of the gH/gL/MCK2 entry complex in IFN-a production. Additionally, infection
of mice with wt MCMV induced the higher levels of IFN-a, CCL2 and IFN-y production
than all MCK2 mutants. Therefore, the results of (Wikstrom et al., 2013) study could
be reproduced. These data imply that may be both of chemokine and gH/gL binding
domains of MCK2 work in a concert in the early stage of infection to regulate the

immune response and IFN-a, IFN-y and CCL2 productions.

5.5 Role of MCK2 as part of MCMV vaccine vectors

5.5.1 CMV as a vaccine vector

Not all pathogens are amenable to conventional vaccines, which predominantly induce
a humoral response. This raises the need for a new platform of vaccine vectors. Many
viruses like adenoviruses, adeno-associated viruses, vesicular stomatitis virus,
lentivirus, and vaccinia virus have been proposed as vaccine vectors which are able to
deliver vaccine antigens of different pathogens (Rollier et al., 2011; Méndez et al.,
2019). CMV can induce a potent and long-lasting CD8" T lymphocyte response
(Sylwester et al., 2005). In addition, the large genome of CMV allows insertion of
multiple foreign genes, which is of course desirable (Méndez et al., 2019). Therefore,
CMV have been investigated as vaccine vectors to deliver different vaccine antigens
and combat pathogens, like Clostridium tetani (Tierney et al., 2012), Mycobacterium
tuberculosis (Beverley et al. 2014; Hansen et al. 2018), Zaire ebolavirus (Tsuda et al.,
2011), influenza A virus (Zheng et al., 2019), respiratory syncytial virus (Morabito et
al., 2018), and human papillomavirus 16 (Nejad et al., 2019). Furthermore, CMV-

vaccine vectors have been investigated for immunotherapy to protect from cancers like
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prostate cancer (Klyushnenkova et al., 2012) and aggressive B16 lung metastatic
melanoma (Qiu et al., 2015). For safety concerns, CMV must be used in an attenuated
form to avoid serious diseases in immunocompromised people. Live-attenuated
RhCMV vaccine vector has also shown to be effective and could protect 59% of
vaccinated rhesus macaques (Hansen et al. 2019). Furthermore, a live-attenuated
HCMV vector could elicit robust effector memory T cell responses in rhesus macaques,
confirming that also a single-round CMV can be immunogenic and safe (Caposio et
al., 2019).

5.5.2 Vaccination with a RhCMV vector elicited unconventional CD8* T cell
responses

After vaccination of rhesus macaques with RhCMV strain 68-1 vaccine vector, which
lacks the pentameric complex and immunoregulatory genes including the homolog of
HCMV UL128, 50% of the vaccinated animals were protected from SIV infection
(Hansen et al., 2009; Hansen et al., 2013). Importantly, the protection of rhesus
macaques against SIV challenge was associated with the presence of MHC-E-
restricted CD8" T cell responses elicited by this RhnCMV68-1 vector (Malouli et al.,
2020). In addition to MHC-E—restricted CD8" T cells, vaccination with RhCMV68-1
vector elicited also unconventional MHC-lI-restricted CD8* T cell responses in
vaccinated rhesus macaques (Hansen et al., 2013). Repairing the pentameric complex
and HCMV UL128 homolog genes in the RhCMV68-1.2 vector, resulting in elimination
of the priming of MHC-E—restricted CD8" T cells and non-protection of the immunized
rhesus macaques against SIV infection (Malouli et al., 2020). This confirms the role of
the pentameric complex and viral chemokines in directing immune response elicited
by RhCMV vectors (Hansen et al. 2016; Fruh & Picker, 2017).

5.5.3 Do CMV chemokines affect the vaccination success?

The protection of macaques against SIV infection and the unconventional CD8* T cell
responses elicited after vaccination with RhCMV vectors lacking the pentameric
complex or HCMV UL128 homologs, raises the question of the contribution of
immunoregulatory genes to vaccination outcomes, and to what extent would the viral
chemokine UL128 and pentameric complex affect the vaccination success.

