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Summary

The Epstein-Barr virus efficiently transforms primary B cells. In this thesis | show that this
process starts immediately after cellular exposure to viral particles that activate STAT3 and
p38/MK2, resulting in the expression of viral transforming genes. Indeed, virus binding to B
cells led to activation of intracytoplasmic tyrosine kinases and of STAT3. Tegument proteins
within the virion in turn activated the p38-MK2-ZFP36L1 pathway upon cellular entry,
independently of the viral DNA. ZFP36L1 is a stress response protein that targets transcripts
with an AU-rich 3’UTR and accordingly reduced IL-6 and TNFa transcription in infected cells.
Expression of viral latent proteins after infection amplified the viral effects on p38 and MK2,
but also on ZFP36L1, altogether resulting in a transitory and limited increase in IL-6 and TNFa
transcription and secretion. However, cytokine release was much stronger in some individuals,
which might have clinical consequences. p38 or STAT3 inactivation largely inhibited latent
gene transcription without impeding infection itself, showing that proteins present in the virion
influence events independent of virus entry. Thus, EBV virions are not merely vehicles that
allow injection of the viral DNA into the nucleus, but manipulate cellular pathways to initiate

transformation while modulating cytokine release.



Zusammenfasung

Das Epstein-Barr-Virus transformiert effizient primére B-Zellen. Diese Arbeit zeigt, dass der
Prozess der Transformation unmittelbar nach der Infektion der Zellen beginnt. Hierbei werden
STAT3 und p38/MK?2 aktiviert, was zur Expression von viralen Transformationsgenen fiihrt.
Die Bindung des Virus an B-Zellen fihrt zur Aktivierung von intrazytoplasmatischen
Tyrosinkinasen und STAT3. Tegumentproteine innerhalb des Virions aktivieren ihrerseits den
p38-MK2-ZFP36L1-Signalweg beim Eintritt in die Zelle, unabhéngig vom Vorhandensein
viraler DNA. ZFP36L1 ist ein Stressreaktionsprotein, das sich gegen Transkripte richtet, die
eine AU-reiche 3'UTR tragen, wodurch die IL-6- und TNFa-Transkription in infizierten Zellen
reduziert wird. Die postinfektiose Expression latenter viraler Proteine verstarkt die viralen
Effekte auf p38 und MKZ2, aber auch auf ZFP36L1, was insgesamt zu einem vortibergehenden
und begrenzten Anstieg der IL-6- und TNFa-Transkription und -Sekretion flhrt. Diese
Sekretion war in einigen Proben deutlich starker ausgepragt als in anderen und konnte klinische
Bedeutung erlangen. Die Inaktivierung von p38 oder STAT3 hemmt weitgehend die
Transkription latenter Gene, ohne dabei die Infektion selbst zu beeintrachtigen, was zeigt, dass
im Virion vorhandene Proteine die Ereignisse unabhangig vom Viruseintritt beeinflussen.
EBV-Virionen sind also nicht nur Vehikel, die die Injektion viraler DNA in den Zellkern
ermoglichen, sondern sie manipulieren auch zellulare Signalwege, um eine Transformation

einzuleiten und gleichzeitig die Freisetzung von Zytokinen zu modulieren.
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1. Introduction

1.1 The Epstein-Barr virus

1.1.1 Virion and genome structure

Epstein-Barr virus (EBV) was first discovered in 1964 by Epstein, Barr and Achong in a
cultured sample of Burkitt lymphoma cells (1). It belongs to the Herpesviridae family,
subfamily Gammaherpesvirinae, genus Lymphocryptovirus. It is the only virus in the
Lymphocryptovirus genus known to infect human beings, with the other viruses infecting Old
World and New World monkeys (2). As suggested by the genus name, these viruses prevalently
infect lymphocytes, specifically B lymphocytes, where they establish life-long latent infection
(3). In humans, EBV has also been described to infect epithelial cells, T- and NK-cells, as well
as smooth muscle cells (4). Over time, EBV has been identified as the etiological agent for
several malignancies, both of solid tissues and of the blood, as well as one of the pathogens
responsible for infectious mononucleosis (5). Recent epidemiological studies have confirmed
EBV involvement in multiple sclerosis development (6-9), and a link to other autoimmune

conditions has also been suggested (10).

1.1.1.1 Structure and composition of EBV viral particles

Viruses belonging to the Herpesviridae family are characterized by a common architecture,
with a membranous envelope containing a structurally defined proteic capsid in which the DNA
is contained. Between the envelope and the capsid, a layer of loosely associated proteins called
tegument is present. The envelope is characterized by the presence of glycoproteins, which

mediate the interaction with the cell receptors and subsequent fusion.
The capsid

The structure of EBV capsid has been resolved by cryo-electron microscopy in the past few
years (11-13). The capsid is characterized by an icosahedral symmetry with a diameter of
approximately 125 nm. Each capsid is formed by a total of 161 capsomers (150 hexamers, 11
pentons) and a portal complex at one of the vertexes. Hexamers and pentamers are formed by
the major capsid protein (MCP, BcLF1 in EBV) and form the main structure of the capsid, with
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pentons positioned at each vertex of the icosahedron, except the one occupied by the portal
complex, a cylindrical structure formed by 12 copies of BBRF1, and hexamers forming the rest
of the structure. Hexamers and pentamers are interconnected by a network of triplexes formed
by a dimer of the protein BDLF1 (Ta) and a monomeric BORF1 (Tc). The whole surface of
the capsid is decorated with proteins that can interact with the different structural components
of the capsid and that are involved in the various steps of capsid maturation and DNA
packaging. The small capsid protein (SCP, BFRF3 in EBV) is the main protein decorating the
capsid and it is present in a total of 6 copies for each hexamer, one per vertex. Two other
important proteins that are present on the capsid surface are BGLF1 and BVRF1. These two
proteins, together with the tegument protein BPLF1, form the capsid-associated tegument
complex (CATC), a structure that binds to the triplex adjacent to each penton, forming
altogether a star-shaped density that extends from the top of the penton to the adjacent triplexes
and exons. Interestingly, Li and colleagues have identified that only 20% of the penton vertices
are actually occupied by the CATC (12). This probably correlates to its function of both
stabilizing the capsid and increasing the intra-capsid pressure which is required for the efficient
ejection of the genome into the nucleus.

Figure 1.1: 3D structure of EBV capsid. 3D reconstruction of the portal region (left) and an adjacent
penton (right) as obtained by high-resolution cryoEM. Single proteins or protein complexes are
colour-coded as indicated in the legend. Adapted from Z. Li, et al., CryoEM structure of the
tegumented capsid of Epstein-Barr virus. Cell Res. 30, 873-884 (2020).

The tegument
The tegument is composed of proteins produced during the lytic phase that gets incorporated
into the virion and that serve several functions during the infection process (14). Mass

spectrometry analysis of fully formed EBV particles performed by Johannesen, Luftig and

colleagues identified the components of the tegument (15). The analysis revealed the presence
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of 13 viral proteins, plus additional host proteins such as actin, tubulin, cofilin, and HSP-70.
The identified EBV proteins were: BNRF1 (MTP, major tegument protein,), BPLF1 (LTP,
large tegument protein), BOLF1 (LTPBP, LTP-binding protein), BGLF4, BBLF1 (MyrP,
myristoylated protein), BGLF2 (MyrPBP, MyrP-binding protein), BSRF1 (PalmP,
palmitoylated protein), BKRF4, BRRF2, BLRF2, BVRF1, and BGLF1 (See Table 1).
Functional studies of the identified tegument proteins have revealed that they can participate
in the virus production step, as shown for BGLF2 and BOLF1 (16), or be essential in the
infection process, as shown for example for BNRF1 (17, 18). However, the function of many
tegument proteins has not been fully described, especially because they can play different roles

during the productive phase of lytic replication or during the early stages of infection.
The envelope

The membranous envelope that surrounds and delimits the viral particle is characterized by the
presence of several glycoproteins. EBV encodes for a total of 13 glycosylated proteins, 11 of
which have been detected in enveloped viral particles (15). The glycoproteins detected in the
viral particles and present in the envelope are: BLLFla/b (gp350/220), BKRF2 (gL, gp25),
BXLF2 (gH, gp85), BZLF2 (gp42), BALF4 (gB, gp110), BILF2 (gp78), BDLF3 (gp150),
BBRF3 (gM), BLRF1 (gN), BMRF2, and BDLF2. BLLF1, BKRF2, BXLF2, BZLF2, and
BALF4 are all involved in EBV's ability to bind and enter into target cells and define EBV
tropism towards epithelial cells or B cells (19). BDLF3 has been recently associated with the
ability of EBV to escape immune surveillance by downregulating antigen presentation via
MHC class I, class I, and CD1d (20, 21). BBRF3 and BLRF1 form a complex which is
required for the proper enveloping of newly formed viral particles and interacts with the host
protein p32 in the process (22). BDLF2, originally described as a tegument protein, has been
later identified as a type 11 glycosylated protein interacting with BMRF2 (23), and with BMRF2

possibly involved in infection of epithelial cells (24).
1.1.1.2 EBV genome structure

EBV is a double-strand DNA virus (class | of the Baltimore classification) with a genome
length of approximately 172 kbp, with different strains and viral isolates differing slightly in
the total length (25). The EBV genome exists in two conformations: during latency, it is present

in a circular form associated to the host genome, known as an episome (26); during lytic
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reactivation it becomes linearized to allow for replication and gets incorporated as such in the
viral capsid (27). Replication during these two stages is controlled by three different origins of
replication, one used for maintenance of the circular genome during latency, called oriP (28),
and two selectively used for the amplification of the genome during lytic reactivation, called
oriLyt (27). Like other members of the Herpesviridae family, EBV contains terminal repeats

(TRs) at the two extremities of the linearized genome (29) which are essential for both the

BamHI Cp
LMP2A/B
miRNA BART L—* ’Z:.
. custer Il 6_1-__{mm,L ‘\\
3 i BamHl >
.@‘*/ by W O3 N
\,{6\ = | LMP-1p D . EBNA-LP
A& /‘\% ‘(\ \\
oF =) S~ // 3
of g \/ AN
miRNA BART
cluster | ﬁ\ \\
&%
' \
\ \
&
\ ? \
\\ é\ ‘\
\ 2 \
\ \
\‘ = \
\ \ \\
\ [ \
\ 'T" |
EBV plasmid =
~165 kbp : :
[ I
]
I

= -
- -

EBNA-3C 27
EBNA-3B " 5k
Immediate early gene Q EBNA-3A

-
——wal e

id protein

r activating the TATT promoters

Gene encoding protein for nuclear egress

Figure 1.2: The EBV genome organization. Transcriptional units, origins of replication, and
terminal repeats are indicated. Latent transcripts are reported on the outside, with exons marked as
grey rectangles. Promoters for these transcripts are also reported. Coloured lollipops identify
different groups of lytic genes as reported in the legend. The letters on the inside refer to the original
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Epstein-Barr Virus: The Path from Latent to Productive Infection. Annu. Rev. Virol. 3, 359-372
(2016).
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circularization of the incoming viral genome upon entry in the host cell (30) as well as the
encapsidation of the genome during viral particle production (31). Additional repeated regions

are present in the genome.

1.1.2 EBV life cycle

1.1.2.1 Viral entry
B cells

EBV interacts with the cell membrane of the target cell through different glycoproteins. Each
glycoprotein plays a role at a specific stage of the binding/fusion process. In B cells,
gp350/gp220 interacts with CD21 (CR2) promoting the initial binding of the virus to the target
cell. The binding is followed by the interaction of the trimer gH/gL/gp42 with HLA class Il via
gp42. This interaction promotes the conformational change that is required to reduce the
distance between the viral envelope and the cell plasma membrane (from open to closed
conformation). The now proximal membranes are then fused after the activation of gB,
triggered probably by the conformational change in the gH/gL/gp42/HLA complex (24, 32,
33).

Binding of EBV particles to the CD21 protein on the cell membrane induces EBV
internalization in a clathrin-independent manner and promotes the co-capping of the B cell
receptor (34, 35). The human CD21 is a transmembrane glycoprotein containing 15 or 16
stretches of 60 amino acids, each called short consensus repeats (SCRs), that together form the
extracellular domain. Even if most of the SCRs have unknown functions, SCR1 and SCR2
have been described as essential for gp350/gp220 and CD3d binding to CD21 (36-40). CD21
is anchored to the membrane through a short transmembrane domain (24 amino acids) and
protrudes in the cytoplasm with a cytoplasmic tail 34 amino acids long (41). Due to the limited
cytoplasmic domain of CD21, this membrane protein has been largely considered able to
regulate B cell activation through interaction with other membranous proteins, such as CD19
(42). However, already Balbo et al. described how pep34, a peptide corresponding to the
cytoplasmic domain of CD21, could prevent the proliferation of B cells exposed either to EBV
or C3d, possibly disrupting the formation of the signaling complex (43). The ability of CD21

to induce a signaling cascade independently of CD19 has been extensively investigated by the
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group of R. Frade (44-47). In the context of EBV infection, the role played by the cytoplasmic
tail is not fully clarified. An earlier report from Carel et al. showed that the cytoplasmic tail of
CD21 is essential for EBV infection (38), while a more recent analysis performed by
Arredouani et al. showed that it is dispensable, with latency being established (48). The
different results could be explained considering the different cellular systems employed for the
analysis, with the former transfecting a CD21 mutant lacking the cytoplasmic tail in two non-
B cell lines, and the latter using two pre-B-cell acute lymphoblastic leukemia cell lines. For
this reason, the role played by the cytoplasmic tail of CD21 in the events that follow virus

binding has still to be determined.

As previously mentioned, EBV establishes several interactions on the cell surface of B cells
during the early stages of infection. In addition to binding to CD21, gp350/220 is able to bind
to CD35 (49), while the complex gH/gL/gp42 interacts with MHC class 11 (50, 51). CD35 has
been shown to bind to gp350/220 and allow cell infection when co-expressed together with
MHC class 11 (49). The interaction between gp350/220 and CD35 involved the same domain
of gp350/220 that is responsible for the binding to CD21, while multiple domains are mediating
the binding for CD35. This was proven experimentally by using mutant variants of CD35
lacking different portions of the extracellular domain. These mutants were all able to allow
binding but were not able to sustain infection. Another substantial difference that the authors
highlighted was that the kinetic of infection was different when mediated by CD21 and when
mediated by CD35. Infection through binding to CD35 was indeed significantly slower, with
a delay in the detection of EBV infection up to 18 hours, and more sensitive to a reduction in

the temperature.
Epithelial cells

Infection of epithelial cells occurs in a different manner than what is described for B cells.
Indeed, infection does not require the expression of CD21, which in the nasopharynx is limited
to tonsil epithelium (52). Binding and entry into epithelial cells, therefore, require a different
set of glycoproteins, which includes the gH/gL complex, BMRF2, and gp110. gH/gL can
interact with integrin avp5, avp6 or avp8 on the surface of epithelial cells (53, 54) via the
integrin-binding KGD motif (55), although recent evidence has shown that an av knockout in

epithelial cells did not affect viral infection (56). More recently, a new interaction partner for
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gH/gL has been identified, the Ephrin receptor A2 (EphA2) (56, 57). Silencing or knockout of
EphA2 impaired the infection of epithelial cells, proving that EphA2 is indeed the receptor
required for EBV infection of epithelial cells. Another factor which has been shown to play a
role during the infection of nasopharyngeal epithelial cells and to interact with gH/gL is the
nonmuscle myosin heavy chain IIA (NMHC-I1A), a protein normally located in the cytoplasm
(58). Xiong and colleagues discovered that when cultured under certain conditions,
immortalized nasopharyngeal epithelial cells form spheroid-like aggregates that could be
infected by EBV with higher efficiency compared to cells cultured as a monolayer.
Interestingly, these cells express NMHC-IIA on the cell surface. The authors discovered that
NMHC-IIA on the cell membrane interacts with the gH/gL complex, supporting EBV
infection. Indeed, when NMHC-1IA was knocked down via SiRNA, the infection rate was
significantly affected.

BMRF2, a multispan membrane protein, binds to two integrins, a3p1 and a5p1, via the RGD
motif located in one of its extra-cellular loops (59, 60). This protein was shown to be required
to sustain EBV infection in epithelial cells by allowing binding and fusion, and no effect was
shown when B cells were considered (61).

In epithelial cells, gB plays an additional role besides that of the fusion protein by interacting
with the cellular protein neuropilin 1 (NRP1) (62). This interaction is mediated by aa 23-88
and aa 428-431 of gB, with both domains being essential for the binding. Binding of gB to
NRP1 results in the activation of the epidermal growth factor receptor (EGFR) signaling
pathway, which induces AKT and ERK. Additional pathways could be activated upon gB
interaction with NRP1, given that it acts as a co-receptor for receptor tyrosine kinases (RTKS)
(63).

Additional mechanisms have been identified for the infection of epithelial cells that rely on
cell-to-cell interactions. The first to be described was the cell-mediated transfer infection, in
which EBV loaded B cells showed to be a viable mean to transfer and infect epithelial cells
(64-66). The mechanism of infection was defined in vitro using a model of polarized epithelial
cells, and it was shown that transfer infection required the establishment of interaction between
CD11b on B cells and CD44v3 on the basolateral membrane of epithelial cells, as well as the

interaction of gH with cellular integrins and fibronectin on the receiving cells (65). Another
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process described for the infection of epithelial cells is the so-called in-cell infection, where

EBV infected B cells form cell-in-cell structures that allow for the efficient infection of

B cell entry Epithelial cell entry Figure 1.3: Cellular proteins
involved in EBV infection of B
cells and epithelial cells.
Modified from J. Chen, R.
Longnecker, Epithelial cell

infection by Epstein-Barr virus.
FEMS Microbiol. Rev. 43,
674-683 (2019). Created with
BioRender.com.

¢

CcDh21 CR35 MHC-Il Integrin NMHC-IIA EphA2 NRP1

gp350 gp42 BMRF2 gH/gL gp110

otherwise non-susceptible epithelial cells (67).

1.1.2.2 Latency

EBV life can be distinguished into a latent, non-productive phase, and a lytic and productive
cycle during which new viral particles are released. Under physiological conditions, EBV
infects resting naive B cells (68, 69) and establishes life-long lasting latent infection in resting
memory B cells, which eventually do express only a few viral genes (70-72). In vitro, however,
EBV establishes a latent infection that is able to immortalize the infected B cells, generating
lymphoblastic cell lines (LCL), and which is defined by the expression of all latency-associated
genes (73-75). Several different latency programs have been identified and EBV-related
malignancies have been characterised based on these latency programs. Each latency program
is defined by the set of viral proteins being expressed, with only the non-coding RNAs EBERs
and BARTS being expressed throughout all the stages (see Table 2, for a summary of latent

protein function see Table 3).

Latent protein expression begins with the expression of EBNA2 and EBNA-LP, driven from
the W promoter (76-79) and then by the C promoter shortly after infection (80, 81). Initial
expression from the W promoter is regulated by the host transcription factor BSAP/PAX5 (82,
83). EBNAZ2 is then responsible for inducing the expression of the other latent genes from the
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C promoter, which drives the expression of EBNA3A, 3B, and 3C, as well as EBNA1 (81, 84,
85). EBNAZ2 is also responsible for the expression of LMP1 and LMP2, although EBNA2-
independent expression has been described for both genes (86, 87). The EBV-encoded
miRNAs (BARTS), as well as EBERSs, are regulated by different promoters, and only BHRF1
expression begins from the C promoter (88). It has been shown, both at early time points during
natural infection and in vitro during the generation of LCLs, that a latency stage, called 1lb,
precedes type Il latency and it is characterized by the lack of expression of LMP1 and LMP2
proteins while EBNAs and non-coding RNAs are being expressed (89-91) (reviewed in (92)).
After latency Ill, once the cell has reached the germinal center, it switches to latency lla,
characterized by the expression of EBNAL, which is regulated at this stage by the Q promoter,
LMP1 and LMP2, and noncoding RNA (25). Latency program | and O are limited to the
duplicating and resting memory B cells, respectively (25). During latency 0 only the non-
coding RNA EBERs and BARTS are expressed, while maintenance of EBV episomes during
cell duplication is ensured by the Qp-driven (76, 93, 94) expression of EBNAL (70, 72).

1.1.2.3 Lytic replication

Expression of lytic genes occurs at two different stages during the EBV life cycle. During a so-
called pre-latent stage, which follows shortly after the expression of the first latent genes, the
partial activation of the EBV lytic cascade has been detected, although no viral particle is
produced at this point (95-102). Several lines of evidence have shown that this abortive step is
required for transformation, with genes involved in immune evasion (99) and cell survival
(103) being expressed. This initial lytic phase is induced independently of BZLF1 activity, but

rather as the result of leaky expression due to the lack of methylation on the viral genome (102).

In healthy carriers, EBV lytic reactivation and production of viral particles occur only in plasma
cells (33). The current hypothesis is that resting memory B cells, upon engagement of the B
cell receptor, become activated and begin differentiating into plasma cells. The plasma cell
differentiation program, via the transcription factors XBP1 and BLIMP1, induces the
expression of BZLF1, therefore promoting the activation of the lytic cycle (29, 30, 31). By
promoting the downregulation of the B cell receptor and the secretion of complement, the lytic
cycle fosters the differentiation into plasma cells (32). In pathological conditions, such as the

case of nasopharyngeal carcinoma (104), EBV reactivation is a characteristic of the disease
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and can contribute to oncogenesis via different mechanisms (reviewed in (105)). In vitro, LCLs
generated with some viral strains have shown the ability to spontaneously undergo lytic
replication (106). Induction of lytic replication can also be obtained by treating LCL with
sodium butyrate combined with TPA (107) or by B cell receptor crosslinking (108). Other
stimuli have also been described to reactivate lytic replication in latently infected B cells, both

in vitro and in vivo (109).

