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ESTUDO DE UMA PROTEINA DO VIRUS DA PESTE SUINA AFRICANA
POTENCIALMENTE ENVOLVIDA NA RESPOSTA DO HOSPEDEIRO A INFECAO

Resumo

O sistema imunitario inato € a primeira linha de defesa aquando de uma infecéo viral
e consiste maioritariamente numa resposta de citocinas inflamatérias, em particular de
interferdes. Este sistema exerce uma presséao seletiva, o que levou a evolugédo de multiplos
mecanismos de evasdo por parte dos agentes patogénicos invasores, conferindo-lhes
vantagem. Varios genes virais foram desenvolvidos para manipular o sistema imunitario do
hospedeiro, funcionando como “ferramentas prontas a usar” que podem ser exploradas por
nés para a modulacdo do sistema imunitario e para o desenvolvimento de vacinas atenuadas.

A peste suina africana constitui uma ameaca para a suinicultura mundial que néo tem,
nos dias que correm, vacina nem tratamento disponiveis. O desenvolvimento de uma vacina
atenuada através da delecao de genes virais responsaveis pela evasao ao sistema imunitario
inato do hospedeiro poderia ser uma solugao préatica para o controlo desta doenca.

Recentemente, um estudo bioinformatico do genoma do virus da peste suina africana
(VPSA) identificou uma ORF com uma regido de homologia com o dominio SH2. O dominio
SH2 é conhecido por desempenhar um papel importante em diversas cascatas celulares de
transducdo de sinal. Para além disso, o dominio SH2 é uma das estruturas criticas das
proteinas SOCS, uma familia de proteinas responsavel pela supressdo de respostas de
citocinas, nomeadamente de respostas por interferao.

A via de sinalizacdo do NF-kB € comum a diversas vias de transdugdo de sinal
intracelulares, sendo algumas delas responsaveis pela produgéo de interferdo I. Desta forma,
esta dissertagdo visa avaliar o efeito desta ORF na via de sinalizacdo do NF-kB, como
evidéncia preliminar de um possivel efeito da mesma na inducao de interferdo I.

A hipotese proposta foi confirmada através de ensaios de luciferase, nos quais a
presenca da referida ORF inibiu a ativacdo do NFkB e a expressdo génica dependente de
PRD Il. Para além disto, identificou-se ainda o aminoacido Phe92 como um residuo importante
para a funcéo da proteina codificada por esta ORF, visto que a sua mutacao pontual reverteu
parcialmente o efeito da proteina. Sumarizando, esta dissertacdo sugere para esta proteina
um papel modulador de respostas pré-inflamatérias de citocinas. A sua caracterizacao
aprofundada podera fornecer uma nova ferramenta para a manipulacdo de respostas de

citocinas, e um candidato para a constru¢do de uma vacina deletada atenuada contra o VPSA.

Palavras-chave: Virus da peste suina africana, Imnunomodulacdo, Evasdo imunitéria,

Vacina



STUDIES ON A YET UNASSIGNED FUNCTION OF AN AFRICAN SWINE FEVER VIRUS
PROTEIN POTENTIALLY INVOLVED IN THE HOST CELL RESPONSE TO INFECTION

Abstract

The innate immune system is the first line of response against viruses and is
predominantly a response based on inflammatory cytokines, in particular interferons (IFNs).
This host response has provided selective pressure for the evolution of multiple host evasion
mechanisms, conferring an advantage to the invading pathogens. Viral genes evolved to
manipulate the host immune system provide “readymade tools” that can be used for immune
modulation and construction of attenuated virus vaccines.

African swine fever is a worldwide threat for pig production with no vaccine or treatment
nowadays. The development of a vaccine attenuated by the deletion of viral host evasion
genes responsible for inhibiting innate immunity would be a practical solution for this
threatening disease.