To understand the potential role of UL128 and the pentameric complex of HCMV in

shaping immune responses elicited by CMV vectors, the role of the viral chemokine
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MCK2 of MCMV in the vaccination of mice with MCMV vaccine vector was studied.
Does for example the chemokine function of MCK2, for which we could show that it
dampens the early antiviral CD8" T cell response, also affect the vaccination outcome
of an MCMV vaccine vector? Vaccination experiments were designed to test the
efficiency of MCMV vaccine vectors carrying different MCK2 mutations and expressing
the ORF6 of MHV-68 as a vaccine antigen. MHV-68 has been used before as a target
for vaccination (ElI-Gogo et al., 2007; El-Gogo et al., 2008; Boilesen et al., 2019;
Samreen et al., 2019). MHV-68 ORF6 codes for a single-stranded DNA binding protein
and is known for its ability to induce CD8" T cell responses in C57BL/6 mice
(Gredmark-Russ et al., 2008). Furthermore, the CD8" T cell response to epitopes
derived from ORF6 is well characterized and known to control early MHV-68 infection
(Liu et al. 1999; Stevenson et al. 1999; Obar et al. 20006).

5.5.4 Control of lytic infection in lungs is MCK2-independent

Here, after one round of immunization of mice with MCMV vaccine vectors (wt ORFG,
MCMV no chemokine ORF6, MCMV no complex ORF6, and MCMV no mckz ORF6), 5-10% of
the CD8" T cells were IFN-y-positive after stimulation with ORF6 peptide at day 8 p.i.
Notably, MCMV vectors lacking the chemokine, but still able to form the gH/gL complex
induced the highest ORF6-specific CD8" T cell response. Yet, these early differences
between MCMV vaccine vectors did not translate into different protection from MHV-
68 lytic infection, and all vaccinated mice could equally control lytic infection in lungs
after MHV-68 challenge. Furthermore, the comparable control of virus replication in
lungs of immunized mice was correlated with comparable ORF6-specific CD8* T cell
responses at day 6 after MHV-68 challenge. Consequently, MCK2 does not play a role
in the protective effect of MCMV vaccine vectors against MHV-68 lytic infection in
lungs.

Interestingly, MCMV vaccine vectors used here were more efficient than MVA vectors
in controlling MHV-68 lytic infection in lungs. After prime-boost immunization of mice
with MVA-OVA vectors and challenge with MHV-68 virus expressing foreign antigen
(OVA) (El-Gogo et al., 2007), MVA vectors could reduce the viral titers in lungs of
immunized mice by about 1 log (Figure 43a). Here, MCMV vaccine vectors showed a
reduction of about 2 logs after only one round of immunization (Figure 43b).
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Figure 43: Comparison between MVA-vaccine vectors and MCMV vaccine vectors for reduction
of viral titers in lungs of immunized mice after MHV-68 challenge.

a) C57BL/6 mice were immunized twice with MVA-OVA, at day 56 after the second immunization, the
mice were challenged i.n. with MHV-68-OVA. At day 6 post-challenge, mice were sacrificed, lungs
harvested, and viral titers determined (EI-Gogo et al., 2007); b) C57BL/6 mice were immunized with
MCMV vaccine vectors. After 42 days, the mice were challenged i.n. with MHV-68. The mice were
sacrificed at day 6 post-challenge, lungs harvested, and viral titers determined.