Activation of the lytic cascade results in the expression of nearly all the EBV transcription units
(110). Lytic genes have been classified into immediate early (IE), early (E), and late (L) based
on the timing of their expression. Two immediate early genes, BZLF1 and BRLF1, act as
transactivators and are responsible for inducing all other lytic genes. BZLFL1 is a transcription
factor similar to human AP-1 and CREB (111, 112) and binds to BZLF1-responsive elements
(ZRE) located in the promoters of viral and human genes and induces their expression (113,
114). Interestingly, BZLF1 specifically binds to methylated CpGs, which are abundant in lytic
gene promoters of latently infected cells (115-117). BZLF1 also binds to oriP during lytic viral
DNA synthesis (118). BRLFL1 acts as a transcriptional factor and co-factor, either by directly
binding to BRLF-responsive elements (RRE) or by interacting with other transcriptional
factors, inducing the expression of the genes downstream (119-122). Induction of BZLF1 and
BRLF1 results in the expression of early genes, among which the components of the DNA
replication complex: BALF5 (core DNA polymerase); BALF2 (single strand DNA binding
protein); BMRF1 (processivity factor); BSLF1 (primase complex), BBLF2/3/4 (helicase
complex), and BKRF3 (uracil DNA glycosylase) (118, 123-125). Viral genome replication
occurs by a combination of semiconservative and rolling circle amplification which results in
the formation of concatemers (126, 127). This amplified viral DNA is then used as a template

by the viral preinitiation complex (vPIC) for the expression of late lytic genes, among which
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many structural genes required for viral particle production (128-134). Single copies of viral
DNA are then cleaved by a terminase complex within the terminal repeats (31, 135). Viral
DNA is then loaded into nucleocapsids which will be transfer to the trans-Golgi network. Here
they will acquire both tegument and envelope before being released by the cell (109).

1.1.3 Immune response against EBV

In the majority of cases, EBV infection occurs without the development of symptoms. Due to
the asymptomatic course of the infection, the immune response against EBV has been studied
mainly through the lenses of some of the pathologies associated with EBV infection. Infectious
mononucleosis (IM) and various other primary immunodeficiencies have given the opportunity
to understand the role played by the innate and adaptive immune response against EBV
(reviewed in (136-138)). Infectious mononucleosis is normally detected in adolescents and
young adults and it manifests with pharyngitis, cervical lymph node enlargement, fatigue, and
fever (139). Several explanations have been proposed as to why EBV infection has a higher
probability to manifest as infectious mononucleosis with increasing age (140), and some
studies have identified genetic variants in the human leukocyte antigens (141, 142) and TLRs
(143) associated with IM. During symptomatic infection, an expansion of NKG2A+ natural
killer cells (NKG2A+ NK), natural killer T cells (NKT), yo T cells, and CD8+ of T cells has
been observed (144-146). The different populations have been described to preferentially
target EBV-infected cells based on their latent/lytic expression pattern. Anti-EBV CD8+ aff T
cells preferentially target lytically replicating cells (147, 148). EBV-specific CD8+ T cells can
increase up to 5 or 10 times in absolute number (136, 149) and become more than 50% of the
overall CD8+ T cell population (136, 149-151). NK cells also respond to lytic antigens (144,
152), while both NKT cells and yd T cells respond to the expression of latent genes, with NKT
cells targeting type Il latently infected B cells (153, 154) and yo T cells type | latently infected
B cells, respectively (146, 155). Both depletion and adoptive transfer experiments in animal
models confirmed the importance of these subpopulations in controlling EBV infection and its
tumorigenic potential (156). In addition to peripheral immune cells, the NKG2A+ CD54+ NK
cells resident in the tonsils also play an important role in controlling EBV infection by releasing
interferon y and engaging through NKp44 (157, 158). Finally, the broad activation of CD8+ T
cells, as well as that of the other immune cells, results in high levels of proinflammatory and

immunomodulatory cytokines in the blood of IM patients (159-163) (reviewed in (164)).
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The innate and cell-mediated adaptive response is complemented by the humoral response,
with antibodies being secreted after infection and remaining detectable in most cases for the
rest of a person’s life (25, 165). Initial response results in the secretion of IgM against the viral
capsid antigen (VCA) and early antigen (EA), which fades a few weeks after. The IgG response
is delayed and initially directed against the total VCA protein and, shortly after, the small
capsid protein (VCA p18). IgG antibodies targeting the EBNA proteins, mainly EBNAL, only
arise several weeks post-infection, during the convalescence period, and slowly increase over
time. 1gG against VCA p18 and EBNA proteins are then found at stable levels for the rest of

life and can increase during lytic reactivation or in case of chronic infection.
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1.2 The signal transducer and activator of transcription 3

1.2.1 Overview of the JAK-STAT signaling cascade

1.2.1.1 The JAK protein family

The Janus kinase (JAK) family consists of four different proteins which act as non-receptor
tyrosine protein kinases, mediating the transduction of the signal initiated by the membrane
receptors. The four JAKSs identified are JAK1, JAK2, JAK3, and TYK2. They present a
conserved structure formed by the N-terminal FERM domain, an SH2 domain, the
pseudokinase domain, and the kinase domain at the C-terminus. The FERM domain and the
SH2 domain together are responsible for the interaction with the proximal box1/2 of the
cytoplasmic tail of the cellular receptor (166-168). The pseudokinase domain, a peculiarity of
JAK proteins, has structural homology with the kinase domain at the C-terminus but misses
the catalytic domain (169). It has been described to play a critical role in modulating the activity
of the true kinase domain and in its absence the kinase domain becomes constitutively active
(169-171). The kinase domain contains the two conserved tyrosine residues which are essential
for JAKs activation (172).

1.2.1.2 The STAT protein family

The signal transducer and activator of transcription (STAT) is a class of transcriptional factors
that mediate multiple intracellular signaling pathways. Identified in the 90s as the
transcriptional factors downstream of the interferon pathway activation, STAT proteins have
been identified as the final step in the signaling cascade activated by more than 35 cellular
receptors for cytokines, chemokines, and growth factors (173). This class comprises 7 members
which are involved in many basic cellular functions: STAT1, STAT2, STAT3, STAT4,
STAT5a, STATSHb, and STAT6. The seven members share a common structure with

characterized domains and conserved functions (172):

e An N-terminal domain (NTD) which promotes dimerization, interaction with the PIAS
co-activator protein family, and regulates nuclear translocation.

e A coiled-coil domain which regulates the import/export to and from the nucleus and is
involved in the binding to other transcription factors.
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e A DNA-binding domain which is responsible for binding to the regulatory sequence
located in the target gene. It also regulates the import/export to and from the nucleus.

e An SH2 domain which recognizes the phosphotyrosine motifs located in the
cytoplasmic tail of cytokine receptors. The SH2 domain is also involved in the
formation of homo- or heterodimers upon phosphorylation. The DNA-binding domain
and the SH2 domain are linked by the linking domain.

e A transactivation domain (TAD) which contains tyrosine and serine residues essential
for the phosphorylation-mediated regulation of STAT transcriptional activity (174).
The domain is also responsible for the interaction with other regulators of transcription
(175).

1.2.1.3 The JAK-STAT signaling cascade

The JAK-STAT signaling cascade can be distinguished into canonical and non-canonical
pathways. The canonical pathway requires the binding of a ligand to one of the JAK-STAT
associated receptors. The binding of the ligand to the receptor induces its dimerization which
results in the phosphorylation of the receptor-bound JAKSs. Phosphorylated JAKs are now
active and can phosphorylate the tyrosine residues in the cytoplasmic tail of the receptor they
are associated to. The phosphorylated tail is recognized by STATs which are then
phosphorylated by JAKs. Phosphorylated STAT proteins detach from the tail of the receptor
and form homo- or heterodimers which then translocate to the nucleus. Here they can act as
transcriptional factors (172).

The noncanonical JAK-STAT pathway collectively includes all the alternative ways in which
the activation of JAK and STAT differs from the events described for the canonical pathway.
This includes, but is not limited to, kinase-independent JAK activity, activity by non-
phosphorylated STAT proteins, and JAK-independent phosphorylation of STAT (reviewed in
(172, 176)).

Due to the importance that the JAK-STAT pathway has in many aspects of cell biology, several
positive and negative regulators modulate its activation and function. Three families of proteins
have been described to act as negative regulators of JAK-STAT activation: the protein inhibitor
of activated STAT (PIAS) family, the Suppressors of Cytokine Signaling (SOCS) and the
cytokine-inducible SH2 protein (CIS) families, and protein tyrosine phosphatase (PTP) family.
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Proteins belonging to the PIAS family act by blocking the DNA-binding ability of the STAT
dimers, recruiting other negative regulators or inducing SUMOylation of STAT complexes.
SOCS proteins are induced by STAT activation and act at the level of the receptor preventing
JAK kinase activity or the recruitment of STAT. Finally, phosphatases bind to phosphorylated
residues via their SH2 domain and dephosphorylate them, blocking the signaling cascade (172,
177).

Carcinogen IL-6R EGFR GPCR

e~ N N /\Extracellular Figure 15 STAT3 Signa“ng

cascade. Both canonical and

L]

oottt | eeseneeseainit ) b b M4 4L lImrreeessss.. NONCaNoONiIcal pathways are
P JAK JAK P src p P indicated. Positive and negative
l JAKp  Cytoplasm regulators are listed. Adapted from
—iSse H.-Q. Wang, et al., STAT3 pathway
SOcCs STAT3 .
! in cancers: Past, present, and future.
PTP STAT3 P MedComm 3, e124 (2022).
| —/
STAT3 P
d €1V1S
PIAS STAT3 P -
P d EIVIS ¢ N
y DDAV \
/ Target DNA mRNA Nucleus \

1.2.2 STATS3: general characteristics and functions

Originally identified in 1994 (178, 179), STAT3 is one of the most studied members of the
STAT family. Located on chromosome 17921, it is highly conserved between different species,
with only one amino acid difference between mouse and human (180). The main transcript,
STAT3a, contains 24 exons and a second isoform, STAT3p, is generated from an alternative
splicing acceptor in exon 23, resulting in the replacement of the last 55 amino acids with a
sequence of 7 amino acids specific to STAT3B. Due to this substitution, STAT3p is
characterized by the absence of the S727 phosphorylation site (181-183). Additional variants
have been identified, although little is known about their functions (184, 185). STAT3a and
STAT3p have been shown to play different functions (186) and to be different in terms of
specificity of DNA-binding and transcription activity (187). A germline knockout of both
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STAT3a and STAT3p resulted in the death of the embryo, a unicum among STAT proteins
(188). The lack of STAT3a also resulted in the death of the animals shortly after birth (186),
while mice lacking STAT3p were viable and fertile, although presenting hyperactivation of the
inflammatory cascade (186, 189).

JAKs FERM SH2 Pseudokinase Kinase

Figure 1.6: Structure of a general JAK
kinase and of the two STAT3 isoforms.
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Under physiological conditions, STAT3 activation can be induced by a plethora of stimuli,
including the IL-6 receptor family. Activation is mainly mediated by JAKSs, which are
responsible for the phosphorylation of tyrosine 705. However, other factors have been shown
to induce STAT3 Y705 phosphorylation without requiring the activation of JAKs. This
includes the epidermal growth factor receptor (EGFR) kinase (187, 190) and the spleen tyrosine
kinase (SYK) (191-193). Phosphorylation at Y705 is normally associated with the formation
of homodimers, although in certain conditions STAT3 can also interact with STAT1, STAT5a,
STATS5b and STAT4 (194). After activation, STAT3 translocates to the nucleus, where it binds
to the consensus sequence CCT(N)3GAA in the promoter of the target gene, although binding
to non-canonical motifs has also been described (180, 195). Unphosphorylated STAT3 can
also shuttle between the cytoplasm and the nucleus, where it can bind to other factors and
regulate the transcription of genes which do not carry the conventional STAT3 binding site
(196-199). STAT3a phosphorylation at serine 727, which can be carried out by several cellular
kinases, improves transcriptional activation of certain STAT3 targets (200-202). In addition,
STAT3 S727 can also prevent STAT3 Y705 phosphorylation (203).

Despite its primary localization in the cytoplasm and in the nucleus, STAT3 has been detected
also in the mitochondria and in the endoplasmic reticulum. In the mitochondria, STAT3 has
been shown to foster the activity of complex | and Il of the electron transport chain, bind to

regulatory elements of mitochondrial DNA and modulate mitochondrial gene expression, and
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regulate the mitochondrial permeability transition pore (204-207). Phosphorylation at serine
727 was thought to be required for STAT3 activity in the mitochondria, with no involvement
by Y705 (204, 208). More recent work from Peron et al. identified a new role for Y705 in the
mitochondrial import of STAT3, while confirming the previously described role of S727 in the
transcriptional activation of mMDNA (209). In the endoplasmic reticulum, STAT3
phosphorylated at S727 regulates ER Ca?* fluxes and apoptosis by interacting with IP3R3 and
promoting its proteasomal-dependent degradation, which in turn modulates the mitochondrial
Ca?* uptake (210).

Given the broad spectrum of activity in which STAT3 is involved, it is not surprising that
STAT3 dysregulation has been described in several pathologies. Increased STAT3 activity is
present in more than 70% of human cancers (211, 212). This is often the result of the
hyperactivation of upstream tyrosine kinases, the activity of oncoproteins like BCR-ABL
(213), and the inactivation of negative regulators. In lymphoid malignancies, activating
mutations of STAT3 have also been identified (214-216). The constitutively activated STAT3
acts as an oncogene (reviewed in (217-220)), promoting tumour development and/or
progression (221-227), resistance to treatment (228, 229), and immune regulation and evasion
(reviewed in (230, 231)).

1.2.3 STAT3 and immunity

Some of the functions that STAT3 performs in the context of the immune response have been
identified by studying the immune disorders associated with loss- or gain-of-function of
STATS.

One example of a condition caused by the loss-of-function (LOF) of STAT3 is the autosomal
dominant hyper immunoglobulin E syndrome (AD-HIES), also known as Job’s syndrome. This
condition can be caused by mutation of different regulatory genes, among which STAT3 (232).
STAT3-HIES is characterized by frequent bacterial infections of the skin and lungs, as well as
fungal infection of the oral cavity, hyperactive innate immune pro-inflammatory response,
abnormalities of the bone and connective tissue, and increased serum levels of IgE and reduced
memory B cells (232-235). One of the major contributors to the development of the clinical
manifestations of AD-HIES is the lack of STAT3-dependent IL-17 secretion by CD4+ T cells

which is required to generate a proper antibacterial response (236, 237). Loss-of-function of
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STATS3 is also responsible for the reduced expression of IL-22 that causes an impairment in
the epithelial barrier function (236-238), and for the reduced activity of memory CD8+ T cells,
resulting in recurrent EBV and VZV infections (239).

Gain-of-function (GOF) mutations in STAT3 affect mainly conserved residues different from
those identified in HIES and are clinically associated with autoimmune conditions such as type
| diabetes and solid organ autoimmunity (240-242). The clinical manifestation of the disease
is probably due to an increased DNA binding activity of STAT3 (240) and dysregulation of
other STAT signaling pathways (240-242). Patients carrying GOF mutations of STAT3 are
also characterized by a reduction in several immune cell compartments, including regulatory T
cells, plasmacytoid dendritic cells, natural killers, Th17 helper T cells, and class-switched B
cells (241).

As described in the previous sections, both LOF and GOF mutations in STAT3 affect the B
cell response. Naive B cells from AD-HIES patients showed partial alterations in the response
to IL-10 and 1L21 stimulation, two known modulators of B cell proliferation, class-switching,
and differentiation, and failed to activate the program required to differentiate into plasma cells
(235, 243, 244). The importance of IL-21 in the STAT3-mediated regulation of naive B cell
differentiation into plasma cells has been also confirmed by using conditional knockout mice
lacking Stat3 in the CD19+ B cell population (245). The authors showed that these mice present
fewer germinal centers and fewer post-GC cells, probably because of an increased apoptotic
rate. Using a similar model, Kane and colleagues (246) were also able to show that 1gG class
switching is only moderately affected by STAT3 deficiency and that the absence of STAT3
drives an aberrant switching towards the IgE phenotype. Moreover, the affinity maturation
process required to generate high-affinity antibodies was significantly affected by the lack of
STATS3, although the somatic hypermutation process was not affected, as shown by the similar

mutation rate between wild type CD19+ naive B cells and their STAT3 knockout counterpart.

Activation of the immune response as a result of the presence of a pathogen or of tissue damage
induces inflammation. One of the peculiarities of STATS3 is that, based on the tissue, the cell
type, and the activatory stimuli, STAT3 can either promote or suppress inflammation. When
STAT3 activation is mediated by IL-6 in secondary lymphoid tissues, it supports T and B cells

proliferation and survival, and promotes differentiation of Th17 T cells and follicular helper T
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cells, while limiting the formation of Foxp3+ regulatory T cells (247). On the other hand, the
IL-10-mediated activation of STAT3 has a completely opposite effect, promoting the
resolution of inflammation by inducing differentiation of CD4+ T cells into regulatory T cells
(248), suppressing the T helper 1 (Th1)-mediated response (249), and regulating apoptosis of
B cells (250).

1.2.4 Role of STAT3 during infections

As detailed in the previous section, STAT3 can play both pro- and anti-inflammatory roles
depending on the activating pathway. The activatory stimuli that are elicited during an infection
can induce high levels of STAT3 activation. Many viruses have developed ways of benefiting
from these high levels of STAT3 activation which result in the upregulation of pro-survival
and pro-proliferation genes (reviewed in (251-253)). In many cases, viruses are fostering
STATS3 activation either directly, by promoting the activation of pathways which result in
STAT3 expression and phosphorylation, or by targeting STAT3 negative regulators. This is
true for example for several Herpesviruses, such as HCMV, KSHV, VZV, and EBV itself.
HCMYV and KSHYV can induce STAT3 activation by increasing IL-6 secretion (254) or via viral
homologues of IL-6 and IL-10 (255-257). VZV has also been shown to induce STAT3
activation, even though a mechanism has not been elucidated yet (258). In addition, STAT3
inhibition using resveratrol was able to reduce VZV infection (259). EBV infection is also
linked to STAT3 activation through many different mechanisms. Phosphorylation of STAT3
occurs early after EBV infection of primary B cells (260), similarly to endothelial cells infected
with KSHV (261). In the context of the early events regulating transformation, STAT3
activation is important for the modulation of the DNA damage response and progression
through the cell cycle. STAT3 activation induces a caspase-activation cascade involving
caspase 9 and caspase 7 which results in the cleavage of claspin. The lack of claspin impairs
the ATR-mediated phosphorylation of Chk1 and, therefore, the activation of the intra-S phase
checkpoint in response to the viral-induced replication stress, allowing cell cycle progression
(262, 263). In vitro, latently infected primary B cells and EBV positive nasopharyngeal
carcinoma cell lines control STAT3 phosphorylation via the viral protein LMP1. Several
signaling pathways have been involved in the LMP1l-mediated activation of STATS3,
highlighting a self-sustaining positive feedback loop involving IL-6 (264) and EGFR (265,
266). Together with LMP1, EBNA2 has also been shown to regulate STAT3 activity by
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increasing STAT3 DNA binding capacity (267). In latently infected cells, STAT3 activation
level was shown to be important for the maintenance of latency via PCBP2 (268-270). In
Iytically replicating cells, BGLF2 was able to reduce STAT3 activation by blocking Tyk2
phosphorylation, therefore promoting lytic reactivation instead of latency (271).
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Figure 1.7: STAT3 in EBV infected cells. Different mechanisms of STAT3 activation during EBV
latent infection with downstream effects are reported. Inactivation of STAT3 mediated by BGLF2
during lytic replication is also visualized (right). Created with BioRender.com.
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1.3 The p38-MK2 signaling pathway

1.3.1 Overview of the signaling cascade

1.3.1.1 General aspects

Mitogen activated protein kinase (MAPK) signaling cascades are highly evolutionary
conserved pathways used by cells to respond to a very broad variety of extracellular stimuli. In
mammals, three major branches of the MAPK family have been identified: ERK1/2, p38, and
JNK.

p38a was initially reported in 1994 by four independent studies that looked at the response to
several stimuli including lipopolysaccharide (LPS), heat shock, and osmotic stress (272—-274).
p38a, encoded by the gene MAPK14 located on chromosome 6p21, has several isoforms with
unclarified functions. In addition, three more proteins with high homology with p38a have also
been identified: p38P, p38y, and p3856 (275). The high homology between the different p38
kinases results from a shared ancestor from which the different genes originated following
duplication events (276). As shown by animal models, despite their high structural similarity,
the p38 kinases differ in their tissue distribution and their functions, although with some

overlap (reviewed in (277)).

1.3.1.2 Signaling cascade: activation and regulation
Activation of the pathway

The canonical pathway of p38 activation is similar to other mitogen activated protein kinases
(MAPKSs) and requires the activation of MAPK kinase kinase (MAP3Ks) which in turn
activates the MAPK kinase (MAP2Ks). MAP2Ks are then responsible for phosphorylating and
activating MAPKSs, among which p38 itself. Different MAP3Ks have been shown to be able to
induce the downstream activation of p38, with some of them shared with other MAPKSs, mainly
JNKSs. The great variety of MAP3KSs which are able to induce the downstream activation of the
p38 signaling means that the pathway can be activated in response to several stimuli. MKK3
and MKKG6 are the two main MAP2K kinases that can specifically phosphorylate p38 (278),
although MKK4, which preferentially acts on JNKs kinases, can also activate p38a (279).
Activation of p38 occurs by phosphorylation of the threonine 180 and tyrosine 182 residues
located in the Thr-Gly-Tyr motif of the activation loop in the C-terminus (280). While in the
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absence of phosphorylation the protein has a low affinity for ATP, upon dual phosphorylation
the induced change in the 3D structure allows for a more open conformation that improves

substrate recognition and docking which, in turn, improves ATP binding (281, 282).

Two additional non-canonical mechanisms are responsible for the activation of p38 without
the involvement of both MAP3Ks and MAP2Ks. The first is mediated by TGF-Beta Activated
Kinase 1 (MAP3K7) Binding Protein 1 (TAB1), which can cause p38 activation either via the
canonical pathway or by inducing its autophosphorylation (283). The second mechanism is
mediated by ZAP70 and requires T cell receptor activation (284). ZAP70-mediated
phosphorylation occurs on tyrosine 323 of p38a and p38p and is sufficient to induce p38
autophosphorylation on Thr180. This monophosphorylation still maintains some kinase
activity, although with different substrate specificity (285). Interestingly, several autoimmune
disease animal models carrying a Y323F mutation in p38a and p38 showed a reduction in the

level of autoimmunity and inflammation (286-288).
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Figure 1.8: p38 signaling cascade. Both canonical and noncanonical pathways are indicated.
Adapted from B. Canovas, A. R. Nebreda, Diversity and versatility of p38 kinase signalling in
health and disease. Nat. Rev. Mol. Cell Biol. 22, 346-366 (2021).

Regulation of the pathway

Due to the many functions performed by p38, several layers of control ensure that p38 activity
is maintained at the required levels. Several phosphatases have been described to directly

dephosphorylate the p38 activation loop, with some, like DUSP1, being induced directly by
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p38 to generate a negative feedback loop. This is important for the expression of pro-
inflammatory genes (289), as well as for the regulation of stress-induced cell death (290, 291).
Direct regulation of p38 phosphorylation status is one of the several mechanisms adopted by
the cell to control the activity of the pathway. Other post-transcriptional modifications such as
acetylation of Lys53 (292), which promotes ATP binding, or methylation (293, 294) have also
been shown to play a role. In addition, binding to other proteins, including scaffold proteins
and importins, helps localise p38 to a specific cell compartment and integrate it with other
signaling pathways (275).

1.3.1.3 Downstream targets of p38
Due to the great versatility of the p38 signaling pathway, it is not surprising that p38 kinases
have been described to phosphorylate more than 100 substrates (reviewed in (295, 296)) which
are involved in a variety of functions: transcriptional factors, chromatin binding proteins, RNA
binding proteins, kinases, and structural proteins. Some of the main downstream targets of p38
are kinases themselves and are responsible for further amplifying the signaling cascade
(reviewed in (297)):

e The MAPK-activated protein (MAPKAP) kinase family members MK2, MK3 and
MKS5 (273, 274, 298-300).

e The mitogen- and stress-activated protein kinase (MSK) 1 and 2, that regulate
transcriptional factors and are involved in chromatin remodelling (301, 302).

e The MAP kinase-interacting serine/threonine-protein kinase (MNK) 1 and 2, which
regulate protein synthesis by phosphorylating the eukaryotic initiation factor-4e (elF-
4E) (303, 304).

MAPK -activated protein kKinase 2

MK2, together with MK3, plays a pivotal role in amplifying the signal induced by p38
activation, extending the target pool that can be regulated and controlled by the pathway.
Structurally, MK2 contains a proline-rich domain at the N-terminus, the kinase domain and a
nuclear export signal (NES) and a nuclear localisation signal (NLS) at the C-terminus (305).
Two isoforms of MK2 exist, with one presenting a longer N-terminus domain due to the usage
of a different translation initiation site (306).
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MK2 activation, which can be mediated only by p38 (273, 274), occurs via phosphorylation of
two residues located in the kinase domain (T220 and S272) and one located in the C-terminus
(T334) (307, 308). In its unphosphorylated form, MK2 resides in the nucleus. Once p38
activation has occurred, p38 interacts with the NLS of MK2 via its catalytic domain, resulting
in the phosphorylation of MK2 (309). p38 binding to the NLS masks it and causes the exposure
of the NES, allowing for MK2 to be exported to the cytoplasm via Exportin 1-dependent
mechanism (307, 308, 310). In the cytoplasm, the inactivation of MK2 is mediated by the E3
ligase Mdm2 which induces proteasome-dependent degradation (311).

Several proteins have been identified as targets of activated MK2. Among them, are proteins
involved in cell cycle regulation, RNA stability, DNA repair, cytoskeleton remodelling,
chromatin remodelling, gene expression, and cellular response to stress (reviewed in (297,
312)). One of the most studied functions of MK2 is the regulation of RNA binding proteins, in
particular of the adenine/uridine(AU)-rich elements binding protein (ARE-BP) class. These
proteins are principally involved in the regulation of mRNA transport, localization, and
degradation, providing a platform for the rapid switching on/off of translation. ARE BPs bind
to specific sequences in the mRNA, formed by stretches of adenines and uridines, which are
mainly located in the 3’"UTR of the target mMRNA (312, 313). In this group of proteins, MK2
regulates the ZFP36 protein family, Human antigen R (HuR), and AU-rich element RNA-
binding protein 1 (AUF1). In all three cases, MK2-mediated phosphorylation of these proteins
modifies the proteins’ ability to bind to their target as well as cellular localization. Interestingly,
if ZFP36 family members and AUFL1 play a negative role in promoting mRNA destabilisation
via a combination of decapping and deadenylation, HuR is instead able to promote mMRNA
translation (313). Overall, the activation of the p38-MK2 axis favours the expression of the
ARE-containing transcripts by inhibiting the activity of ZFP36 and AUF1 while promoting
HuR relocalization to the cytoplasm (312).

The ZFP36 protein family will be covered in detail in section 1.4.
1.3.2 p38-MK2 and immunity

The p38a -MK?2 axis plays a central role in regulating the immune response and inflammation.
However, its role is ambiguous since it can promote and suppress inflammation depending on

the activatory stimuli and the cell type. p38 ability to control cytokine release is an example of
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this duality. p38a can regulate cytokine secretion via different means. It can act directly, by
phosphorylating transcription factors or regulating mRNA translation, or indirectly via one of
the downstream kinases. In the case of the two pro-inflammatory cytokines IL-6 and TNFa,
p38a promotes their release by phosphorylating the transcription factor MEF2C (314, 315) or
by activating MK2 and MK3 as described in the previous section. At the same time, by
activating MSK1 and MSKZ2, can induce the phosphorylation of CREB and, therefore, the
expression of anti-inflammatory factors such as I1L10 (316). Not only p38 affects the secretion
of proinflammatory cytokines, but also their function. For example, the efficacy of the TNFa-
induced cell death is also regulated by MK2, which phosphorylates the kinase RIPK1,
preventing the induction of apoptosis (317-319).

In addition to controlling the release of soluble factors and their downstream signaling, p38
can also modulate the adaptive immune response. For example, Gurusamy and colleagues
showed that, in the context of antitumoral T cell-mediated response, p38 inactivation was able
to improve the T cell expansion, stemness, and genomic stability (320). This is also true for
cytotoxic T cells, where blocking the p38 cascade stabilises IFNARL, improving their viability
(321). On contrary, inhibition of p38 during V(D)J- or class switch recombination in T and B
cells has a detrimental effect on the cells’ fitness and survival (322). In B cells, p38 activation
was also shown to be important for both CD40-induced proliferation (323) and B cell survival

and proliferation upon B cell receptor activation and germinal center formation (324, 325).
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Figure 1.9: Downstream targets of the p38 pathway that are involved in the regulation of the
immune response. Adapted from B. Canovas, A. R. Nebreda, Diversity and versatility of p38 kinase
signalling in health and disease. Nat. Rev. Mol. Cell Biol. 22, 346-366 (2021).
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1.3.3 Role of p38-MK2 during infections

Due to the many functions that p38 can have, the role it plays in the context of viral infections
can be either pro- or anti-viral and many viruses have developed ways to induce or suppress
p38 activation in order to promote infection and viral replication (326, 327). Almost all the
members of the Herpesviridae family that are known to be pathogenic in humans have been
described to induce activation of the p38 pathway through different mechanisms during their
life cycle. HSV-1 infection, for example, was shown to induce p38 activation via the upstream
regulator MKK4/SEK1 (328, 329) or by inducing the production of reactive oxygen species
(ROS) (330). Inthe case of HCMV, it regulates p38 induction differently depending on whether
it occurs during the early or late stages of infection (331). On the contrary, for VZV the entrance
of the virus inside the target cell and the release of tegument proteins in the cytoplasm are not
sufficient to induce the activation of the p38 pathway, but de novo expression of viral genes is
required (332). In the context of KSHV infection, the Kaposin B protein can induce p38 and
MK2 activation, which results in the stabilization of cytokine mRNAs (333). Indeed, Kaposin
B-mediated activation of the p38/MK2 pathway induces the MK2-HSP27-p115RhoGEF-RhoA
signaling axis causing the disruption of the P-body network, which is involved in mRNA
degradation (334, 335). Interestingly, both ZFP36 and ZFP36L1 are known to be important
components of P bodies and are involved in the processing of the target mMRNA (336).

In latently EBV-infected cells, p38 is an important regulator of the transition between latency
and lytic replication due to its ability to regulate autophagy (337-339). In addition, the EBV
latent membrane protein 1 (LMP1), which is expressed during latency, activates p38 signaling
predominantly via its C-terminal activating region 2 (CTARZ2) in a TRAF6/IRAK dependent
manner and upregulates 1L-6, IL-8 and IL-10 expression (340-343). LMP1-mediated
activation of p38 is also establishing a positive feedback loop that increases the expression of
LMP1 itself (344).
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1.4 The ZFP36 protein family

1.4.1 General overview

RNA binding proteins (RBPs) constitute a regulatory network that is involved in the
maintenance of cell homeostasis. RBPs can perform their function by interacting both with the
target RNA, through an RNA binding domain, and with other proteins which are involved in
the network (345, 346).

In humans, one of the families of RBPs is the ZFP36 family, which includes ZFP36 (also
known as TTP), ZFP36L1 (also known as BRF1) and ZFP36L2 (also known as BRF2). The
proteins belonging to this family are characterized by the presence of a tandem zinc-finger
domain (TZF), a region of the protein spanning 64 amino acids which is responsible for binding
the single strand mRNA via the two CCCH zinc fingers. Due to the type of interactions that
are responsible for the binding of the zinc fingers to the ARE sequences and their limited
secondary sequence, the protein backbone is very important to determine ZFP36 family
members” specificity in the recognition of the target sequences (347, 348). This is probably
one of the reasons why there is high evolutionary conservation of the TZF across the different

eukaryotic species (349).

Another highly conserved domain within eukaryotes is the C-terminal domain. This domain
has been shown to interact with NOT1, an important component of the deadenylase CCR4-
NOT1 complex (350, 351). In human ZFP36 the N-terminal region also contains the ability to
interact with the CCR4-NOT1 complex, in particular with CCR4, as well as with proteins
involved in decapping, such as Dcpla/Dcp2, and the exosome component Rrp4 (352).

Besides the two highly conserved regions containing the TZF and NOT1-binding domains,
there is little conservation in the amino acid sequence either between family members in the
same species and between species. Two exceptions that show some level of conservation are
the nuclear export sequences that have been identified in the different ZFP36 family members,
both in mammals and in D. melanogaster (353, 354), and the phosphorylation sites that are

important for the functional regulation of these proteins.
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Despite a similar structure and ability to bind to the adenylate-uridylate-rich elements (ARES)
in the 3’ UTR of target mRNAs, the function and the binding ability of the three components
of the ZFP36 family are not completely overlapping and could be differently modulated based
on the cell type and the timing of the response (349, 355, 356). In recent years, several studies
aimed at identifying ZFP36 targets at a global scale have been performed and suggested that
ZFP36 binds preferentially to the UUAUUUAUU or UAUUUAU motifs present in the 3"UTR
of the mRNA (357-359). PAR-CLIP experiments showed that ZFP36 can also bind to the AU-
rich elements present in the introns, even though much fewer binding sites have been described
outside the 3’"UTR (358, 360). This preference can probably be explained by the fact that
ZFP36 exerts its function mainly in the cytoplasm on mature mRNA. Indeed, ZFP36 mediates
the degradation of the target mRNAs in cytoplasmic complexes called stress granules and
processing bodies (361-364).

Phosphorylation plays a pivotal role in the regulation of ZFP36 activity. Several kinases have
been described to be targeting it: p38, ERK, JNK, and AKT (365, 366). The p38 pathway, via
the activation of MK2, regulates ZFP36 ability to promote mRNA degradation (367, 368).
MK2 phosphorylates ZFP36 at Ser60 and Ser186 (corresponding to Ser52 and Serl78 in
mouse) (369). The phosphorylation at these two serine residues increases ZFP36 stability and
promotes the interaction with the adaptor protein 14-3-3 (367). According to Clement and
colleagues, the phosphorylation of ZFP36 results in its inability to recruit the Ccr4-Cafl-Not
and Pan2-Pan3 deadenylase complexes while still maintaining the binding to the target mMRNA.
The binding to the adapter protein 14-3-3 that follows ZFP36 phosphorylation inversely

correlates with the recruitment of these complexes and could directly inhibit their recruitment.

Since phosphorylation plays a pivotal role in the regulation of ZFP36 activity, two
phosphatases, DUSP-1 and the protein phosphatase 2A (PP2A), are mainly responsible for the
regulation of its activation status. DUSP-1, which is normally expressed at very low levels in
unstimulated cells, is induced by the same stimuli that activate the p38 MAPK cascade. By
dephosphorylating p38, as well as other MAPK, DUSP-1 generates a negative feedback loop
that can result in the termination of the inflammatory response (370, 371). Bone marrow-
derived macrophages in a murine model of Dusp1-/- showed a much stronger response to LPS
stimulation as measured via the secretion of several inflammatory cytokines. However, this

increase could be reversed by introducing a mutation at Ser52 and Ser178 of ZFP36, indicating
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that DUSP-1 plays a role in the regulation of ZFP36 activity by targeting p38 for
dephosphorylation (372). PP2A, on the contrary, acts directly on ZFP36 and it is responsible
for the dephosphorylation of Ser52 and Ser178 (373). The knock-down of Pp2a in a mouse
alveolar macrophage cell line (MHS cell line) resulted in increased phosphorylation of p38
MAPK, MK2 and ZFP36, as well as an increased interaction of ZFP36 with 14-3-3 and
increased expression of TNFo mRNA (373).

Other mechanisms are involved in the regulation of ZFP36 ability to target mRNAs for
degradation. Competition between ZFP36 and HuR for the binding of the AU rich elements in
the 3" UTR of target MRNAs has been shown to be modulated by the p38-MK2 axis. HUR, an
ARE-binding protein able to promote transcript stabilisation and translation initiation, was
enriched in the 3° UTR of ARE-containing transcripts, including ZFP36, upon treatment of
murine macrophages with LPS (374).

In addition, recent evidence has shown that ZFP36 family members can influence mRNA
translation not just by promoting mRNA degradation, but directly interfering with the
translation machinery (375, 376). ZFP36 can directly interact with the 4EHP-GYF2 complex,
a known translation repressor (377, 378), via its tetraproline-rich motifs. ZFP36L1 was also
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Figure 1.10: Structural overview of human ZFP36 family members and interactors of the
prototypical ZFP36 protein. (A) Overview of the different domains identified in the three human
ZFP36 family members. Alternative names for each protein are reported in brackets under the official
protein name (left). The total length of the amino acid sequence is reported for each protein (left).
Created with Biorender.com. (B) Schematic representation of the different interacting partners of
ZFP36 and their functions. Adapted from H. Otsuka, A. Fukao, Y. Funakami, K. E. Duncan, T.
Fujiwara, Emerging Evidence of Translational Control by AU-Rich Element-Binding Proteins. Front.
Genet. 10 (2019).
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recently found to block translation in parallel to previously described mechanisms of mMRNA
degradation (379). However, differently from what was observed for ZFP36, this inhibition
was not due to the interaction with the 4EHP-GYF2 complex but rather via a CNOT1-
dependent mechanism which did not require deadenylation of the target mRNA.

1.4.2 Functional studies

Total and tissue-specific knockouts of the Zfp36 family members have been generated in mice
to study their function, especially in the context of the immune system. The first to be described
was a total knockout of Zfp36, which resulted in the development of a severe inflammatory
syndrome characterized by destructive arthritis, cachexia, autoimmune response and myeloid
hyperplasia (380). This phenotype was later associated with an increased expression of Tnf
MRNA, which was identified to be a target of ZFP36 (381). The lack of Zfp36 also resulted in
the increased stabilization of the granulocyte colony-stimulating factor (CSF2) secreted by
bone marrow-derived stromal cells, which contributed to the myeloid hyperplasia that was
observed in Zfp36 knockout mice (382). In their work, Carballo and colleagues were able to
link ZFP36 with the deadenylation process: in bone marrow stromal cells from Zfp36 knockout
mice Csf2 mRNA existed mainly in one larger form containing the polyA tail, while in the wild
type animals the ratio between the larger and the smaller form of the mRNA, not containing
the polyA, was around 50:50.

Zfp3611 knockout mice showed a more severe phenotype, with embryonic lethality by day 11
(383). A zfp3612 knockout mouse model resulted also in the death of the mice approximately
2 weeks after birth following the developing of anaemia, thrombocytopenia, and diffuse
haemorrhages (384). The KO mice showed a generalized alteration of the hematopoietic
processes, with a significant reduction in the levels of all the cellular components of the blood,
as well as in the level of haemoglobin and platelets. These defects were due to a decrease in

the hematopoietic progenitor cells in both the yolk sac and the foetal liver.

The generation of murine models in which one or more members of the ZFP36 family have
been knocked out in a specific cell lineage or cell type allows to better understand the role
played by these proteins in different physiological processes. For example, when ZFP36 was
specifically knocked out in myeloid cells (357, 385), the phenotype did not mimic the severe

inflammatory syndrome that was originally observed in the Zfp36-knock out mice (380).

40



However, when the mice were challenged with low doses of LPS they developed severe
endotoxemia, in contrast with the wild type mice which did not show any significant response
to the treatment (385). Endotoxemia was accompanied by increased serum levels of TNF,
which were 110-fold higher in the KO mice than in the control. Since the absence of ZFP36 in
the myeloid lineage does not entirely reproduce the phenotype observed in the Zfp36-knock
out model, it is agreed that other cell types must be involved in the process (i.e. fibroblasts
(386)). The murine model developed by Kratochvill and colleagues allowed the authors to
confirm in vivo the mechanistic model they proposed to explain how ZFP36 regulates the
transcription levels of TNF in a steady-state condition and after the treatment with LPS, which
induces an inflammatory response (357). In their model, in the absence of inflammatory
stimuli, ZFP36 regulates Tnf transcript levels together with ZP36L1 and ZFP36L2. When
inflammation is induced, and the p38 pathway is activated, ZFP36 activity is reduced and
ZFP36L1 and ZFP36L2 expression is repressed, resulting in the increased stability of target
MRNAS. Interestingly, the authors reported that even at the peak of p38 activation 3 hours post
LPS-treatment, Tnf mRNA stability in the control was significantly lower than in the knockout.
Once the level of p38 activity starts fading and ZFP36 activity starts increasing, mMRNAs that
are targeted become more and more unstable and this allows a rapid clearance of pro-

inflammatory chemokines and the resolution of inflammation.

The role played by ZFP36L1 and ZFP36L2 in macrophages was further investigated in vitro
by Wang and colleagues (355). A Zfp3611 and Zfp3612 knockdown showed that, in the absence
of LPS stimulation, Zfp3611 and Zfp612 were responsible for Duspl degradation. Due to the
increased expression of Duspl, the lack of Zfp36I11 and Zfp6I2 resulted in a reduced level of
activation of the MAPK p38 pathway both in the unstimulated cells and after LPS treatment.
The ability of DUSP1 to control p38 activation and therefore to modulate ZFP36 function is
also central in the IL-10-mediated control of macrophage activation (387-389) as well as in
the more recently discovered prostaglandin E2-mediated negative feedback loop (390). In the
first case, 1L-10, which is itself a target of ZFP36, induces STAT3 activation promoting at the
same time DUSP1 and ZFP36 expression. DUSP1 is then able to control the activation of p38,
preventing the inactivation of ZFP36. Increasingly higher amounts of active ZFP36 are then
responsible for blocking the expression of IL-10 and blocking the feedback loop. A second
negative feedback loop is regulated by prostaglandin E2 (PGE>), which, by engaging in a
paracrine fashion with its own receptor EP4, is able to induce DUSP1 as a result of the
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activation of the cAMP signaling cascade. PGE: is induced in murine macrophages as a result
of LPS treatment, which activates the p38-MK2 pathway, therefore, blocking ZFP36 activity.
This results in the expression of cyclooxygenase 2, another target of ZFP36, which is
responsible for the increased production of prostaglandin E2 and, consequently, inducing the

feedback loop.