5.5.5 Protection of vaccinated mice against MHV-68 latency is MCK2-dependent
Another important aspect of vaccination against herpesviruses is protection from latent
infection. After immunization of mice with MCMV vaccine vectors, mice were
challenged with MHV-68 at day 42 p.i. The mice were sacrificed at day 17 post-
challenge, the timepoint of establishment of early MHV-68 latency. Spleens were
harvested to determine the degree of splenomegaly and the frequency of reactivating
splenocytes, which reflect the latent viral load in spleen. In all of the immunized mice,
spleen weights, the frequency of reactivating splenocytes and the copies of viral
genome in spleen cells were significantly reduced at day 17 post-challenge, confirming
a protection from latency by MCMV vaccine vectors. Interestingly, the MCMV vector
lacking both the chemokine and the complex-binding functions of MCK2, was the least
effective vector, whereas the MCMV vector lacking only the chemokine function could
provide the best protection against MHV-68 latency after calculating latency. This
indicates that the chemokine and the complex-binding functions of MCK2 play
separate roles in modulating the immune response. Consequently, the vaccination
efficiencies of MCMV vectors carrying MCK2 mutations suggest a role of MCK2 in

protection from MHV-68 latency.
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Furthermore, MCMV vaccine vectors could provide higher protection for immunized
mice against MHV-68 latency, than MVA vectors. After prime-boost protocol of
immunization with MVA-ORFG, the frequency of splenocytes reactivated from latency
was reduced in the immunized mice (Samreen et al., 2019) (Figure 44a), but after
single dose of immunization of mice with MCMV vaccine vectors (wt ORF6 or MCMV
no chemokine ORF6), the frequency of reactivated splenocytes was drastically reduced to
a degree that its calculation was not possible, as shown in Figure 44b. Whereas the
protective efficiency of MCMV vector lacking MCK2 is rather like MVA vectors,
confirming the importance of an immunomodulatory protein like MCK2.

a) MVA-vaccine vector b) MCMV-vaccine vector
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Figure 44: Comparison between MVA-vaccine vectors and MCMV-vaccine vectors for their
protection against MHV-68 latency.

a) C57BL/6 mice were prime-boost vaccinated with MVA-ORF6. After 4 weeks, the mice were
challenged with MHV-68. Spleens were harvested at day 17 post-challenge to determine latent viral
load by ex vivo reactivation of splenocytes (Samreen et al., 2019); b) C57BL/6 mice were vaccinated
with MCMV vaccine vectors, After 6 weeks, the mice were challenged with MHV-68. Spleens were
harvested at day 17 post-challenge to determine latent viral load by ex vivo reactivation of splenocytes.

The differences between MCMV vaccine vectors in protection against MHV-68 latency
are unexplained so far and were not correlated with CD8" T cell responses. All the
MCMV vectors elicited a comparable ORF6-specific CD8" T cell response at day 17
post-challenge. The empty MCMV vector suppressed anti-MHV-68 CD8" T cells,
indicating that MCMV vectors may shape the antiviral response in general.

The differences between MCMV vaccine vectors may also be attributed to their
capacity to prime protective CD4" T cells, which may control establishment of MHV-
68 latency. The ORF6-specific CD4* T cell response was reduced in mice immunized
with MVA-ORF6 vaccine vectors at day 17 after MHV-68 challenge. Recently, the

decline in ORF6-specific CD4* T cell responses was associated with protection
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against MHV-68 latency (Samreen et al., 2019). Therefore, evaluation of ORFG6-
specific CD4* T cell response and neutralizing activities in serum of mice vaccinated
with MCMV vaccine vector may be helpful to interpret the differences between the
protective efficiency of MCMV vaccine vectors against MHV-68 latency.

Notably, MCMV vaccine vectors elicited stronger CD8" T cell responses than MVA
vector expressing the same vaccine antigen (ORF6 of MHV-68), and at the same
timepoints. After immunization of mice with MVA-ORF®6, only 2% of ORF6-specific
CD8* T cells were elicited at day 8 p.i., whereas MCMV vaccine vectors elicited higher
ORF6-specific CD8" T cell responses (5-10%). Furthermore, only 0.2% of ORFG6-
specific CD8" T cells were induced by MVA-ORF6 vector at day 35 p.i., indicating that
they showed contraction at the memory phase of infection. In contrast, ORF6-specific
CD8" T cell responses elicited by MCMV vaccine vectors maintained at high
frequencies until day 59 p.i. and did not contract, underlining the capacity of MCMV
vectors in eliciting strong CD8™ T cell responses