ZFP36 family members have been extensively investigated also for their function in the
lymphocyte cell compartment. For example, ZFP36L1 has been demonstrated to play several
important roles in B cell development. It has been shown that ZFP36L1 is involved in the
development program responsible for the differentiation into marginal zone (MZ) B cells (391).
Newman and colleagues showed that this is achieved by targeting two important transcription
factors, KLF2 and IRF8, that are otherwise responsible for the differentiation into follicular B
cells. ZFP36L1 has also been involved in the homing process that drives antibody secreting
cells (ASCs) from the secondary lymphoid organs, where they undergo affinity maturation of
immunoglobulins in the germinal centers, to the bone marrow. This process is highly regulated
by the expression of CXCR4 and sphingosine-1-phosphate receptor 1 (S1PR1) (392), as well
as of the integrins 04f1 (393) and o4B7 (394, 395). In this context, ZFP36L1 modulates the
expression levels of the kinase G protein—coupled receptor kinase 2 (GRK2), which is a
negative regulator of S1IPR1, and of the integrins a4f1. Lack of ZFP36L1 results in an
increased accumulation of ASC in the spleen and in the liver rather than the bone marrow niche
(396).

ZFP36L1, together with ZFP36L2, is also responsible for maintaining cell quiescence in pre-
B cells to allow variable-diversity-joining (VDJ) recombination (397). ZFP36L1 and ZFP36L.2
redundantly direct transcripts of genes involved in the cell cycle regulation for degradation
(i.e., Ccne2), preventing pre-B cells undergoing rearrangement from entering the cell cycle,
which would otherwise inhibit the VDJ recombination. Interestingly, Galloway and colleagues
described how cells lacking ZFP36L1 and ZFP36L2 do express the transcriptional program
that allows pre-B cells to enter quiescence, but the post-transcriptional regulation mediated by
the two proteins is necessary for the effective activation of these processes. The ability of
ZFP36L1 and ZFP36L2 to regulate cell cycle progression plays a role not only during the
development of B cells but also during the maturation of T cells in the thymus. In this context,

during the double negative 3a stage, ZFP36L1 and ZFP36L 2 target for degradation transcripts
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encoding for protein involved in the cell cycle, allowing for productive VDJ recombination.
Additionally, these two RNA binding proteins act on DNA damage response gene expression
and limit the activation of the pathway. This prevents an abnormally activated DNA damage
response from promoting cell cycle progression in the absence of a successfully rearranged
pre-TCR (398). This fits with the development of T lymphoblastic leukaemia in mice lacking
both ZFP36L1 and ZFP36L2 (399).

1.4.3 Role during infection

Despite ZFP36 family members” well characterized role during inflammation, little evidence
is available on their role in the context of viral infections. As for the activation of the p38
pathway, ZFP36 family members can play a pro- or anti-viral effect depending on the context.

The first evidence of the role played by ZFP36 in the context of viral infections comes from
Moore and colleagues (400), which identified ZFP36 as a limiting factor for T cell activation.
By performing HITS-CLIP, the authors identified the ability of ZFP36 to suppress T cell-
associated mRNA abundance and translation via interaction with AU-rich elements present in
the coding sequence rather than the 3° UTR. The functional effect of this mMRNA degradation
was the attenuation of activation marker expression, reduced T cell expansion and cell death.
Interestingly, when mice lacking Zfp36 were challenged with lymphocytic choriomeningitis
virus (LCMV), clearance of the infection was reached faster as a result of greater expansion of
specific T cells and increased secretion of effector cytokines such as interferon gamma and
TNFa. Similarly, Ebner and colleagues (401) identified how ZFP36 regulates and limits
neutrophil engagement with pathogens. In particular, they identified ZFP36 as a regulator of
Mcl1, a gene belonging to the Bcl2 family which promotes cell survival by blocking apoptosis.
A mouse model lacking Zfp36 in the myeloid line showed a better clearance of bacterial
infection, with increased accumulation of neutrophils in the infected region. The effect exerted
by the lack of Zfp36 was specific to neutrophils engaging with pathogens and not resting
neutrophils and was not caused by increased accumulation of monocytes nor increased
availability of myeloid progenitors or circulating myeloid cells. The authors proposed that the
engagement of pathogens by neutrophils results in the activation of ZFP36 which, in turn,

degrades Mcl1 promoting cell death, therefore, limiting the pool of activated neutrophils and

43



the inflammatory response which follows. This however comes at the expense of a more

efficient immune response and more rapid control of the infection.

The expression and activity of proteins belonging to the ZFP36 family can also be hijacked and
controlled by pathogens themselves. For example, the infection of murine hepatocytes and
macrophages by MCMV induces the activation of the MK2 kinase which regulates 1L-10 and
other cytokines (IL-6, TNFa) by blocking ZFP36 activity. IL-10 secretion is important to limit
the formation of a proper T cell response against MCMV, therefore promoting infection (402).
Similarly, ZFP36 expression is strongly downregulated in different subpopulations of PBMC
in patients chronically infected with the Hepatitis B virus (HBV). This downregulation is
caused by two pro-inflammatory chemokines, IL-8 and RANTES, which are highly induced
by HBV. As a consequence of the reduced levels of ZFP36, several cytokines and chemokines
are significantly upregulated in the serum of these patients (403). Another example of ZFP36
inactivation by a viral protein which results in increased cytokine release occurs in cells
infected by retroviruses. The oncoprotein Tax was shown to interact, via its C-terminal domain,
with the C-terminal domain of ZFP36, promoting ZFP36 relocalization to the nucleus and
preventing it from targeting TNFa mRNA for degradation, which results in increased TNFa
expression (404).

Influenza virus infection of dendritic cells is known to induce the expression of several
miRNAs, among which is miR-451. miR-451 can promote the degradation of 14-3-3(, a known
interactor of ZFP36, and prevent ZFP36 inhibition. This leads to a reduced secretion of
inflammatory cytokines with an unclear effect on the infection (405). In a similar fashion,
coronavirus infection activates the MKK3-p38-MK2 cascade which simultaneously activates
the expression of ZFP36 family members, as well as several pro-inflammatory chemokines and
cytokines. This generates a negative feedback loop in which ZFP36 and its homologues are
responsible for dampening the inflammatory response that is induced by the infection itself
(406).

Recently, a more direct role for ZFP36L1 as a restriction factor for the Influenza A virus (IAV)
was described, in which ZFP36L1 blocked the translation of the IAV HA, M1 and NS1

proteins, but did not affect their mRNA expression or stability. However, the ability of
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ZFP36L1 to block IAV mRNA translation was independent of the binding to the AU-rich
elements of the target MRNA but still required the protein-RNA interaction to occur (407).
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2. Aims and objectives

In healthy humans, EBV infects mainly primary B cells, in which eventually develops a chronic
latent infection that can periodically undergo episodes of lytic replication with virus
production, but also occasionally epithelial cells (4). For many intracellular pathogens, the very
early stages of infection are essential to downregulate the innate immune response that would
otherwise block the incoming viral particles, thereby preventing the establishment of the
infection. Despite their centrality in the EBV life cycle, little is known about these early events,
with most of the studies focusing on events occurring after the EBV latency program has been
activated (408-410). Modulation of signaling pathways by viruses is a well characterized
mechanism that allows the virus to prevent the activation of pattern recognition receptors
(PRR) or to counteract their effects (411). The inflammatory response that follows PRR
activation after infection represents a double-edged sword for the virus as some cytokines
facilitate infection, yet others block it (412-414). EBV infection of B cells gives rise to the
secretion of pro-inflammatory cytokines (160, 415), as does the strong and generalized
activation of the immune response against the virus during infectious mononucleosis (140). In
addition, previous work has also identified EBV viral particles to be able to induce centrosome
amplification and chromosomal instability independently from their ability to establish a
successful latent infection (416). This highlights how the interaction between the host and the
proteins contained within the viral particles can induce alterations in the infected cell with long-

lasting effects and tumorigenic potential.
Therefore, the aims of this thesis are:

1) To determine the proteome and phosphoproteome in the first hours of the infection
process.

2) To identify the cellular pathways modified by the viral infection early after infection.

3) To identify the steps of the infection process that are responsible for the modifications
of the proteome and the activation of cellular pathways.

4) To identify the viral components (DNA, proteins) involved in the molecular events that

follow infection.
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3. Results

3.1 Early molecular events after EBV primary B cell infection.

3.1.1 Proteomic analysis.

To identify early molecular events occurring after EBV infection of primary B cells, |

performed a high-throughput analysis of their proteome.
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Figure 3.1: Schematic representation of the different methodologies employed to identify and
characterize the events which occur shortly after EBV infection. Created with BioRender.com.

| first determined the proteome of two independent primary B cell samples infected with EBV
M81 wild-type virus at 6 and 12 hours post infection. At 12 hours post infection, | found 12
proteins that were upregulated and 3 that were downregulated (Table 4, Fig. 3.2A). | performed
pathway analysis which did not reveal any specific signature, in particular no interferon
response. To validate this result, 1 quantified the interferon alpha release using ELISA at
various time points after infection. This assay showed that secretion of this cytokine began
after 16 hours and reached significant levels only 96 hours after infection (Fig. 3.2B). Among
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the identified proteins, ZFP36L1 (also known as TIS11B or BRF1) was consistently
upregulated already at 6 hours post infection (Fig. 3.2C).
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Figure 3.2: Proteomic analysis of primary infected B cells. (A) Volcano plot representation of
significantly upregulated and downregulated proteins as identified by label-free mass spectrometry
performed on two independent biological samples of primary human CD19+ B cells at 12 hours post
infection with M81wt virus. A two-tailed paired t-test was performed. Targets were selected if their
p value was < 0.05 and the absolute fold change versus the negative control was > 2. (B) Interferon
a secretion was measured via ELISA at different time points after infection with M81wt virus of
human primary B cells. The dotted line represents the lower detection limit of the kit used for the
quantification as reported by the manufacturer. Two independent biological replicates were
measured, and the data is shown as the mean + SD. (C) Volcano plot representation of significantly
upregulated and downregulated proteins as identified by label-free mass spectrometry performed on
two independent biological samples of primary human CD19+ B cells at 6 hours post infection with
M81wt virus. A two-tailed paired t-test was performed. Targets were selected if their p value was <
0.05 and the absolute fold change versus the negative control was > 2.
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| then performed a second proteomic analysis at one single time point, 6 hours post infection,
and | exposed B cells to M81wt, to an EBV/Agp110 knockout that can bind to B cells, but
cannot infect them, and to EBV virus-like particles (VLP) that enter B cells, but are devoid of
DNA and cannot establish a chronic virus infection. Proteomic analysis of these samples
showed that while ZFP36L1 was also clearly upregulated after exposure to EBV VLPs, though
not to wild type levels, the effect on ZFP36L1 was only marginal after M81/Agp110 binding
(Fig. 3.3A). The generated data could also confirm recently identified cellular targets of the
virus. At 6 hours post infection, I could confirm a significant reduction in the SMC6 protein
both with the wild-type virus and the VLP control, but not the Agp110 defective mutant (Fig.
3.3B) (417). Moreover, | also detected a statistically significant reduction in the levels of
STAT2 protein after M81wt infection (Fig. 3.3C) (418).
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Figure 3.3: EBV induces dysregulation of ZFP36L1, SMC6 and STAT2 protein levels. (A-C)
Variation in the protein levels of ZFP36L1 (A), SMC6 (B), and STAT2 (C) compared to the negative
control in M81wt virus, VLPs, and gp110 knockout virus-infected B cells at 6 hours post infection
as identified by mass spectrometry. The fold change for each independent biological replicate is
reported, and the mean + SD is indicated. A one sample t test (u=1) was performed. p values are
reported above the comparison. p<0.05 was considered statistically significant.

3.1.2 Phosphoproteomic analysis.

Using a similar approach to the previously described experiment, 1 went on performing the
phosphoproteomic analysis in order to identify phosphorylated peptides which are particularly
enriched or depleted after infection. To do so, human primary B cells were infected with M81wt
virus, VLPs or gp110 knockout virus for 6 hours. In order to obtain enough material to perform

the analysis, the same amount of protein from several donors was pooled together to form a
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biological replicate. A total of 3 biological replicates were analysed, each composed of 7
different donors. The phosphoproteome revealed multiple phosphoevents in the STAT3
protein, in members of the MAPK pathway, as well as in the RNA-binding proteins RMB7 and
ZFP (ZFP36, ZFP36L1 and ZFP36L2) (Fig. 3.4A, Table 5). However, in the latter case,
although the recorded values were all indicative of an increase in phosphoevents, the global
analysis did not reach statistical significance because of a high level of standard deviation
between values. Similar experiments performed with EBV VLPs led to the detection of more
phosphoevents than after wild type infection, suggesting that some initial kinase targets of the
virus revert at a later stage of infection (Fig. 3.4B). Binding of M81/Agp110 also generated
phosphoevents, some of which were common to those generated by EBV VLP and wild type
infection (Fig. 3.4C and 3.4D, Table 5). In particular, phosphoevents in members of the ZFP36
family were common to all types of infection (Fig. 3.4E). Altogether, these high throughput
screens identified an upregulation and phosphorylation of ZFP36L1, together with STAT3
phosphorylation, as important early events after EBV infection that were initiated by virus

binding.
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Figure 3.4: Phosphoproteomic analysis of M81wt, VLPs and gp110 knockout infected B cells. (A-C)
Volcano plot representation of significantly upregulated and downregulated phosphopeptides as
identified by phosphoproteomic in 3 independent biological pooled replicates of primary human CD19+
B cells treated with M81wt (A), VLPs (B) and gp110 knockout virus (C) at 6 hours post infection. A
two-tailed paired t-test was performed in all cases. Targets were selected if their p value was < 0.05
(horizontal dotted line) and the absolute fold change versus the negative control was > 2 (vertical dotted
lines). Selected upregulated candidates for which the p value is above significance are shown in bold.
(D) Euler diagram representing the events identified by phosphoproteomic as up- (left) or downregulated
(right) in the three conditions as compared to the negative control. Only the events with a p value <0.05
and an absolute fold change >2 were considered. The name of the two upregulated phosphoevents that
are identified in all three conditions is indicated. (E) Table listing the phosphorylated residues for the
ZFP36 family members that were identified by mass spectrometry in the three conditions. Fold change
and p values are reported in the indicated logarithmic scale. Values in red indicate a p value <0.05, while
values in green indicate a fold change >2.

3.2 EBV binding induces STAT3 activation via the BCR

signaling.
3.2.1 EBV binding induces STAT3 activation.

From the list of phosphopeptides identified with the phosphoproteomic analysis, | decided to
further investigate STAT3 activation. STAT3 activation was confirmed by performing western
blot on samples infected either with wild type virus, its EBNA2 deletion mutant, with VVLPs or
with the M81/Agp110 using a p-STAT3 (Tyr 705) specific antibody. All samples showed
STATS3 activation, also after B cell exposure to the gp110 deletion mutant, thereby confirming
that the activation takes place at a very early phase of infection (Fig. 3.5A). To rule out that
this increase in phospho-STAT3 was the result of an increase in total STAT3, | performed
immunoblotting on B cells infected with wild type EBV, which confirmed no modification in
the levels of total STATS3, suggesting that posttranslational modifications were responsible for
the observed STAT3 activation (Fig. 3.5B). These results were further confirmed by looking
at the levels of total STAT3 as identified by the mass spectrometry experiment previously
described (Fig. 3.5C). Phosphorylation of STAT3 is known to induce its translocation into the
nucleus where it can act as a transcription factor (419). To confirm this, | performed cell
fractionation which indeed showed that the increase in pSTAT3 upon EBV infection is mainly
concentrated in the nucleus (Fig. 3.5D). Monitoring pSTAT3 expression overtime after wild

type infection revealed that expression began 2 hours after infection and reached a plateau
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between 6- and 24-hours post infection (Fig. 3.5E). STAT3 activation continued to increase
after 24 hours post-infection and reached a maximum by 22 days post-infection (Fig. 3.5E).
These results are in line with the observation that STAT3 is further upregulated in stably
transformed LCLs under the influence of LMP1 (266).
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Figure 3.5: STAT3 activation occurs upon EBV binding. (A) Western blot analysis for activated
STATS3 (Tyr705) was performed on human primary CD19+ B cells infected with M81wt, EBNA2
knockout, M81 VLPs, and gp110 knockout viruses at 6 hours post infection. (B) Western blot
analysis of B cells infected or not with M81wit virus at 6 hours post infection from three independent
donors. Total STAT3 was detected, and vinculin was used as loading control. (C) STAT3 protein
levels as obtained by mass spectrometry performed on two independent biological replicates of
M81wt infected B cells and expressed as fold change compared to the negative control at the different
time points. The value of the fold change for each replicate is reported. (D) Cell fractionation
performed on uninfected and M81wt infected human primary B cells at 6 hours post infection.
Nuclear and cytoplasmic fractions were isolated and activated STAT3 was detected. Vinculin was
used as a marker of cytoplasmic contamination. (E) Western blot performed on primary B cells
infected with M81wt virus at different time points post infection. Phosphorylated STAT3 (Tyr705)
was detected, and actin was used as loading control. (A, D, E) Each blot is representative of at least
3 biological replicates.
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3.2.2 B cell receptor signaling is necessary for STAT3 activation.
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Figure 3.6: BCR signaling controls STAT3 activation. Western blot analysis for activated STAT3
(Tyr705) was performed on human primary CD19+ B cells: (A) exposed to the gp110 knockout virus
or (B) infected with M81wt virus in the presence of inhibitors of B cell receptor signaling downstream
mediators; (C) infected for 6 hours with M81wt virus in the presence of p38, MK2, PI13K and NF-xB
pathway inhibitors; (D) exposed to M81wt gp85 and gp42 knockout viruses; (E) infected with
different M81 tegument knockouts. (A-E) Phospho-STAT3 (Tyr705) was detected, and vinculin was
used as loading control. Each blot is representative of at least 3 biological replicates.
| then attempted to identify the intracellular kinases involved in STAT3 Tyr705
phosphorylation. | began by exposing primary B cells to M81/Agp110 virus in the presence of
several pathway inhibitors selectively targeting downstream mediators of the B cell receptor
signaling platform. Inhibition of SYK and BTK produced the strongest reduction in STAT3
Tyr705 phosphorylation levels, while LYN and p38 inhibition had a more limited effect (Fig.

3.6A). The same type of experiments using wild-type virus confirmed the importance of SYK
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for STAT3 activation, although its inhibition did not completely block STAT3 phosphorylation
(Fig. 3.6B). Furthermore, I could also identify a limited effect also from the inhibition of PI3K
and NF-«B (Fig. 3.6B and C).

The results globally confirmed the validity of the phosphoproteome results and identified
STAT3 phosphorylation as a major molecular event that follows virus binding. I then screened
a panel of viruses devoid of surface proteins that retain full binding activity, but are unable to
fuse with their target cells, for their ability to activate STAT3. This experiment showed that
viral proteins involved in virus-cell fusion are not involved in STAT3 phosphorylation (Fig.
3.6D). The analysis was completed by infecting B cells with a panel of viruses lacking one of
the EBV tegument proteins. BGLF2, and to a lesser extent BKRF4 and BPLF1, were found to
be required for full STAT3 activation (Fig. 3.6E). Altogether, these results suggest that STAT3
is phosphorylated by SYK as the result of virus binding, but that P-STAT3 expression is further

modulated by downstream events associated with virus entry.

3.3 EBV activates the p38-MK2-ZFP36L1 axis.

3.3.1 EBV virus-like particles are sufficient to activate ZFP36L1 expression.

Mass spectrometry results indicated that EBV infection was able to strongly induce ZFP36L1
expression shortly after infection. | performed western blot analyses which confirmed that
while ZFP36L1 is hardly present in resting B cells, its expression was upregulated two hours
after EBV infection and persisted for several days. (Fig. 3.7A). ZFP36L1 appeared as a ladder
in western blot, suggesting the presence of differentially phosphorylated forms that have been
previously reported in the literature (Fig. 3.7A) (420-424). | confirmed that this was indeed
the case as the protein ladder reduced to a single band after treatment of the samples with a
phosphatase (Fig. 3.7B) (355, 425). An RT-gPCR based analysis of transcription showed that
the increase in ZFP36L1 protein production is paralleled by a short increase in transcription
that reached a maximum at 6 hours post-infection but came back to baseline levels after two
days (Fig. 3.7C). Treatment of infected B cells with actinomycin D and cycloheximide
indicated that ZFP36L1 upregulation upon infection requires de novo transcription and
translation (Fig. 3.7D).
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Figure 3.7: ZFP36L1 is highly upregulated upon EBV infection. (A) ZFP36L1 expression upon
EBV infection as shown by western blot. A time course experiment was performed on primary human
B cells infected with M81wt. ZFP36L1 was detected on samples obtained at the indicated time point
post infection. (B) Cell lysates from M81wt infected B cells at 6 hours post infection were treated or
not with A protein phosphatase and immunoblotted for ZFP36L1. (C) ZFP36L1 mRNA quantification
by RT-gPCR at different hours post M81wt virus infection. Ct values from 3 independent biological
replicates are represented as mean + SD. (D) Western blot analysis of primary human B cells infected
with M81wt in presence of the vehicle only (DMSO) or actinomycin D (ActD), a transcriptional
inhibitor, or cycloheximide (CHX), a translational repressor. The detection was performed using
antibodies against ZFP36L1 and PARP/cleaved-PARP.

The infection experiments were extended to an M81/AEBNAZ2 virus deletion mutant, to virus-
like particles and to M81/Agp110. This assay showed ZFP36L1 induction after infection with
VLPs or M81/AEBNA2 (6-fold versus 4-fold induction, on average), albeit at reduced levels
relative to wild type infection (Fig. 3.8A and Fig. 3.2D). A very weak ZFP36L1 induction after
M81/Agp110 infection was also observed. Transcription analyses revealed a similar pattern,
with exposure to VLPs or M81/AEBNA?2 being less efficient at activating ZFP36L1 expression

than wild type M81 (Fig. 3.8B). The binding of M81/Agp110 to B cells proved unable to
activate ZFP36L1 transcription.
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Immunofluorescence stains for ZFP36L1 on freshly infected primary B cells showed increased
ZFP36L1 expression upon EBV infection, with the accumulation of the protein in the
cytoplasm where the protein can access its RNA targets (Fig. 3.8C) (336, 362, 364, 426). Here
again, the wild-type virus proved to be more potent than the M81 VLPs or Agp110 in
stimulating ZFP36L1 protein production. Altogether, these experiments confirmed the data of
the proteome and show that ZFP36L1 becomes increasingly activated as the infection

progresses from virus binding to the inception of latent gene expression.
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Figure 3.8: Latency initiation is required for full ZFP36L1 induction. (A) Protein expression levels
of ZFP36L1 were detected by western blot after infection with M81wt, EBNA2 knockout, M81 VLPs,
and gp110 knockout virus at 6 hours post infection. The signal for ZFP36L1 was quantified and
normalized over the respective loading control. The fold change was calculated versus the negative
control. The graph reports the values as the mean + SD (n=3 independent biological replicates). (B)
ZFP36L1 RNA expression levels were quantified via reverse transcription quantitative PCR (RT-
gPCR) at 6 hours post infection with M81wt, EBNA2 knockout, VLPs or gp110 knockout virus and
represented as difference versus the negative control. The difference for each independent replicate is
plotted, and the mean + SD is reported (n=4 independent biological replicates). (C)
Immunofluorescence staining of primary human CD19+ B cells untreated or treated with M81wt, M81
VLPs or gp110 knockout virus at 6 hours post infection. Cells were stained for ZFP36L1 (red). Nuclei
were counterstained with DAPI (blue). (A-B) A paired two-tailed t-test (A) or a one sample t-test (u=0)
(B) was performed. p values are reported above the comparison. p<0.05 was considered statistically
significant.
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3.3.2 Exposure of B cells to EBV induces MK2, the ZFP36L1 master regulator.

Because MK2 was previously reported to regulate the expression and phosphorylation of the
ZFP36 protein family members to which ZFP36L1 belongs, | used phospho-specific antibodies
to detect MAPK p38 activation, together with its downstream target MK2 (Fig. 3.9A) (421,
427-429). This assay confirmed the activation of MAPK p38 and MK2 upon infection (Fig.
3.9B). The accumulation of phosphorylated p38 was not paralleled by an increase in total p38
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Figure 3.9: EBV infection induces p38-MK2 activation. (A) EBV M81wt infected B cells at 6
hours post infection were analysed for their levels of p38 and MK2 activation using immunoblotting
for phosphorylated p38 (Thr180/Tyr182) and phosphorylated MK2 (Thr334), respectively. An
example of a blot is shown (left panel). The intensity of the signal of the bands was quantified via
ImageJ and normalized over the loading control. The fold change is calculated versus the uninfected
control (n=4 independent biological replicates). Single values are plotted, and the mean + SD is
shown (right panel). A one sample t-test (u=1) was performed. p values are reported above the
comparison. p<0.05 was considered statistically significant. (B) p38 activation was detected in
M81wt infected primary B cells at different time points after infection. (C) Total p38 levels, as well
as MSK2 and ATF2 activation status (Ser196 for MSK2 and Thr71 for ATF2) were assessed in B
cells at 6 hours post infection with M81wt virus in 4 independent biological replicates. (D) p38 and
MK2 activation was detected via immunoblotting in human primary B cells at 6 hours post infection
with M81wt virus, EBNA2 knockout, M81 VLPs or gp110 knockout. Phospho-p38 and phospho-
MK2 were detected, and vinculin was used as loading control. Vinculin was used as loading control
(B-D).
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and did not result in the activation of other downstream branches of the p38 pathway such as
MSK2 or ATF2 (Fig. 3.9C). While p38 activation and ZFP36L1 expression showed a
simultaneous increase two hours after infection, phospho-p38 already went back to baseline
levels after one day (Fig. 3.9B). Exposure of primary B cells to EBV VLPs or M81/AEBNA2
also led to the induction of p38 and MKZ2, although it could not reach levels seen after wild
type infection, particularly for the latter kinase (Fig. 3.9D). Infection with the gp110 null
mutant did not activate the p38/MK2 pathway at all (Fig. 3.9D).

| also assessed two other major MAPK pathways, PI3K-AKT and ERK1/2, and did not observe
any significant changes in their phosphorylation status (Fig. 3.10A). Since NF-kB was
previously reported to be activated after early EBV infection events, | investigated the
activation status of its canonical branch (430, 431). Phospho-p65 and IkBa expression was
already observed in resting B cells and did not consistently increase upon infection (Fig.
3.10B).
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Figure 3.10: EBV does not induce ERK1/2 or NF-xB. (A) ERK1/2 and AKT activation status was
measured by western blot at 6 hours post infection with M81wt virus in 4 independent replicates by
detection of phospho-ERK Thr202/Tyr204 and of phospho-AKT1 Ser473. (B) Phospho-p65 and
total IxBa levels were investigated in 3 independent donors at 6 hours post infection with M8 1wt
virus. Vinculin was used as loading control.

3.3.3 Several pathways regulate ZFP36L1 induction.

| then tested whether other kinases could be involved in the activation of the p38-MK2 axis
and, consequently, of ZFP36L1 induction. For this purpose, a panel of selective inhibitors
against SYK, LYN, BTK, PI3K, PKA, NF-kB, PKC, and STAT3 was tested. Inhibitors
targeting SYK, LYN, BTK, PI3K, PKA, NF-kB and PKC did not have any effect on p38 or
pMK?2 expression (Fig. 3.11A & Fig. 3.11B). Interestingly, exposure to a STAT3 inhibitor
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increased pMK2 and pp38 levels, a phenomenon previously observed by Guha and colleagues
which indicates a possible interplay between these two pathways (432). The impact of this
panel of inhibitors on ZFP36L1 was broader, with the LYN, SYK, BTK and STAT3 inhibitors
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Figure 3.11: ZFP36L1 induction is dependent on the activation of p38/MK2. (A) Anti-phospho p38
and anti-phospho MK2, together with an anti-ZFP36L1 antibody, were used to stain primary B cells
infected with M81wt virus in the presence of inhibitors of the downstream mediators of the BCR
signaling cascade. (B) Western blot analysis of p38/MK2 and NF-kB activation levels, and ZFP36L1
expression in human primary B cells infected with M81wt virus and treated with p38, MK2, NF-xB
and PI3K pathway inhibitors. (C) Immunofluorescence staining for the detection of ZFP36L1 in human
primary B cells infected with M81wt virus in the presence of p38 or MK2 inhibitors at 6 hours post
infection. ZFP36L1 signal is shown in red, while nuclei are counterstained with DAPI (blue). (D)
ZFP36L1 mRNA expression was evaluated by RT-gPCR in B cells infected for 6 hours with M81wt
in presence or not of the p38 or MK2 inhibitors. The difference between the Ct value of the target in
the treated sample and in the untreated control for each independent replicate is shown, and the mean
+ SD is reported. (A-B) Each blot is representative of at least 3 biological replicates (n=3). * indicates
phospho-p38.
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leading to a significant decrease in ZFP36L1 abundance. As expected, the MK2 and p38
inhibitors markedly reduced ZFP36L1 transcription, protein expression, as well as
phosphorylation (Fig. 3.11B-D). This confirms the importance of the p38 pathway in
controlling ZFP36L1 expression levels, but also shows that other kinases modulate its

abundance and phosphorylation pattern.

3.4 IL-6 and TNFa are induced by a multistep mechanism which

Is controlled by several pathways.

3.4.1 EBV infection leads to a two-step activation of IL-6 and TNFa.

The results on the early stages of infection gathered so far showed an induction of MK2,
ZFP36L1 and STAT3 within two hours, three pathways involved in the control of the
inflammatory response. The ZFP family members bind to RNAs carrying an AU rich stretch
in their 3’UTR and inactivate them through a combination of decapping and deadenylation
(352). In particular, TNFo and IL-6 mRNAS have been shown to be regulated by these proteins
(380, 433, 434). This is particularly interesting as both cytokines have been reported to be
released upon virus binding to its target B cells (435, 436). Therefore, | closely monitored the
ability of infected B cells to secrete both cytokines shortly after infection. Infected cells were
seeded at the same concentration and cultured for 6 hours at each time point before ELISA
quantification was performed on the conditioned medium. The secretion ability for IL-6 peaked
within the first day after infection, with a 5-fold increase, and then decreased back to baseline.
TNFa secretion ability was instead highest at the last time point considered (96 hpi), although
was already significantly increased in the first 6 hours post infection, at which point a 2-fold
increase compared to the baseline was observed (Fig. 3.12A). Interestingly, the cytokine
release observed after EBV infection of primary CD19+ B cells could be further increased upon
induction with TPA, LPS or anti-BCR antibodies (Fig. 3.12B). Investigation of a panel of 14
independent primary B cell samples infected with EBV showed that although the infection
always led to an increase in IL-6 and TNFa release, the recorded levels varied more 20-fold
(from 20 to 450 pg/mL) for the former and 8-fold for the latter (10 to 80 pg/mL, suggesting the
role of genetic polymorphisms governing the intensity of the response to the virus (Fig. 3.12C).
I then looked at the transcriptional activation of IL-6 and TNFa and found that both transcripts

tripled in numbers within 2 hours after the infection, but went back to baseline levels within 6
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hours (Fig. 3.12D). While IL-6 transcripts further diminished in abundance after 24 hours,
TNFa transcripts increased again in abundance at that time point. ZFP36L1 transcripts evolved

exactly in the opposite direction, increasing when TNFa transcripts decreased and vice versa.
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Figure 3.12: EBV infection induces IL-6 and TNFa secretion. (A) IL-6 and TNFa secretion by
primary human CD19+ B cells infected with M81wt virus. At each time point cells were seeded at the
same cell concentration and incubated for 6 hours. The release of the two cytokines was measured by
ELISA. Single values were plotted and the mean + SD is shown (n=2 independent biological
replicates). (B) Quantification of IL-6 and TNFa secretion by ELISA in M81wt infected B cells at 6
hours post infection untreated or treated with TPA, LPS or crosslinked with IgM (n=4 independent
biological replicates). The Log2(Fold change) is calculated relative to the untreated M81wt infected
B cells. A one sample t test (u=0) was performed. p values are reported above the comparison. p<0.05
was considered statistically significant. (C) ELISA quantification of IL-6 and TNFa secretion at 6
hours upon infection with M81wt virus in 14 independent donors. Single values are reported. A great
variability is observed among different healthy donors. A paired two-tailed t-test was performed. p
values are reported above the comparison. p<0.05 was considered statistically significant. (D) IL-6,
TNFa, and ZFP36L.1 mRNA expression as quantified by reverse transcription quantitative PCR at
different time points upon infection with M81wt virus. Ct values are reported as the mean = SD (n=3
independent biological replicates).
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| then repeated the cytokine induction experiment with B cells infected by M81/AEBNA2, EBV
VLPs or with the M81/Agp110 virus. Quantification of cytokine release showed that exposure
to EBV VLPs or with the M81/Agp110 virus doubled on average cytokine release relative to
uninfected cells, but remained three times lower than after wild type infection. Exposure of B
cells to M81/AEBNA2 resulted in intermediate cytokine release levels, reaching 50% of wild
type levels (Fig. 3.13A). Analysis of cytokine transcript levels showed a similar pattern, with
EBV VLPs or M81/Agp110 infection giving rise to a lower expression than wild type infection
and infection with M81/AEBNA?2 delivering intermediate results (Fig. 3.13B and 3.8B for
comparison with ZFP36L1 expression). From these results it can be concluded that virus
binding gives rise to a limited IL-6 and TNFa transitory release, and that both the presence of
the viral DNA within infectious particles and in particular latent gene expression are required
to reach maximal cytokine transcription and release. This suggests that events linked to latency

inception further modulate cytokine production.
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Figure 3.13: Maximal IL-6 and TNFa production requires a successful infection. (A-B) IL-6,
TNFo protein secretion and mRNA expression as quantified respectively by ELISA (A) and RT-qPCR
(B) at 6 hours post infection with M81wt virus, EBNA2 knockout, M81 VLPs, and gp110 knockout
virus. Values obtained from 3 (A) or 4 (B) independent primary samples are reported, together with
the mean x SD. For the mRNA quantification, values are shown as the difference versus the negative
control. A paired two-tailed t-test (A) or a one sample t-test (u=0) (B) was performed. p values are
reported above the comparison or indicated with a star notation (**, p <0.01). p<0.05 was considered
statistically significant.

3.4.2 Several pathways control IL-6 and TNFa secretion after infection.

The secretion of pro-inflammatory cytokines like 1L-6 and TNFa is controlled by several
pathways. In order to assess their contribution, | used a panel of pathway inhibitors and

determined their effect in terms of cytokines reduction. When B cells were infected with the
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wild-type virus in the presence of inhibitors of BCR-associated kinases, both IL-6 and TNFa

were variably affected, with the SYK inhibitor producing the strongest effect (Fig. 3.14A).
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Figure 3.14: Several pathways are involved in the regulation of EBV-induced IL-6 and TNFa
secretion. In order to investigate the role that the different pathways have on the secretion of IL-6 and
TNFa upon EBV stimulation, IL-6 and TNFa were quantified using ELISA from conditioned medium
at 6 hours post infection in primary B cells that were infected with M81wt virus in the presence of (A)
BCR signaling inhibitors or (B) p38, MK2, PI3K, or NF-«B inhibitors. (C) The same experiment as in
(A) was performed using the gp110 knockout virus to treat the cells. Values are expressed as Log2(Fold
change) relative to (A-B) M81wt or (C) gp110 knockout infected cells. 3 (A, C) or 5 (B) independent
biological replicates were analysed. A one sample t-test was performed (u=0). p values are reported
above the comparison. p<0.05 was considered statistically significant. An asterisk is used to indicate
when samples were below the detection limit and could not be quantified.

Interestingly, the inhibitory effect was different for the two cytokines, pointing towards
different regulatory mechanisms. | observed a significant reduction in both IL-6 and TNFa
secretion when cells were treated with p38, MK2 and PI3K inhibitors, but only a limited effect
was detected by inhibiting NF-xB (Fig. 3.14B). Similar effects on IL-6 and TNFa release were
observed when B cells were exposed to M81/Agp110 in the presence of BCR signaling
inhibitors (Fig. 3.14C). In this context, the already low level of cytokine expression occurring
upon MS81/Agpl110 binding was nearly completely abolished by the SYK inhibition.
Altogether, these results show that cytokine release after EBV infection is limited both in time
and intensity, with interindividual variations, resulting both from virus binding and latency

activation and is controlled by signaling pathways activated by virus infection.

3.5 EBV tegument proteins induce MK2 and ZFP36L1.

Because EBV VLPs can induce p38-MK2 activation and ZFP36L1 transcription and
translation in the absence of viral DNA, the most likely explanation was that components of
the VLPs are responsible for this effect. | focused my attention on the tegument proteins and
to understand their role in this process, | infected B cells with a panel of tegument knockout
viruses available in the lab. In the absence of BBLF1 or BGLF2, p38, and to a lesser extent
ZFP36L1, failed to be activated upon infection (Fig. 3.15A). B cell infection with the BKRF4
null mutant also reduced p-MK2 levels. Quantification of cytokine release after infection with
these defective mutants showed a similar pattern. In the absence of BBLF1, BGLF2 or BKRF4,
TNFa and IL-6 release were markedly reduced (Fig. 3.15B). Unexpectedly, infection with the
ABNRF1 deletion mutant gave rise to cytokine release levels comparable to or even higher
than after infection with wild type EBV (Fig. 3.15B).
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Figure 3.15: EBV tegument proteins induce p38/MK2 activation and ZFP36L1 expression. (A)
Primary CD19+ B cells were infected for 6 hours with different tegument protein knockouts and
immunoblotted to detect p38 and MK2 activation and ZFP36L1 expression. Vinculin was used as a
loading control. n=5 independent biological replicates. (B) The conditioned medium from (A) was
used to quantify via ELISA the secretion of IL-6 and TNFa. Values are expressed as Log2(Fold
change) relative to M81wt infected cell. The value for each single replicate is shown and the mean
+ SD is reported (n=5 independent biological replicates). An asterisk is used to indicate when
samples were below the detection limit and could not be quantified. Statistical analysis was
performed using a one sample t-test (u=0). p values are reported above the comparison. p<0.05 was
considered statistically significant.
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3.6 STAT3 and p38/MK2 signaling allow early latent gene

expression.

In the last part of my work, | set out to elucidate the role played by the different signaling
pathways activated during the early stages of the EBV infection. To this end, | treated B cells
exposed to wild type virus with an extended panel of inhibitors and assessed EBV infection by
detection of the viral protein EBNAZ2 at 3 days post infection (Fig. 3.16A) or, in the case of the
STATS3 inhibitor Stattic, at 20 hours post infection (Fig. 3.16B). Indeed, Stattic is highly toxic
for eukaryotic cells and its effect can only be evaluated for a short period of time. The strongest
reduction in the number of EBNA2 positive cells was observed when the infection was
performed in presence of the p38-MK2 axis or the STAT3 inhibitors. Inhibition of the BCR

signaling complex also resulted in a moderate reduction of latently infected B cells.
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Figure 3.16: p38-MK2 and STATS3 activation are required for latency establishment. (A-B) The
role played by several signaling pathways in the establishment of EBV infection was evaluated using
selective pathway inhibitors. EBNA2 immunofluorescence staining was performed at 3 days post
infection (A) or at 20 hours post infection (B). The percentage of EBNA2 positive cells is reported,
with each single replicate being shown, as well as the mean + SD. 3 (A) or 5 (B) independent
biological replicates were analysed. Statistical analysis was performed using a paired two-tailed t-
test. p values are reported above the comparison. p<0.05 was considered statistically significant.

Since a reduction in EBNAZ2 positive cells could be the result of either a reduced transfer of
EBV viral genomes to the host nucleus or a reduction in the expression levels of viral genes, |
performed fluorescent in situ hybridization (FISH) with a probe specific to the viral genome
(Fig. 3.17A). This assay showed that inhibition of the p38 pathway, but not of STATS3, led to

a 30% reduction in the efficiency of episome transfer to the nucleus. When | performed a
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similar analysis using B cells exposed to ABGLF2 knockout, | obtained an even stronger effect
with a 90% reduction in cells carrying the viral genome, suggesting that the functions of this
tegument protein extend further than just p38 activation (Fig. 3.17B). Indeed, recent work has
for example shown that BGLF2 has a profound effect on miRNA expression (437).

A B
60
100+ 0.02 »
o o 2
£f ] L] 4 15 T
So . 4 w3 40
5 & 60- iL %E
28 . i g9
o 407 s S 204
82 S £
S< 20 S E =+
(e — T T 0 T T T
O O Q\'\ o
LR S N N ¥
\‘S) .,_,fb «".‘I @% 0\{,(
Q ég?' <

Figure 3.17: p38-MK2 activation allows viral DNA transport. (A-B) Fluorescent in situ
hybridization (FISH) was used to detect EBV episomal DNA in freshly M81wt-infected CD19+ B
cells in the presence or absence of the p38 inhibitor or of the STAT3 inhibitor (A) or in BGLF2
knockout infected cells (B) (3 hours post infection). The percentage of cells showing nuclear
episomes is reported, with each single replicate being shown, as well as the mean + SD. (A) 3 (p38
inhibitor-treated), 5 (STAT3 inhibitor-treated) or (B) 2 (BGLF2 knockout) independent biological
replicates were analysed. An exemplificative image of an EBV nuclear episome is shown (center).
The EBV episomal DNA is shown in green (arrow), while the nucleus was counterstained with DAPI
(blue). (A) Statistical analysis was performed using a paired two-tailed t-test. p values are reported
above the comparison. p<0.05 was considered statistically significant.

Since the inhibition of the p38-MK2 axis only mildly affected the nuclear transfer of EBV
genomes, while STAT3 inhibition did not affect it at all, | looked at the expression levels of
early latency genes, EBNAZ2 and genes expressed from the Wp promoter, which are expressed
shortly after infection and whose expression is the first step in the establishment of latency
(Fig. 3.18A and B). | found that blocking p38 or MK2 activation resulted in a strong reduction

in the expression of both EBNA2 and Wp promoter-driven transcripts. This effect was stronger
for p38 inhibition than for MK2 inhibition, suggesting a possible broader activation of the p38
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signaling cascade than the sole engagement of the MK2 branch. The reduction in transcription

from the Cp/Wp promoter and EBNAZ2 transcription was even stronger for STAT3 inhibition.
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Figure 3.18: p38-MK2 and STAT3 activation are involved in early latent gene expression. mMRNA
expression levels for EBNA2 and Wp promoter-originated transcripts were quantified via RT-gPCR
in CD19+ B cells exposed to M81wt virus in the presence of either the p38 inhibitor, the MK2
inhibitor (A), and STAT3 inhibitor (B) at 6 hours post infection. The difference between the Ct value
of the treated sample and the untreated is reported for each replicate, and the mean + SD is also
shown (n=3 independent biological replicates). (A, B) Statistical analysis was performed using a one
sample t-test (u=0). p values are reported above the comparison. p<0.05 was considered statistically
significant.
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4. Discussion

4.1 The role of STAT3 and p38-MK?2 activation

Epstein-Barr virus infects B cells and establishes a life-long latent infection which has been
extensively studied due to its oncogenic potential. However, the very early stages of infection
during which the virus overcomes and controls the host's innate immune response, as well as
rewiring the cell's internal circuits, are still largely uncharacterized. By combining mass
spectrometry analysis with a panel of knockouts in which the infection process is stopped at
different stages, | was able to identify two pivotal events which are essential for viral infection,
the activation of STAT3 and of the p38-MK2-ZFP36L1 axis. By activating these two pathways,
EBV virus particles were able to facilitate the establishment of latency and limit, both in time

and intensity, cytokine release.