5.5.6 MCMV vaccine vectors compared to RhCMV vaccine vectors

The finding that MCMV lacking MCK2 equally protects from lytic infection of MHV-68,
contradict the observations made with RhCMV, where a RhCMV vector lacking the
MCK2 functional homolog provided the best protection for immunized animals against
S|V infection (Hansen et al., 2009; Hansen et al., 2013). Yet, it should be taken into
consideration that in the RhCMV-SIV model, patterns of many CD8" T cell epitopes
were analyzed, while here only one epitope was investigated.

Infection of mice with MCMV has been proven to be a good model to study and predict
the vaccination outcomes of RhCMV vaccine vectors. CMV-based vaccines against
Mycobacterium tuberculosis have been investigated using MCMV and RhCMV
vaccine vectors in mice and rhesus macaques. Both MCMV and RhCMV vaccine
vectors could modulate the early innate immune response of their respective hosts,
which was associated with their protection efficiency against Mycobacterium
tuberculosis (Beverley et al. 2014; Hansen et al. 2018; Méndez et al., 2019). Moreover,
the influence of previous CMV infection on the efficiency of CMV vaccine vectors was
investigated using MCMV vaccine vectors. Like RhCMV, MCMV vaccine vectors has
been shown to be immunogenic and could provide protection for mice with prior
exposure to MCMV infection (Hansen et al., 2018; Beyranvand Nejad et al., 2019).
This indicates that MCMV vaccine vectors could be a good starting point to predict the
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vaccination outcomes of RhCMV vaccine vectors. However, infection of mice with
MCMV may be not the suitable model to study all aspects of immune regulation and
especially the MHC-E-restricted CD8" T cell response cannot be covered, since
eliciting of MHC-E CD8" T cell restriction may be associated with recognition of
specific epitopes, which are not recognized or processed in mice.

5.6 Outlook

In this thesis, it could be demonstrated that the chemokine activity and the
gH/gL/MCK2 complex are distinct functions of MCK2. This is important for future
studies to investigate in depth the contribution of the chemokine and complex-binding
functions of MCK2 to MCMV infection, and may provide new therapeutic targets for
the development of vaccines against CMV infection. Currently, the pentameric
complex of HCMV draw much attention as a potential target for vaccination against
HCMV, as a major target of neutralizing antibodies. Considering the findings in this
thesis, it has to be taken into account that antibodies neutralizing MCK2 may also
affect the antiviral immune response, and thus neutralizing antibodies target
pentameric complex of HCMV may become counterproductive treatment strategies.

The contribution of viral chemokine and gH/gL/chemokine complex to vaccination
success using CMV-based vectors, may be dependent on the pathogen under
investigation. For example, the pentameric complex component and viral chemokines
of RhCMV play a vital role in protection of rhesus macaques from SIV infection, but
they have no role in protection from tuberculosis (Hansen et al. 2018). Consequently,
investigating MCMV vaccine vectors against another pathogen or a vaccine antigen,
which elicits predominantly a humoral response will be also interesting to get a more
complete picture of CMV as vaccine vectors. Still, understanding the mechanism
through which viral chemokine or entry complex promote the establishment of CMV

infection is expected to reveal new targets for preventing CMV infection.
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7. Appendix