The involvement of STAT3 and of p38-MK2 in regulating early latent gene transcription is of
particular interest. Alpha- and Betaherpesviruses have long been known to package
transactivators such as VP16 and pp71 in their tegument to directly activate transcription of
viral Immediate Early (IE) genes upon release, but this direct mechanism has apparently not
been conserved for EBV (438, 439). Although BNRF1 shares the ability of VP16 to disrupt the
ATRX-Daxx interaction and BPLF1 is a sequence homolog of pp71, I did not find any
evidence that these two EBV proteins directly activate viral transcription (18, 440).
Additionally, when the EBV M81 wild-type genome was investigated for STAT3 binding sites,
two were identified directly upstream of the main exon of EBNA2 (nucleotide 35265 to 35275
(TTTTTGGGAAT) and 36200-36210 (CTACCAGGAAC)), suggesting a possible role of
STAT3 in directly regulating EBNAZ2 transcription.
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Figure 4.1: Graphical summary of the results. The induction levels for each of the target investigated
is shown relatively to the recombinant virus used and, therefore, to the infection stage at which the
infection is blocked. Created with Biorender.com.

4.2 EBV controls IL6 and TNFa secretion

The STAT3 and p38-MK2 pathways typically induce an inflammatory response, especially in
immune cells, with potentially negative consequences for the virus (275, 296, 441). Indeed, in
EBV-infected B cells, STAT3 and p38 inactivation by selective inhibitors dampened cytokine
release. However, STAT3 and p38 induced the simultaneous expression and phosphorylation
of ZFP36L1, an RNA binding protein that negatively regulates cytokine transcription and is
likely responsible for the time-limited cytokine release that takes place in the first hours of
infection. More generally, quantification of TNFa and IL-6 release showed that this process is
inefficient and could be additionally boosted by further stimulating the B cells with other

stimuli such as TPA or LPS.
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With my results, | could show that the observed cytokine release is regulated via a two-step
mechanism. Virus binding itself led to a limited cytokine release as has been reported before,
although no effect on cytokine transcription was identified (431). Tegument release or nuclear
transfer of viral DNA had limited to no additional effect in terms of both cytokine transcription
and release. Only latent gene expression induction was able to significantly boost both IL-6
and TNFa, although this event was limited at the very early hours post infection. Indeed, this
early induction was followed by a significant reduction in terms of transcript levels within the
first 24 hours post infection, suggesting that cytokine release is actively repressed in infected
cells. Given the previously described function of ZFP36L1, whose expression both at the
MRNA level and at the protein level significantly increases shortly after infection, a pattern
exactly opposite to those of the cytokines, it can be suggested that ZFP36L1 plays a significant
role in this process. The evidence obtained with my work, therefore, suggests the hypothesis
that EBV particles can promote the activation of latent gene expression with a limited cost in
terms of the immune response. However, it is important to note that in a few individuals, the
infection was followed by much higher levels of cytokine release. This suggests that genetic
factors condition the cytokine response against EBV infection. These polymorphisms might
have potential clinical consequences, for example in the case of infectious mononucleosis

during which intense cytokine release is observed (164).
4.3 BCR signaling regulates STAT3 activation

In order to better define the precise molecular mechanism responsible for STAT3 activation, |
combined the usage of several tegument knockouts with treating the cells with selective
pathway inhibitors. Using this approach, | was able to identify that STAT3 phosphorylation
was an event which occurred after virus binding independently of virus fusion. | could not
detect any difference in the level of activation of STAT3 compared to the wild-type when
different knockout variants lacking each a glycoprotein involved in secondary binding to B cell
and activation of the fusion machinery was used, suggesting that the event was directly
mediated by gp350 itself interacting with CD21 or CD35. For this reason, selective pathway
inhibitors targeting the B cell receptor signaling immediate downstream mediators were used,
and | was able to show that STAT3 phosphorylation was modulated by intracytoplasmic
kinases, in particular SYK. SYK was previously shown to phosphorylate STAT3 at Y705 in

response to oxidative stress in acute lymphoblastic leukemia cells or following activation of
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the signaling cascade induced by Mac-1 or FcyRI in acute myeloid leukemia (191-193). I then
investigated whether tegument proteins contained in the virion could play a role in STAT3
Y705 phosphorylation. Unexpectedly, tegument proteins such as BKRF4 and BGLF2 were
also necessary to maintain full STAT3 induction after infection with wild type EBV. It is
possible that this effect results from the stimulating effects of these tegument proteins on
p38/MK2 which itself potentiates STAT3 activation (442, 443). It is well documented in the
literature that established LCLs express high STAT3 levels under the influence of LMP1.
STATS3 activation has also been proposed to allow infected B cells to progress through the cell
cycle at the early stages of transformation by altering the ATR-mediated DNA damage
response (260, 262, 263). Koganti and colleagues (260) previously showed that pSTAT3 705
is expressed shortly after EBV infection and protected cells from undergoing apoptosis. My
work recognizes new functions for STATS3 early after infection and identifies virus binding as

its activating cue.
4.4 Activation of the p38-MK?2 signaling cascade

The use of DNA-free EBV VLPs allowed me to identify the p38-MK2 pathway as another
target of the infectious particle, although latent gene expression was required to obtain full
activation of this pathway. Thanks to the panel of tegument knockouts | was able to identify
that the tegument proteins BKRF4, BBLF1, BPLF1 and BGLF2 were necessary for p38-MK2
activation, as well as STAT3 activation as described before. The details of the molecular
interactions between these cellular and viral proteins remain to be determined, but it is
noteworthy that a link between p38 and BGLF2 has already been identified during viral lytic
replication (271, 418, 444). My observations suggest that this interaction is also important in
the initial phase of virus-cell interactions. Because BBLF1 acts as a chaperone for BGLF2 (16),
and BPLFL1 acts as a platform for many tegument proteins, it is likely that the deficits in p38
induction observed in their absence are due to their action on BGLF2. Although BOLF1,
another tegument protein, was speculated to interact indirectly with BGLF2 via BKRF4, |
found here that a BOLF1 null virus fully activated p38 and ZFP36L1 (445).
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4.5 EBV infection induces ZFP36L1

Another important consequence of virus entry was the expression and phosphorylation of
ZFP36L1. Using MK2 and p38 inhibitors, | found that the p38-MK2 axis is essential for
ZFP36L1 induction. This observation is in line with previous work showing that MK2 both
activates ZFP36 family proteins transcription and phosphorylates the resulting ZFP36L1
proteins (427-429). Although there were signs of both p38 and ZFP36L1 activation such as
the presence of phospho-events and a minimal induction already after virus binding, the
intensity of activation was minimal in comparison to downstream events such as virus entry
and latent protein production. ZFP36L1 can be phosphorylated at multiple sites that can be
either activating (424) or inactivating (420, 421, 446). ZFP36L1 phosphorylation allows direct
interaction with the chaperone 14-3-3 and thereby its stabilization. However, these events also
inactivate the ability of the protein to promote the degradation of its RNA targets. The
observation that expression of ZFP36L1 is followed by a reduction in the abundance of IL-6
and TNFa transcripts, two well characterized targets of the ZFP36 family of proteins, suggests
that ZFP36L1 is, at least initially, active and responsible for the sharp decrease in cytokine
expression one day after infection. Although MK?2 is considered the main regulator of
ZFP36L1 phosphorylation, other kinases such as PKA (424), PKB (420, 446) have been shown
to target this RNA binding protein. In addition to these described regulators, 1 also found here
that LYN, BTK and STAT3 can directly or indirectly influence the ZFP36L1 phosphorylation
status.

Modulation of the p38-MK2-ZFP36L1 pathway has been previously reported after infection
with other members of the Herpesviridae family. However, these events occurred in already
infected cells and were thus independently of the virion (326, 327). For example, infection with
the gammaherpesvirus Kaposi Sarcoma Herpesvirus (KSHV) induces the p38-MK2 pathway
via expression of the Kaposin B protein (333). Phosphorylated MK2 is responsible for the
activation of the MK2-HSP27-p115RhoGEF-RhoA signaling axis which, in turn, results in the
disruption of the P-body network, a set of cytoplasmic hubs involved in the processing of
MRNA targeted for degradation (334, 447). In contrast to EBV, KSHV-infected cells produce
large amounts of cytokines that are beneficial to cell growth. Because of this positive effect on
the infected cells, KSHV does not need to block the cytokine release following MK2 activation
(448). Another member of the Herpesviridae family to control the p38-MK2-ZFP36L1
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pathway is MCMV. In contrast to EBV infection, MCMV infection leads to an activation of
MK2 to which follows the repression of ZFP36 function. In this case, MCMV blocks ZFP36
activity in order to maintain high levels of IL-10 transcription and secretion, despite MK2 being
associated with an increased secretion also of antiviral cytokines. However, the presence of
high levels of IL-10, which is secreted by the infected macrophages and hepatocytes, allows

the virus to dampen a T cell response against infected cells (402).
4.6 NF-kB is not activated immediately after infection

Early studies performed using either recombinant soluble gp350 or wild-type EBV showed IL-
6 secretion upon binding which was explained by the activation of the NF-«xB p65/p50
transcriptional factors and of NF-IL-6 (431). However, in my experimental model, | could not
identify an increase in the level of phosphorylated p65. The results obtained using the selective
inhibitor PS-1145 clearly showed a very limited effect on IL-6 and TNFa secretion.
Furthermore, more recent lines of evidence have identified the tegument proteins BPLF1 and
BGLF2 as active repressors of NF-kB, interfering with its activation both during virus
production but also during the early phases of infection (449, 450). This supports the idea that
NF-«xB activation is tightly regulated by the incoming virus shortly after infection to prevent
the mounting of a significant immune response, and it is later modulated via LMP1.

4.7 Limitations of the study

This study used high-throughput approaches, proteomics and phosphoproteomics, to identify
targets significantly modulated by EBV upon infection. These techniques present intrinsic
limitations in the type of proteins detected (e.g. protein size, protein localization), as well as
variability in between sample runs, due to sample preparation techniques and instrument
detection ability (451). In addition, protein sample preparation for the phosphoproteomic
analysis required the pooling of many donors in order to have the required amount of material
for phosphopeptide enrichment, introducing variability between the biological replicates.
These limitations affected the number of statistically significant events identified and,
therefore, the ability of the analysis to provide a clear picture of the modifications induced by

EBV infection. In addition, most of the events identified in the phosphoproteomic analysis do
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not have a well-defined effect in terms of biological function, limiting the significance of

bioinformatic approaches for data mining (i.e. pathway enrichment analysis).

Another limiting aspect of my work was the lack of a suitable technical approach to genetically
engineer primary B cells to perform functional studies on the identified proteins of interest. In
recent years a few publications described techniques to induce the expression of exogenous
sequences or to generate knockouts in human primary B cells by electroporation of CRISPR-
Cas9 ribonucleoprotein complexes (452, 453). However, these systems rely on concomitant B
cell activation by a mixture of cytokines or infection with EBV, making them ill-suited for

investigating the role played by the target protein during the early stages of infection.

4.8 Future directions

Several open questions remain to be investigated to fully understand the biological processes
occurring shortly after EBV infection. The role played by both p38-MK2 and STAT3 in
regulating the transcription of latency genes | uncovered will require a more extensive
evaluation of the role played by different cellular transcriptional factors in the expression of
early latency genes (83, 454-456). In particular, although not confirmed, the bioinformatic
identification of STAT3 binding sites in proximity to the only exon coding for EBNA2
represents another hint for possible direct involvement of STAT3 in the process. On the other
hand, p38 role in the transcriptional regulation of Wp-originated transcripts most likely relies
on the effect it has on downstream mediators, including transcription factors. Interestingly, p38
effect on transcription initiation might not be restricted to the activation of transcription factors,
but, considering the results from the FISH analysis, could extend to the regulation of the
cytoskeleton or of the molecular machinery responsible for delivering the viral capsid to the
nucleus. For this reason, further investigating the role played by p38 could shed new light on

how the viral genome is delivered to the nucleus.

Another aspect which requires additional study is the role played by IL-6 and TNFa. As
previously discussed, the expression of these two cytokines is suppressed a few hours post
infection but follows different kinetics at later stages. Why is TNFa expression increasing after
24 hours post infection? One possible explanation is that TNFa has an autocrine and/or
paracrine effect, promoting an overall effect which is beneficial for the survival and growth of

the infected cell. For this reason, investigating the effect of these cytokines either by
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supplementing or depleting them during the early phases of infection, both in the context of a
pure B cell population or in the presence of other subtypes of immune cells, could provide a

better insight into why EBV differently regulates them.

As previously mentioned, IL-6 and TNFa showed great variability between donors, with
possible clinical relevance. Indeed, not only EBV is responsible for the development of
infectious mononucleosis in a fraction of infected individuals, but several autoimmune
conditions have been proposed to be linked to EBV infection (4). One recent publication by
Bjornevik and colleagues was able to confirm the epidemiological link between EBV infection
and the development of multiple sclerosis, a rare autoimmune condition which affects the
central nervous system (9). Investigating possible genetic variations in the genes associated
with the STAT3 or p38-MK2 signaling pathways, as well as in ZFP36L1, could allow the
identification of genetic markers or risk factors associated with these diseases. Interestingly,
several SNPs within or in the proximity of the ZFP36L1 coding sequence have been linked via
genome-wide association studies with various autoimmune conditions, including multiple
sclerosis (rs12434551) (457).

One future development of this work is also to test whether STAT3, p38-MK2, or ZFP36L1
activation can be used as a readout of EBV entry in cell types which are not known to be EBV
targets and in which EBV is not able to establish latent infection. Given the activatory signals
induced by EBV binding and tegument release independently of latency establishment, the
question arises on whether EBV interaction with other types of cells can have a similar effect.
By analysing the levels of activation of these pathways upon exposure to EBV particles it could

be possible to extend the current knowledge of cells permissive to EBV entry.
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5. Materials and Methods

5.1 Materials

5.1.1 Eukaryotic cell lines and primary cells

Virus producer cell lines are HEK293 cells stably transfected to carry either the M81 wild-type
EBV BAC or one of the recombinant EBV virus BACs (section 5.1.5) were previously
generated in the laboratory via transfection and were maintained by constant selection with 100

ug/mL hygromycin.

Primary human CD19+ B cells were isolated from anonymous buffy coats purchased from the
DRK-Blutspendedienst Baden-Wirttemberg - Hessen gemeinniitzige GmbH using a Ficoll

cushion and a MACS positive selection method.
5.1.2 Cell culture media

Producer cells were kept in culture using RPMI-1640 (Gibco by Life Technologies)
supplemented with 10% fetal bovine serum (SIGMA).

Primary CD19+ cells were cultured using RPMI-1640 (Gibco by Life Technologies)
supplemented with 20% fetal bovine serum (SIGMA), and 1 mM sodium pyruvate (Gibco by

Life Technologies).
5.1.3 Plasmids
The following plasmids were used for the induction of producer cell lines (virus production):

e p509, a pRKS5 backbone plasmid encoding for BZLF1 from the B95-8 EBV strain
under control of a CMV promoter;

e 2130, a pRKS5 backbone plasmid encoding for BRLF1 from the B95-8 EBV strain
under control of a CMV promoter:

e pRA, a pRKS5 backbone plasmid encoding for BALF4 (=gB=gp110) derived from the
B95-8 EBV strain. This plasmid was used to increase B cell infectivity:
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5.1.4 Oligonucleotides

Internal Name Sequence
#
335 hGAPDH cDNA GATCTCGCTCCTGGAA
333 W2W1 cDNA CCTAGGCCCTGAAGG
334 EBNA2 cDNA GCAAGATAGAATGTAGGCAT
363 WO fwd CGCCAGGAGTCCACACAAAT
364 WO GAGGGGACCCTCTGGCC
342 W probe FAM-ACCGAAGTGAAGGCCCTGGACCAAC-TAMRA
349 EBNA2 fwd typel | GCTTAGCCAGTAACCCAGCACT
344 EBNAZ rev TGCTTAGAAGGTTGTTGGCATG
343 EBNAZ2 probe FAM-CCCAACCACAGGTTCAGGCAAAACTTT-TAMRA
3845 hTFRC fwd AATCCTGGGGGTTATGTGGC
3846 hTFRC rev GGTGATTTTCCCTGCTCTGAC
4358 hTFRC probe JOE-AGGCTGCAACAGTTACTGGT-BHQ
3473 | hiL-6 fwd CTTCGGTCCAGTTGCCTTCTC
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3474

3587

3475

3476

3583

3417

3418

hIL-6 rev

hIL-6 probe

hTNF-a fwd

hTNF-a rev

hTNF-a probe

hZFP36L1 fwd

hZFP36L1 rev

TTACATGTCTCCTTTCTCAGGGC

FAM-AATTCGGTACATCCTCGACG-TAMRA

GCTGCACTTTGGAGTGATCG

GCTTGAGGGTTTGCTACAACA

FAM-GAGTGACAAGCCTGTAGCCC-TAMRA

AGTTTAAAGCTCCTCCTCCCCC

TTTCTGTCCAGCAGGCAACC

5.1.5 Recombinant EBV (rEBV)

Internal Name Description
#
B110 M81wt Recombinant M81 wild-type virus
Recombinant M81 in which the BZLF2 (=gp42) CDS has
B279 M81 BZLF2-kan-KO been replaced by the kanamycin resistance cassette from
pCP15
Recombinant M81 in which the EBNA2 CDS has been
B975 M81 EBNA2-kan-KO replaced by the kanamycin resistance cassette from

pCP15
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B1001

B1050

B1099

B1580

B1636

B1637

B1641

B1651

B1669

MS81 BALF4(Ants42-1730)-kan-KO

M81 BFLF1/BFRF1A-KO BBRF1-
KO BALF4-kan-KO

M81 BNRF1(aal-428.expressed)-
kan-KO

M81 BPLF1(aa60-3147end)

M81 BOLF1(stop.codon.after.aa?2)-
KO

M81
BSRF1(2stop.codons.after.aa7)-KO

M81 BKRF4-kan-KO

M81
BBLF1(2stop.codons.after.aa8)-KO

M81
BRRF2(1stop.codon+shift.after.aal
3)-KO

Recombinant M81 in which the nts42-1730 of the BALF4
(=gp110) CDS have been replaced with the kanamycin

resistance cassette from pCP15

Recombinant M81 B1001 containing the following
deletions: BFLF1Ants-43/+1394; BFRF1A Antsl-45;
BBRF1 Ants299-1237

Recombinant M81 in which the BNRF1 CDS has been
disrupted by inserting the kanamycin cassette from pCP15

(aa 1-428 are expressed)

Recombinant M81 in which the BPLF1 CDS has been
disrupted by inserting an ampicillin resistance cassette to
replace aa 60-3147 (end)

Recombinant M81 in which the BOLF1 CDS has been

disrupted by inserting a stop codon after aa2

Recombinant M81 in which the BSRF1 CDS has been

disrupted by inserting two stop codons after aa7

Recombinant M81 in which the BKRF4 CDS has been
replaced by the kanamycin resistance cassette from
pCP15

Recombinant M81 in which the BBLF1 CDS has been

disrupted by inserting two stop codons after aa8

Recombinant M81 in which the BRRF2 CDS has been
disrupted by inserting a stop codon after aal3 together

with a frameshift
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Recombinant M81 in which the BGLF2 CDS has been
M81 BGLF2(ATG-- . . . ] .
B1672 disrupted by replacing the ATG with ACG, and inserting

>ACG+2stop.codons.after.aa8-KO
two stop codons after aa8

Recombinant M81 in which the BXLF2 (=gH) CDS has
B1789 M81 BXLF2(aal9-686)-tet-KO been disrupted by inserting a tetracycline resistance

cassette to replace aa 19-686

5.1.6 Antibodies

Species and o )
Target Usage ) Dilution Supplier
clonality
Mouse, Hybridoma cell
EBNA2 IFA 1:35 )
monoclonal (PE2) line
) 1:200 (IFA); Cell Signaling
ZFP36L.1/2 IFA/WB Rabbit, monoclonal
1:1000 (WB) Technology, #2119
Mouse, BiolLegend,
IxBao WB 1:1000
monoclonal #609101
hospho-p65 Cell Signalin
PROSPRO™p wWB Rabbit, monoclonal 1:1000 ’ J
(Ser536) Technology, #3033
phospho-ERK ) Cell Signaling
WB Rabbit, monoclonal 1:1000
(Thr202/Tyr204) Technology, #4370
phospho-AKT1 )
WB Rabbit, monoclonal 1:10000 Abcam, #ab81283

(Sera73)
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STAT3

phospho-STAT3

(Tyr705)

p38

phospho-p38

(Thr180/Tyr182)

phospho-MK?2
(Thr334)

phospho-ATF2
(Thr71)

phospho MSK2
(Ser196)

Actin

Vinculin

Cy-3 conj. Anti-

mouse

WB

WB

WB

WB

WB

WB

WB

WB

WB

IFA/FC-viral

quantification

Rabbit, monoclonal

Rabbit, monoclonal

Rabbit, monoclonal

Rabbit, monoclonal

Rabbit, monoclonal

Mouse,

monoclonal

Rabbit, polyclonal

Mouse,

monoclonal

Mouse,

monoclonal

Goat
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1:1000

1:1000

1:1000

1:1000

1:1000

1:200

1:500

1:1000

1:1000

1:300

Cell Signaling
Technology, #4904

Cell Signaling
Technology, #9131

Cell Signaling
Technology, #9212

Cell Signaling
Technology, #9211

Cell Signaling
Technology, #3007

Santa Cruz
Biotechnology,
sc-8398

R&D, #AF189

Santa Cruz
Biotechnology,
sc-8432

Santa Cruz
Biotechnology,
sc-73614

Dianova,
#115-165-174
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Cy-3 conj. Anti-
rabbit

HRP conj. Anti-

mouse

HRP conj. Anti-
rabbit

5.1.7 Pathway Inhibitors

IFA Goat 1:300

WB Goat 1:40000

WB Goat 1:10000

Name Target Concentration
SB239063 p38 10 uM
PF-3644022 MK2 10 uM
SP600125 JNK 10 uM
Trametinib MEK1/2 0.1uM
ZSTKA474 PI3K 1 uM
PS-1145 NF-kB 3uM
T-5224 AP-1 20 uM
PRT-062607 Syk 2 uM
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Bafetinib Lyn 5uM
Ibrutinib BTK 10 nM
Bisindolylmaleimide | PKC 5uM
H-89 PKA 5uM
Stattic STAT3 2,5uM
Actinomycin D Transcription 2 ng/mL
Cycloheximide Translation 15 pg/mL

5.1.8 Chemicals, reagents, kits

Name Used for Supplier
Sodium . New England
Phosphoproteomics )
orthovanadate Biolabs
phosphoSTOP
phosphatases Phosphoproteomics Roche
inhibitors

complete mini EDTA
free protease Phosphoproteomics Roche
inhibitors
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Halt™ Protease and

Phosphatase Inhibitor

ROTI® Nanoquant

Acrylamide: 30%
stock, with 0-8%

bisacrylamide

Page Ruler
Prestained Protein
Ladder

SDS solution (20%6)

B-mercaptoethanol

Ponceau S

Bovine serum

albumin

Pierce™ ECL
Western Blotting
Substrate

Tween 20

Triton X-100

WB

WB

WB

WB

WB

WB

WB

WBJ/ELISA

WB

WB/ELISA

IFA
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Thermo Fisher

Scientific

Carl Roth GmbH +
Co. KG

Carl Roth GmbH +
Co. KG

Thermo Fisher

Scientific

Santa Cruz

Biotechnology

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Thermo Fisher
Scientific

GE Healthcare

AppliChem
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Paraformaldehyde

Glycerol

DABCO

DAPI

Human IL-6
ELISABASIC kit
(HRP)

Human TNFa
ELISABASIC kit
(HRP)

Human IFN-a pan
ELISABASIC kit
(HRP)

TMB substrate

RNeasy Mini kit

RNase-Free DNase
Set

Random hexamers

dNTP mix 10mM

IFA

IFA/FISH

IFA/FISH

IFA/FISH

ELISA

ELISA

ELISA

ELISA

RNA extraction

RNA extraction

cDNA synthesis

cDNA synthesis
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AppliChem

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Mabtech

Mabtech

Mabtech

BD Biosciences

Qiagen

Qiagen

Thermo Fisher

Scientific

Thermo Fisher

Scientific
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RNase inhibitor

Methanol

Acetic acid

Formamide

Biotin-16-dUTP

Streptavidin,
Alexa488 conj.

Heparin sodium salt

Ficoll Plus

Dynabeads™ CD19
Pan B

DETACHaBEAD™
CD19

PBS tablets

DMSO

cDNA synthesis

FISH

FISH/WB

FISH

FISH

FISH

CD19+ B cell

isolation

CD19+ B cell

isolation

CD19+ B cell

isolation

CD19+ B cell
isolation

Cell culture

Cell culture
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Promega

Carl Roth GmbH +

Co. KG

Carl Roth GmbH +

Co. KG

Sigma Aldrich

Roche

Invitrogen

Sigma Aldrich

Cytiva

Thermo Fisher

Scientific

Thermo Fisher
Scientific

Thermo Fisher

Scientific

Sigma Aldrich
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Trypan Blue solution

Trypsin EDTA 0.05%

Hygromycin B

5.1.9 Enzymes

Cell culture

Cell culture

Cell culture

Sigma Aldrich

Thermo Fisher

Scientific

Thermo Fisher

Scientific
Metafectene Cell transfection Biontex
Name Used for Supplier
Viral titre Thermo Fisher

DNase |

Proteinase K

TagMan Universal PCR
Master Mix

Benzonase, purity >90%

Lambda protein

phosphatase

E. coli DNA polymerase |

quantification

Viral titre

quantification

Viral titre

quantification

Phosphoproteomics

Dephosphorylation

of proteins

FISH
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Scientific

Roche

Thermo Fisher

Scientific

Merck Millipore

New England
Biolabs

Roche



Chapter 5: Materials and Methods

AMYV Reverse . New England
. cDNA synthesis )
Transcriptase Biolabs
5.1.10 Buffer solutions
Name Used for Composition
Phosphate Buffered 137 mM NaCl, 2,7 mM KCI, 10 mM Na;HPOQ4, 1,8 mM
IFA/FC/ELISA

Saline (PBS) KH2PO4; pH=7,4

100 mM Tris-HCI pH 8.5, 7 M Urea, 1 % Triton, 10 U/mL
Lysis buffer for MS DNase I, 1 mM magnesium chloride, 1% benzonase, 1 mM
phosphoproteomics sodium orthovanadate, phosphoSTOP phosphatases

inhibitors, complete mini EDTA free protease inhibitors

100 mM Tris-HCI (pH 7,5), 750 mM NaCl, 25 mM EDTA,

5X RIPA buffer WB .
2,5 % NP-40 and 5% Sodium deoxycholate
4x Protein loading WE 200 mM Tris-HCI (pH 6,8), 8 % SDS, 1% bromophenol blue,
buffer 40% glycerol and 10% 2-mercaptoethanol
Ponceau S staining o ]
] wWB 0,1% (w/v) Ponceau S, 5% acetic acid (glacial)

solution
10X TBS WB 200 mM Tris-HCI (pH 7.6), 1,5 M NaCl
TBS-T WB 1X TBS + 0.1% Tween 20
Blocking buffer WB TBS-T + 5% skim milk powder
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TBS-T + BSA

Polyacrylamide
stacking gel (4,5 %)

Polyacrylamide
separating gel (12,5 %)

10X SDS-running
buffer

Blotting buffer

Buffer A

Buffer B

Permeabilization buffer

Antibody incubation
buffer

Embedding buffer

10X hypotonic solution

Fixation buffer

20X SSC buffer

WB

WB

WB

wWB

WB

Subcellular

fractionation

Subcellular

fractionation

IFA

IFA

IFA/FISH

FISH

FISH

FISH

TBS-T + 3% BSA

125 mM Tris (pH 6.8), 15% (v/v) acrylamide stock, 4 mM
EDTA

335 mM Tris (pH 8,9), 42% (v/v) acrylamide stock, 3,3 mM
EDTA

250 mM Tris, 1,92 M glycine, 1% SDS; pH=8,5

25 mM Tris, 150 mM glycine, 20% methanol

10 mM HEPES pH 7.9, 10 mM KCI, 0.1 mM EDTA, 1mM

DTT, 1x protease and phosphatase inhibitor cocktail

20 mM HEPES pH 7.9, 400 mM NaCl, 1 mM EDTA, 1mM

DTT, 1x protease and phosphatase inhibitor cocktail

1X PBS + 0,5% Triton X-100

1X PBS + 10% heat-inactivated goat serum

25 mg/mL DABCO, 0,2 M Tris-HCI (pH 8,0), glycerol 90%

402 mM KCl, 5,2 mM EGTA, 75,5 mM HEPES; pH=7,0

66% methanol, 33% acetic acid (glacial)

3M NacCl, 0,3 M Sodium Citrate; pH 7,0
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10X nick translation

buffer FISH 0,5 M Tris-HCI (pH 8,0), 50 mM MgCl;, 0,5 mg/mL BSA
Denaturation buffer FISH 2X SSC + 70% deionised formamide (pH=7,0)
Hybridization buffer FISH 4X SSC + 20% dextran sulphate (MW 500000)
Wash buffer A FISH 4X SSC + 50% formamide
Wash buffer B FISH 4X SSC + 0,1% Tween 20
Blocking buffer FISH 4X SSC + 3% BSA + 0,1% Tween 20
Detection buffer FISH 4X SSC + 1% BSA + 0,1% Tween 20
Incubation buffer ELISA 1X PBS + 0,05% Tween 20 + 0,1% BSA

5.2 Methods

5.2.1 Eukaryotic cell culture
5.2.1.1 Cell maintenance

Eukaryotic cells were cultured using the appropriate medium (section 5.1.2) in the incubator at
37°C with 5% CO,. HEK293-derived cell lines were passaged using 0.05% Trypsin-EDTA

twice a week or when 70-80% optical confluency was reached.
5.2.1.2 CD19+ B cell isolation

Human CD19+ B cells used in this study were freshly isolated from buffy coats (section 5.1.1)
using the Dynabeads™ CD19 Pan B positive selection kit combined with the
DETACHaBEAD™ CD19 beads removal kit.
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The buffy coats were initially diluted using an equal volume of 1X PBS containing heparin and
layered on top of a volume of Ficoll equal to 1/3 of the blood:PBS mix. Samples were
centrifuged at room temperature for 30 minutes at 400 x g. The layer containing mononuclear
cells was then recovered and washed 3 times with 1X PBS. Cells were then resuspended in
RPMI-1640 + 1% FBS and pre-washed Dynabeads™ CD19 Pan B magnetic beads were added
according to manufacturer's instructions. The cell suspension was then incubated at 4°C rolling
for 30 minutes. CD19+ B cells were then isolated by using a magnet and washed 3 times with
RPMI-1640 + 1% FBS before adding the DETACHaBEAD™ CD19 beads removal reagent
according to manufacturer's instructions. Beads-free B cells were obtained after incubating
with the reagent for 1 hour at room temperature rolling followed by 3 washing steps. Isolated
CD19+ B cells were kept in RPMI-1640 + 20% FBS on ice until further use.

5.2.1.3 Virus induction

In order to induce lytic replication and produce viral supernatants, cells were counted and
seeded at a concentration of 1,5x10° viable cells/mL in 2 mL of complete medium in a 6-well
plate and incubated overnight at 37°C. The following day, cells were transfected with a total of
1,25 pg of pDNA per well: 0,5 pg of p509, encoding BZLF1, and 0,25 pg of p2130, encoding
BRLF1, to induce lytic replication; 0,5 pg of pRA encoding BALF4 to increase B cell
infectivity (458). For the BALF4 knockout producer cell line, the induction was performed
without the BALF4 encoding-plasmid, which was replaced with the same amount of empty
pRKS5 plasmid. Transfections were performed using the liposome-based reagent Metafectene
according to the manufacturer’s instructions. In summary, for each well of a 6-well plate, two

solutions were mixed:

e solution A, 100 puL of RPMI-1640 medium without additions to which the pDNA was
added,;
e solution B, 100 pL. of RPMI-1640 medium without additions to which 3,75 pL of

metafectene was added.

The resulting solution was incubated for 20 minutes at room temperature. 1 mL of complete
medium was removed from each well and 200 uL of transfection solution was added to each

well in a drop-wise fashion. Cells were incubated for 8 to 12 hours before the medium was
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replaced with fresh complete medium. Three days after transfection, viral supernatants were

collected, centrifuged at 400 x g for 10 minutes and filtered through a 0.45 pm filter.
5.2.1.4 Quantification of viral titres using g°PCR

To evaluate EBV genome equivalents per millilitre of supernatant, viral supernatants were
quantified via qPCR (459). Prior to performing the qPCR, viral supernatants were treated with
DNase I, in order to remove viral DNA copies freely present in suspension, followed by
subsequent treatment with proteinase K to release the viral genome contained inside the capsid.
A set of internal controls were used to guarantee the successful completion of each step: a
negative control containing only water to control for contamination; a positive control with
known viral titre; a water-based suspension containing EBV BAC DNA to control for DNase
| treatment efficiency. For each condition, 1 uL of DNase | 1 U/uL plus 5 pL of 10X DNase |
reaction buffer was added to 44 uL of solution or supernatant. Samples were then incubated in
a thermocycler for 1 hour at 37°C and at 70°C for 10 minutes to inactivate the reaction. For
proteinase K treatment, 5 uL of each of the DNase I-treated samples was mixed with 5 puL of a
prediluted proteinase K solution (1:100 in water, stock 10 mg/mL) and incubated in a
thermocycler at 50°C for 1 hour and at 75°C for 20 minutes to inactivate the reaction. Each

sample was then diluted 1:10 (final volume 100 uL) with PCR-grade water.

Following the dilution of the sample, the gPCR reaction was prepared. g°PCR was performed
with primers and probe specific for the non-repetitive EBV BALF5 gene sequence to measure
the EBV copy numbers in the supernatants. The following reaction mixture was set up for each

sample:

Volume Reagent

12,5 uL | TagMan Universal PCR Master mix (2x)

2,5uL | Forward primer

2,5uL | Reverse primer
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1,0 uL | Probe

15uL | H.0

5uL DNase | and Proteinase K treated sample

25 ulL Total volume

The PCR reaction was performed using the ABI STEP ONE PLUS Real-Time PCR System

(Applied Biosystems) with the following thermocycling conditions:

Temperature Time Number of cycles
(°C) (mm:ss)
50 02:00 1x
95 10:00 1x
95 00:15
40x
60 01:00

Using a standard curve in which the linear relationship between threshold cycle (Ct) values and
genome copies/mL has been previously established, | was able to calculate the genome-

containing particles per millilitre.
5.2.1.5 Quantification of gp350+ particles

For those experiments in which a panel of recombinant EBV viruses including VLPs was used,

quantification of gp350+ particles was performed by flow cytometry. For this purpose, M81
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wild-type virus, previously quantified with gPCR, was titrated (1, 0.75, 0.5, and 0.25 x 10’
genome containing particles) and bound to 3x10° human primary B cells at 4°C. In parallel,
different dilutions of viral supernatants to be quantified were incubated with the same number
of human primary B in the same conditions. After 2 hours, cells were washed with ice-cold
PBS, resuspended in 100 uL of PBS and fixed for 15 minutes on ice using an equal volume of
PBS + 4% FA. After washing the cells twice with PBS, they were stained with a-gp350 (clone
72A1, dilution 1:3) in PBS + 2% FBS for 30 minutes at room temperature followed by the
staining with the secondary antibody a-mouse 1gG-Cy3 antibody for 30 minutes. Cells were
then analysed via flow cytometry using a BD FACSCalibur™, Median fluorescence intensity
(MFI) values were determined, and a standard curve was generated for EBV genomes vs MFI.
MFI values obtained for VLPs/KOs were extrapolated off the standard curve to quantify
VLPs/KOs (460).

5.2.1.6 B cell infections

Purified CD19+ human B cells were exposed to viral supernatant with a multiplicity of
infection of 30, as determined by gPCR or gp350 quantification, by rolling for two hours at
4°C. Cells were then cultured at a density of 2x10° cell/mL for the indicated amount of time
with RPMI-1640 supplemented with 20% FBS + 1% HEPES at 37°C. For the experiments in
which pathway inhibitors were used, these were added to primary B cells at the concentration
indicated for 1 hour prior to the incubation with virus supernatant. The inhibitors were then

added in each of the following steps maintaining the same final concentration.
5.2.2 Protein analysis

5.2.2.1 Proteomic analysis

Both proteomic and phosphoproteomic analyses were performed at the DKFZ Genomics and
Proteomics Core Facility. Samples were prepared and submitted to the Core Facility for further

processing. The following methods were provided by Dr Dominic Helm.
Sample Preparation

4x10° primary B cells from human healthy donors were left uninfected or infected with M81wt
for a different amount of time. At each time point, cells were washed with ice-cold PBS, lysed
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with 1X RIPA buffer containing protease and phosphatase inhibitors and quantified using the

Bradford quantification assay.

Proteins (10 ug) were separated for 0.5 cm via SDS-PAGE. After Commassie staining the total
sample was cut out and used for subsequent Trypsin digestion according to a slightly modified
protocol described by Shevchenko et al. (461) on a DigestPro MSi robotic system (INTAVIS

Bioanalytical Instruments AG).
Mass spectrometry run

LC-MS/MS analysis was performed using an Ultimate 3000 UPLC system connected to a Q-
Exactive HF-X mass spectrometer. The UPLC was operated using a trap-elute set-up. Peptides
were first loaded on a trap column (Acclaim PepMap300 C18, 5pum, 300A wide pore; Thermo
Fisher Scientific) for 5 min and 30 uL/min of 0.05% TFA in water. During the analytical
gradient (Solvent A: water with 0.1% formic acid; Solvent B; 80% acetonitrile, 20% and 0.1%
formic acid) the concentration of solvent B was ramped from 2% to 25% (150 min) and 25%-
40% (30 min) on a nanoEase MZ Peptide analytical column (3004, 1.7 um, 75 um x 200 mm;
Waters). Eluting peptides were analysed by a Q-Exactive-HF-X mass spectrometer (Thermo
Fisher Scientific) running in data depend acquisition mode. A full scan at 120 k resolution was
followed by up to 35 MS/MS scans at 15 k resolution. Precursors were isolated for MS/MS
scans via a quadrupole isolation window of 1.6 m/z and fragmented via a collision energy of
27 NCE. Unassigned and singly charged peptides were excluded from fragmentation and

dynamic exclusion was set to 60 s.
Data analysis

Data analysis was performed by MaxQuant (462) (version 1.6.0.16) using an organism specific
database extracted from Uniprot.org under default settings. Identification FDR cut-offs were
0.01 on peptide level and 0.01 on protein level. Match between runs option was enabled to

transfer peptide identifications across Raw files based on accurate retention time and m/z.

Quantification was done using a label free quantification approach based on the MaxLFQ
algorithm (463). A minimum of 2 quantified peptides per protein was required for protein

quantification.
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Data have been further processed by in-house compiled R-scripts to plot and filter data.
Statistics

The Perseus software package (version 1.6.7.0) using default settings for further statistical
analysis (464) of LFQ data

(nttp://www.coxdocs.org/doku.php?id=perseus:user:use cases:interactions) was used. Adapted

from the Perseus recommendations (464) protein groups with non-zero intensity values in 70%
of the samples of at least one of the conditions were used and imputation with random values
drawn from a downshifted (1.8 standard deviation) and narrowed (0.3 standard deviation)

intensity distribution of the individual sample.
5.2.2.2 Phosphoproteomic analysis
Sample Preparation

4x10° primary B cells from human healthy donors were left uninfected or infected with M81wt,
VLPs, or gp110 knockout virus for 6 hours. A total of 21 donors were used, and the same
amount of protein was pooled from 7 donors for each condition to generate 3 independent

pooled biological replicates.

Samples have been prepared according to a slightly modified protocol described by Potel et al.
(465). Briefly, cell pellets were resuspended with lysis buffer (see section 5.1.10) and lysed by
sonication. Cell debris was removed by centrifugation (21k x g for 15 minutes at 4 °C). Protein
concentration was determined via Bradford assay and followed by Chloroform/Methanol
precipitation as described by Wessel et al. (466).

Pellets were resuspended in digestion buffer (8 M Urea, 100 mM NaCl, 50 mM TEAB, pH
8.5), followed by reduction in 10 mM DTT for 1 h at 27°C, alkylation by 30 mM lodoacetamide
for 30 min at room temperature in the dark and quenching the reaction by adding additional 10
mM DTT. Samples have subsequently been digested by Lys-C at an enzyme:protein ratio of
1:00 for 3 -4 h at 30°C, diluted with 50 mM TEAB to a resulting Urea concentration of 1.6 M
and further digestion with Trypsin overnight at 37°C in an enzyme:protein ration of 1:50.
Digestion was stopped by acidification, adding 0.02%(vol/vol) TFA. Digested peptides have
been desalted using C18 SepPack Cardridges and resuspended in 0.07 % (v/v) TFA in 30 %
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(v/v) ACN and fractionated by on-column FE3+- IMAC enrichment on an Ultimate 300 LC
system using the method described by Ruprecht et al. (467). The two fractions per sample,
containing mainly either unphosphorylated or phosphorylated peptides, have been desalted by
StageTips (468) and resolved in 50mM citric acid and 0.1 % TFA.

Mass spectrometry run

LC-MS/MS analysis was performed using an Ultimate 3000 UPLC system connected to a Q-
Exactive HF-X mass spectrometer. The UPLC was operated using a trap-elute set-up. Peptides
were first loaded on a trap column (Acclaim PepMap300 C18, 5um, 300A wide pore; Thermo
Fisher Scientific) for 5 min and 30 ul/min of 0.05% TFA in water. During the analytical
gradient (Solvent A: water with 0.1% formic acid; Solvent B; 80% acetonitrile, 20% and 0.1%
formic acid) for the phospho-fraction the concentration of solvent B was ramped from 2% to
8% (15 min), 8%-25% (135 min) and 25%-40% (20 min) and for the full proteome samples
the concentration of solvent B was ramped from 2% to 25% (150 min) and 25%-40% (30 min).
For separation a nanoEase MZ Peptide analytical column (300A, 1.7 um, 75 um x 200 mm;
Waters) was used. Eluting peptides were analysed by a Q-Exactive-HF-X mass spectrometer
(Thermo Fisher Scientific) running in data depend acquisition mode. A full scan at 120 k
resolution was followed by up to 35 MS/MS scans at 15 k resolution. Precursors were isolated
for MS/MS scans via a quadrupole isolation window of 1.6 m/z and fragmented via a collision
energy of 27 NCE. Unassigned and singly charged peptides were excluded from fragmentation
and dynamic exclusion was set to 60 s.