7.1 List of abbreviations

aa
ADCC
APCs

APS
BAC
BSA

CAM
CCMV
cDC
CMV

CPE
DMEM
DMSO
DNA
dNTP
E.coli
EDTA
ELISA
FACS
FCS
FITC
gB (H, L, M, N, O)
h

HA

HCMV
HIV
HPV
HSCT
AV

amino acid
antibody-dependent cellular cytotoxicity

antigen presenting cells

ammonium persulfate
bacterial artificial chromosome

bovine serum albumin
chloramphenicol
chimpanzee cytomegalovirus
conventional dendritic cell
cytomegalovirus

cytopathogenic effect

Dulbecco’s Modified Eagle Medium
dimethyl sulfoxide
desoxyribonucleic acid
desoxynucleotide triphosphate
Escherichia coli

ethylene diamine tetraacetic acid
enzyme-linked immunosorbent assay
fluorescence activated cell staining
fetal calf serum

fluorescein isothiocyanate
glycoprotein (H, L, M, N, O)
hour(s)

hemagglutinin

human cytomegalovirus

human immunodeficiency virus
human papillomavirus
hematopoietic stem cell transplants

influenza A virus
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ICS

IFN

Hg
I
mM

min
MOl
MVA
Mo
pDC
nm
oD
ORF
OVA
PAGE
PBMC
PBL
PBS
PC
PCR
PDGF-a

intracellular cytokine staining
immediate early

interferon

intraperitoneal

intranasal

Inducible nitric oxide synthase
kanamycin

killer cell lectin-like receptor subfamily G member 1
murine cytomegalovirus

mouse embryonic fibroblasts
major histocompatibility complex
murine gammaherpesvirus 68
microgram

microliter

micromolar

molar

minute(s)

multiplicity of infection

Modified vaccinia ankara
macrophage(s)

plasmacytoid dendritic cells
nanometer

optical density

open reading frame

ovalbumin

polyacrylamide gel electrophoresis
peripheral blood mononuclear cells
peripheral blood leukocytes
phosphate buffered saline
pentameric complex

polymerase chain reaction

platelet-derived growth factor-a
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Pen/Strep
PEI
PFA
PFU
PTHrP
PRRs
RCMV
RhCMV
RT
RNA
RPL8
SCMV
SDS
SDS-PAGE
SIv
TAE

TC
TCID
TEMED
TLR
TNF
WB

Wit
ZEBOV

penicillin/streptomycin
Polyethyleneimine
paraformaldehyde

plaque forming unit

parathyroid hormone-related protein
pattern recognition receptors

rat cytomegalovirus

rhesus cytomegalovirus

room temperature

ribonucleic acid

murine ribosomal protein L8

simian cytomegalovirus

sodium dodecyl sulfate

SDS polyacrylamide gel electrophoresis
simian immunodeficiency
Tris-Acetate-EDTA

Trimeric complex

tissure cuture infective dose
N,N,N’,N’ — Tetramethylethylendiamin
toll-like receptors

tumor necrosis factor

Western Blot

wildtype

Zaire ebolavirus
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7.2 Publications and posters

This thesis describes work performed at the Max von Pettenkofer-Institute, in Munich between April

2017 and September 2020. Parts of the thesis were presented at conferences or will be published.

Publications to come

1. The MCK2 protein of murine cytomegalovirus: chemokine activity and gH/gL/MCK2-dependent entry
are independent functions. Marwa Eletreby, Thomas Deiler, Lucie Kubic, Katharina Jager, Josipa

Jerak, Laura Jochem, Krizan Jurinovic, Max Holzwarth, Barbara Adler

(in preparation).

2. The MCMV gH/gL/MCK2 complex as a target of neutralizing antibodies. llija Brizic, Katharina Jager,

Lucie Kubic, Marwa Eletreby, Stipan Jonjic, Barbara Adler
(in preparation).
Poster presentations

1. Marwa Eletreby, Katharina Jager, Ursula Rambold, Thomas Deiler, Lena Thiessen, Lucie Kubic,
Barbara Adler (2021). The importance of the viral chemokine MCK2 for MCMV vaccine vectors. 30th
Annual Meeting of the Society for Virology, 2021.

2. Marwa Eletreby, Josipa Jerak, Laura Jochem, Thomas Deiler, llia Brizic, Stipan Jonjic and Barbara
Adler (2018). MCK2-viral chemokine and key to entry. Gene center retreat (2018)
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