Data analysis

Data analysis was carried out by MaxQuant (462) using an organism specific database
extracted from Uniprot.org under default settings. Identification FDR cut-offs were 0.01 on
peptide level and 0.01 on protein level. Match between runs option was enabled to transfer
peptide identifications across Raw files based on accurate retention time and m/z.
Quantification was done using a label free quantification approach based on the MaxLFQ
algorithm (463). A minimum of 2 quantified peptides per protein was required for protein
quantification. Data have been further processed by in-house compiled R-scripts to plot and
filter data.
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Statistics

The Perseus software package (version 1.6.7.0) using default settings for further statistical
analysis (464) of LFQ data
(http://www.coxdocs.org/doku.php?id=perseus:user:use_cases:interactions) and phospho data
(http://www.coxdocs.org/doku.php?id=perseus:user:use_cases:modifications) was  used.
Adapted from the Perseus recommendations (464) protein groups with non-zero intensity
values in 70% of the samples of at least one of the conditions were used and imputation with
random values drawn from a downshifted (1.8 standard deviation) and narrowed (0.3 standard

deviation) intensity distribution of the individual sample.
5.2.2.3 Subcellular fractionation

The subcellular fractionation protocol was modified from a previously published method (469).
In summary, 6x10° uninfected or M81wt-infected primary CD19+ B cells were washed once
with PBS 1X and gently resuspended in 40 uL of buffer A (see section 5.1.10). Cells were then
incubated on ice for 15 minutes and then 2.5 uL of 10% NP-40 was added before being
vortexed at minimum speed for 10 seconds and incubated on ice for 2 minutes. The supernatant
was collected after centrifuging the samples for 6 minutes at 600 x g at 4°C and identified as
the cytoplasmic fraction. The pellet was then gently washed once with 100 uL of buffer A,
centrifuged for 5 minutes at 600 x g at 4°C and resuspended in 15 pL of buffer B (see section
5.1.10). Resuspended pellets were then vortexed at maximum speed for 15 seconds, incubated
on ice for 15 minutes, and vortexed once more prior to proceeding to sonication. Samples were
then centrifuged at maximum speed for 5 minutes at 4°C and the supernatant was identified as
the nuclear fraction. Both the cytoplasmic and the nuclear fraction were quantified via Bradford

assay and further processed for western blot.
5.2.2.4 Lambda phosphatase treatment

Total protein lysate prepared with EDTA-free RIPA buffer and protease inhibitors was treated
for 30 minutes at 30°C with lambda protein phosphatase according to manufacturer’s
instructions. An untreated control was processed similarly in the absence of the enzyme.

Samples were then analysed by western blot.
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5.2.2.5 Western blot analysis

Proteins were extracted from cell pellets with 1X RIPA buffer supplemented with protease and
phosphatase inhibitor cocktail for 15 min on ice followed by sonication to shear the genomic
DNA. Up to 30 ug of proteins was denatured in 4X protein loading buffer (see section 5.1.10)
for 10 minutes at 95°C and loaded on a 12.5% SDS-—polyacrylamide gel. The run was
performed in 1X SDS-running buffer for 90 minutes at 90V constant and for 3 hours at 120V
constant or until the front of the samples reached the bottom of the gel. Protein transfer was
performed in blotting buffer (see section 5.1.10) onto a 0.22 pum nitrocellulose membrane
(Hybond C, Amersham) for 90 minutes at 25V constant. The nitrocellulose membrane was then
washed briefly in double-distilled water and stained with Ponceau S staining solution (see
section 5.1.10). A blocking step was performed for 1 hour at room temperature by incubating
the blots in blocking buffer (see section 5.2.10), after which the antibody against the target
protein was added and the blot was incubated overnight at 4°C. Antibodies recognizing
phosphorylated proteins were incubated in TBS with 0.1% Tween 20 and 5% BSA. After
extensive washing in TBS with 0.1% Tween 20, the blot was incubated for 1 hour at room
temperature with suitable secondary antibodies coupled to horseradish peroxidase (goat anti-
mouse or goat anti-rabbit IgG). Bound antibodies were detected using the ECL detection

reagent using the GE Amersham Imager 680 detection system.
5.2.2.6 Immunostaining

Cells were dropped on a glass slide and allowed to air dry. Fixation was performed with 4%
paraformaldehyde in PBS for 20 minutes at room temperature and permeabilization was
performed with permeabilization buffer (see section 5.1.10) for 10 minutes at room
temperature. The staining was performed by incubating the primary antibody diluted in
antibody incubation buffer (see section 5.1.10) for 1 hour at 37°C. Slides were then washed in
PBS three times and incubated with an anti-mouse or anti-rabbit secondary antibody
conjugated to Cy-3 for 30 minutes at 37°C. Nuclear staining was performed by incubation with
PBS + 40 ng/mL DAPI for 5 minutes. Slides were embedded with a DABCO/glycerol
embedding solution (see section 5.1.10) and stored at 4°C until acquisition was performed with

the Leica DM5000B fluorescence microscope.
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5.2.2.7 ELISA

Human primary B cells were infected and cultured for the indicated amount of time. Cell
culture supernatants were collected after centrifuging the cell suspension and analysed for IL-
6, TNFa, and IFN-a production using the Human IL-6 ELISABASIC kit (HRP), the Human
TNFa ELISABASIC kit (HRP), and the Human IFN-o pan ELISABASIC kit (HRP) following
the manufacturer’s protocol (see section 5.1.8). In summary, a high-bond 96-well ELISA plate
was coated with 100 pL of coating antibody diluted in 1X PBS overnight at 4°C. The plate was
then washed 3 times with 300 pL of 1X PBS + 0,05% Tween 20 and then blocked with 200 pL
of ELISA incubation buffer (see section 5.1.10) for 1 hour at room temperature. After washing
the plate 3 times, 100 uL of the sample was added and incubated for 2 hours at room
temperature. A standard curve was included by serially diluting the reconstituted standard
according to the dynamic range of the assay. After incubation, the plate was washed and 100
uL of biotinylated capture antibody diluted in incubation buffer was added and incubated for 1
hour at room temperature, followed by an additional washing step and 1 hour incubation with
HRP-conjugated streptavidin diluted in incubation buffer. After one final washing step, 100 pL
of premixed TMB substrate was added to each well and incubated for maximum 15 minutes.
The reaction was stopped by adding 50 uL of 2M H>SO4 solution. The measurement of the
absorbance was performed at 450 nm and 540 nm using the Tecan Infinite M Nano Plus plate
reader. The absorbance readings for the reference wavelength 540 nm were subtracted from
the measure obtained at 450 nm and the concentration of the samples was determined by

interpolation of the obtained absorbance value from the standard curve.
5.2.3 RNA expression analysis

5.2.3.1 RNA isolation

At the indicated time point, 2x108 infected cells were pelleted and washed twice with ice-cold
PBS 1X. Cell pellets were then lysed using the RLT buffer from the RNeasy Mini kit. RNA
isolation was performed on-column according to the manufacturer’s protocol. DNase treatment
was performed on-column using the RNase-Free DNase Set for 15 minutes at room
temperature. RNA concentration and purity were assessed by Nanodrop quantification.

Samples were stored at -80°C if not immediately used.
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5.2.3.2 cDNA synthesis

For cDNA synthesis, 250 ng of RNA was used to generate cDNA. The reaction was performed
using random hexamers (for ZFP36L1, IL-6, and TNFa) or specific primers (for EBNA2 and
Wp) and the AMV Reverse Transcriptase. RNA samples were denatured by heating them up
at 65°C for 5 minutes and then incubated on ice until the reverse transcription reaction was

prepared. The reaction was set up as follows:

Volume Reagent

1,0 uL | 10 mM dNTPs

2,0 uL | Primer mix or Random hexamers

2,0 uL | 10X Reaction buffer

0,2 uL | RNase inhibitor (40 U/uL)

0,8 uL | Reverse Transcriptase (10 U/uL)

14uL | RNA

20 uL Total volume

The reaction was performed in a thermocycler using the following cycling conditions:
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Temperature Time Number of cycles
(°C) (mm:ss)
1x
25 05:00 (only if random
hexamers are used)
42 60:00 1x
80 05:00 1x

cDNA samples were then diluted 1:5 with PCR-grade water (total volume 100 uL) and stored

at -20°C until further use.

5.2.3.3 Reverse transcription quantitative PCR (RT-qPCR)

All RT—gPCRs included samples not treated with reverse transcriptase that served as negative

controls. All samples were run in duplicate, together with primers specific for the human TFRC

gene to normalize for variations in cDNA recovery.

The primers and probes used to detect ZFP36L1, IL-6, TNFa, EBNA2, Wp, and TFRC are
listed in section 5.1.4. For each target, as well as for TFRC, primers and probe were premixed
to have a working concentration of 2,5 uM for each primer and 1,67 uM for the probe. For the

reaction, the TagMan™ Universal PCR Master Mix was used and the reaction was set up as

follows:

Volume

Reagent

12,5 uL. | TagMan Universal PCR Master mix (2x)

3,0 uL | Primers and probe mix
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3,0 uL | Primers and probe mix (TFRC)

1,5uL | H20
5uL | cDNA
25 ulL Total volume

The PCR reaction was performed using the ABI STEP ONE PLUS Real-Time PCR System

(Applied Biosystems) with the following thermocycling conditions:

Temperature Time Number of cycles
(°C) (mm:ss)
50 02:00 1x
95 10:00 1x
95 00:15
40x
60 01:00

5.2.4 Fluorescent In Situ Hybridization (FISH)

5.2.4.1 Probe preparation

The EBV-specific probe was generated by nick translation of the complete B95-8 BAC as
described before (470). In summary, the following reaction was set up:
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Volume Reagent

10,0 uL | 10X nick translation buffer (see section 5.1.10)

10,0 uL | 0,1 M 2-mercaptoethanol

50uL | 1mM dNTPs

50uL |1 mM Biotin-16-dUTP

7,5ulL | DNase I (dilute 1:6000)

4,0 uL | E. coli DNA polymerase |

48,5 uL | H20

10 uL | B95-8 BAC DNA (ng)

100 pL Total volume

The reaction was incubated for 1 hour at 15°C and then stored on ice. A sample of the reaction
was then denatured for 3 minutes at 95°C, mixed with DNA loading buffer and loaded onto a
2% agarose gel to check for the probe size. If the probe had an average size of 300 nt ca, 3 uL
of 0,5 M EDTA and 1 pL of 10% SDS were added to the reaction which was then heated up to
68°C to inactivate the DNase I. The probe was then precipitated using sodium acetate and

ethanol and resuspended in deionised formamide. The probe was stored at -20°C.
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5.2.4.2 Cell preparation

Cells were washed twice with prewarmed PBS and resuspended in 1 mL of prewarmed (37°C)
hypotonic solution (see section 5.1.10) added in a dropwise fashion. Cells were then incubated
for 10 minutes at 37°C before adding 100 uL of ice-cold fixation buffer (see section 5.1.10).
Cells were then pelleted, resuspended by flicking in 1 mL of fixation buffer and incubated on
ice for 25 minutes. After fixation, cells were washed twice with fixative. Cells were stored in

fixative at -20°C until further processed.
5.2.4.3 Staining

Cells were concentrated in a final volume of 50-100 uL (based on pellet size) and dropped on
a glass slide. A chemical aging step was performed by adding 100% ethanol to cover the slide
and heating it at 94°C for 10 seconds. Chemical aging was followed by a denaturation step in
which the slide was covered with denaturation buffer (see section 5.1.10) and incubated at 75°C
for 100 seconds. Slides were then let to cool down and washed in 4X SSC buffer before being
dehydrated with an increasingly concentrated alcohol solution (70%-100%). After air drying
the slide, the biotin-labelled probe was mixed with the hybridisation buffer (see section 5.1.10)
and denatured at 75°C for 5 minutes and immediately plunged on ice for approximately 5
minutes. After denaturation, the probe was added to the slide and incubated overnight at 37°C
in a humid chamber. To prevent evaporation, the slide was covered with a coverslip and sealed
with rubber gum. The slide was then washed three times with wash buffer A (see section 5.1.10)
at 42°C and then once with 4X SSC. An incubation step with blocking buffer (section 5.1.10)
was performed at 37°C for 30 minutes, followed by the incubation for 30 minutes at 37°C with
Alexa488-conjugated streptavidin diluted in detection buffer (see section 5.1.10). The slide
was then washed in wash Buffer B (see section 5.1.10) at 42°C, counterstained with DAPI and
mounted using DABCO/glycerol mounting solution (see section 5.1.10). The acquisition was

performed with the Leica DM5000B fluorescence microscope.
5.2.5 Statistical analysis

All experiments were analysed with a paired t-test (one sample or two-tailed) and p-values

equal to 0.05 or less were considered significant unless otherwise indicated. The statistical
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analyses were performed with the GraphPad Prism 9 software. Mass spectrometry data were

statistically analysed using the software Perseus as described above.
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Table 1

Tegument proteins and their described functions.

Name Function
Upon entry, disrupts the ATRX-DAXX complex, promoting viral early gene expression

BNRF1 (18). Induces the degradation of the SMC5/6 cohesin complex both during de novo
infection and lytic replication (417). Induces centrosomal amplification (416).
Deubiquitinase, deneddylase. Promotes the degradation of cullin-RING ubiquitin

BPLE1 ligases in the nucleus (471), interferes with DDR (472-474), prevents the activation of
NF-xB during lytic replication (475), contributes to innate immune evasion by blocking
TLR (476) and interferon signaling (477). Blocks selective autophagy (478).

BOLF1 Possibly involved in infectivity (445).

BBLF1 Interacts with BGLF2, it is required for virus production (16, 479).

BGLF4 Serine/threonine protein kinase. Phosphorylates several viral and cellular proteins.
Involved in virus production. Reviewed in (480)

BSRF1 Required for virus production (481, 482).

BKRE4 Interacts with BGLF2, it is required for virus production (483). Acts as histone
chaperone and it is involved in the DDR (484-486).
Required for virus production (16, 483). Involved in infectivity (487), and in promoting

BGLF2 Iytic reactivation (271, 418, 444). Interferes with NF-«xB activation (450) and RISC
activity (437).

BRRF2 Required for virus production (488, 489).

BLRF2 Required for virus production (490, 491).
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Table 2

EBYV expression pattern during the different latency programs. Stage of infection associated with each latency program, as well as association
with EBV-related malignancies, is also reported.

Latency EBNA- EBNA3 .
type EBNA1 | EBNA2 Lp (A B, C) LMP1 LMP2 EBERs | BHRF1 | BARTs Inf. stage | Disease
Resting
0 No No No No No No Yes No ? memory B =
cells
Yes Dividing
| No No No No No Yes No Yes memory B | BL, GC
(Qp)
cells
Yes Germinal HL,
lla Qp) No No No Yes Yes Yes No Yes center B NPC,
P cells TCL,
DLBCL
1lb Yes Yes Yes Yes No No Yes Yes Yes SENBIE L)
cells CLL
Naive B IM,
1] Yes Yes Yes Yes Yes Yes Yes Yes Yes cells PTLD,
DLBCL

110

Qp: Q promoter;
BL: Burkitt lymphoma;

GC: gastric carcinoma;

HL: Hodgkin lymphoma;

NPC: nasopharyngeal carcinoma;

TCL: T-cell lymphoma;

DLBCL.: diffuse large B cell lymphoma;
IM: infectious mononucleosis;

CLL.: chronic lymphoid leukaemia;
PTLD: posttransplant
lymphoproliferative disease.

EBV gene expression profile for some
of the listed malignancies may vary
from what indicated in a proportion of
cases
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Table 3

List of proteins and non-coding RNAs expressed during the latency phase. Described functions as well as oncogene or tumor suppressor activity
are reported based on previously published reviews (4, 25, 105, 492-496).

Latent protein

Function

Role in oncogenesis

EBNA1

Responsible for the maintenance of the viral genome during cell
replication in latently infected cells. Modulates signaling pathways to
promote cell survival and proliferation.

Required for in vitro transformation of B cells. Promotes the expression of
growth transforming factors. Increases metastatic potential in NPC.

EBNA2

Transcriptional coactivator. Initiates latency transcription program.
Controls the expression of several viral and cellular genes.

Required for in vitro transformation of B cells. Induces MYC expression.
Promotes the induction of rapid cell division within 3 days post-infection.

EBNA-LP

Transcriptional coactivator. Interacts with EBNAZ2 during the early
stages of latency. Regulates the expression of viral and cellular genes.

Required for in vitro transformation of B cells.

EBNA3A, B, C

Can positively/negatively regulate gene expression. Compete with
EBNAZ2 for the binding to RBP-Jx. EBNA3A and EBNA3C block the
plasmablast differentiation program.

EBNAS3A and EBNA3C are required for in vitro transformation of B cells.
They can promote cell cycle and block apoptosis. EBNA3C blocks the
ATR/Chk2-mediated DDR. EBNA3B acts as a tumor suppressor.

LMP1

Mimics CD40 signaling. Controls the activation of several signaling
pathways, including NF-xB, JNK, p-38, ERK, PI3K, and JAK-STAT.
Modulates many downstream targets. Induces UPR to boost its own
expression. Induces changes in the expression profile similarly to the
antigen-induced B cell activation. Can be released via extracellular
vesicles, affecting the surrounding microenvironment.

Required for in vitro transformation of B cells. Acts as oncogene in in vitro
and in vivo experiments. Promotes cell growth and proliferation while
blocking apoptosis. Remodels cellular metabolism, potentiating glycolysis.
Increases telomerase activity. Promotes tumor migration. Induces EGFR
expression and epithelial-mesenchymal transition in NPC.
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LMP2A, B

LMP2a mimics the B cell receptor signaling. It recruits Lyn and Syk
to initiate signal transduction. Provides pro-survival signals which are
required to sustain cell growth. In epithelial cells, it can negatively
regulate LMP1 expression.

LMP2B might augment LMP1 signaling and negatively regulate
LMP2A activity

Both LMP2A and LMP2B are not essential for in vitro transformation of B
cells, although they can provide a growth advantage. Promotes survival and
blocks apoptosis. In vivo, LMP2A expression allows BCR-negative B cells
to leave the bone marrow and reach the secondary lymphoid organs by
constitutive activation of BCR transduction mediators. LMP2A supports
tumorigenesis in a in vivo model of MYC-driven lymphomagenesis. Can
affect normal B cell development. Can induce hyperproliferation and alter
differentiation in epithelial cells.

Noncoding RNA

Function

Role in oncogenesis

EBERs

Can bind to AREs in the 3’UTR of transcripts. Can regulate LMP1 and
LMP2 expression by binding to PAX5. Can modulate Iytic replication
by promoting IL-8 secretion. Induces IL-6 and IL-10 production by
activation of the interferon response.

Not required for in vitro transformation of B cells. Accelerate cell growth in
a strain-dependent manner. EBER-induced cytokine production has a
positive autocrine effect in several EBV-associated malignancies.

BARTS

Negatively regulate the expression of several host genes, promoting
immunoevasion. Negatively regulate antigen presentation. Can block
Iytic replication. Can target LMP1, LMP2A, BZLF1, and BALF5
transcripts. Can induce BCR desensitization by targeting downstream
mediators of the BCR signaling.

Not required for in vitro transformation of B cells. Highly expressed in
latently infected epithelial cells (including NPC, GC) and in EBV-infected
primary effusion lymphoma. Promotes tumor growth in a in vivo model of
GC. Can target tumor suppressor gene mRNAs for degradation. Block
apoptosis and promote cell cycle progression. Supports migration and
metastasis formation in in vitro and in vivo models of NPC and GC.

BHRF1

Can target latent gene mMRNAs (EBNA2, LMP1, LMP2). Promote viral
particle secretion by modulating SUMOylation. Can induce BCR
desensitization by targeting downstream mediators of the BCR
signaling. Can act as immunoevasin.

Lack of BHRF1 reduces in vitro transformation and in vivo infection. Block
apoptosis and promote cell cycle progression. Downregulate PTEN and p27.
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Table 4

List of targets which are Up- or downregulated (Absolute Fold change>2) and statistically
significant (p-value<0.05) at 12h post infection

p-value Fold change
Gene names M81wt_NC M81wt_NC

(12hpi) (12hpi)
ZFP36L1 0.02 30.97
HMGCS1 0.02 9.95
CD47 0.04 8.68
NR4A3 0.01 8.06
CD83 0.04 5.32
SLC1A5 0.02 3.57
INPP5K 0.02 2.84
WDR55 0.01 2.64
coqQ7 0.01 2.25
SQSTM1 0.02 2.10
TSPYL1 0.01 2.08
YME1L1 0.05 2.06
COMMD? 0.03 -2.28
MRPL45 0.02 -2.45
HLA-A 0.05 -2.60
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Table 5

List of detected phospho-events which are upregulated (fold change>2), statistically

significant (p value<0.05) and shared by different conditions.

Protein Position
Events in common to all PPP1R18 368;368;43
three conditions RBM7 205;84;204
AlM1 892;484
MON1B 59
DOCK2 1685;1177
PRRC2C 2107;2105;2058;1862
Events in common to JUND 90
M81wt and VLP SON 94
DYNC1I2 81
FAM134C 26
DDX42 754;635
CDC23 562;444
Events in common to cps2 23
M81wt and gp110ko A OIS
MAP2K4 80;91
ZFP36 192;203;186
ZFP36L2;ZFP36L1 490;334
. CXCR4 321;325
Events in common to VLP
and gp110ko AL Lo
PRKAG2 78;122
ACIN1 400;342;360
TRAPPC8 971
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