A recent bioinformatic analysis of the African swine fever virus (ASFV) genome has
identified an ORF that has a homology region to the SH2 domain. The SH2 domain is known
for playing a key role in multiple signal transduction pathways. Particularly relevant, the SH2
domain is a critical structure of SOCS proteins. SOCS is a family of proteins responsible for
suppressing cytokine responses, namely IFN responses.

The NF-kB pathway is a signalling route common to many intracellular signal
transduction routes, some of them responsible for the IFN | induction. Therefore, the main goal
of this dissertation is to assess the effect of the referred ORF on the NF-kB signalling pathway,
as preliminary evidence of its possible effect on IFN | induction.

To address that question, luciferase gene reporter assays were performed, and the
postulated hypothesis was confirmed. It was observed in this study that the presence of this
ORF inside the cells inhibits NF-kB activation and thus PRD |l dependent gene expression.
Additionally, this work has also identified the Phe92 amino acid as a critical residue for the
function of the protein encoded by this ORF, since a single-point mutation of that residue
partially reversed the protein’s effect. Overall, this dissertation suggests for this recently
identified protein a role as a modulator of host pro-inflammatory cytokine responses. Its further
characterization must provide a novel tool for the manipulation of cytokine responses, and a

candidate for the construction of a gene deleted attenuated ASFV vaccine.

Keywords: African swine fever virus, Immunomodulation, Immune evasion, Vaccine
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1. INTRODUCTION

1.1.The immune system

To survive in a competitive environment, all multicellular organisms have developed a
set of organs, cells, molecules, and processes that operate to protect them from invading
pathogens. It is called the immune system, and to be effective, it must be able to appropriately
detect and respond to foreign antigens, such as microorganisms, cancer cells, and toxins
(Marshall et al. 2018). In fact, it is the wide variety of pathogens and the requirement for self-
defense that has been responsible for the evolution of such a complex system. In simple
multicellular life forms, it consists of very ancient defense strategies. But in mammals, it is a
much more tangled system, divided into two main mechanisms: the innate immune system
and the adaptive immune system (Hirano et al. 2011). Although being often described as two
separate arms of the host defense, they are interconnected and cooperate to protect the host
against a wide variety of threats, with the innate response representing the first line of defense
and the adaptive response acting later (Chaplin 2010). The adaptive immune response will be

briefly presented in this dissertation, but the main focus will lie on the innate immune system.

1.1.1. Adaptive Immune System

The adaptive immune system is antigen-dependent, antigen-specific, and has a delay
between exposure to the antigen and maximal response. It is triggered by the innate immune
system itself. One of the primary features of the adaptive response is the large variety of
antigen-specific receptors expressed on the surface of its cells, enabling the organism to deal
in a targeted way against a wide spectrum of invading organisms (Murphy and Weaver 2017;
Marshall et al. 2018).

The central cells of this system are two types of lymphocytes named B cells and T cells.
B cells mediate the humoral immune response, which is an antibody-mediated immunity.
Antibodies play an essential role in containing virus proliferation during the acute phase of viral
invasion, even if generally not being enough for virus elimination once an infection has been
established. In this case, cell-mediated immune mechanisms are critical for host defense in a
cellular immune response mediated by T cells, which works mainly by activating antigen-
specific cytotoxic T lymphocytes that induce apoptosis of cells exhibiting foreign antigens
(Bonilla and Oettgen 2010; Murphy and Weaver 2017; Marshall et al. 2018).

Another capability of the adaptive immune system is the capacity to develop
immunologic memory, which enables the host to grow a faster and more efficient immune
response upon subsequent exposure to the same antigen (Bonilla and Oettgen 2010; Murphy
and Weaver 2017; Marshall et al. 2018). Such ability of the adaptive response is also the

cornerstone of vaccination.



1.1.2. Innate Immune System

The innate immune system is the first line of defense of an organism. It is an antigen-
independent defense mechanism that acts up to hours after perception of an antigen. It
includes phagocytes (macrophages and neutrophils), dendritic cells, mast cells, basophils,
eosinophils, natural killer (NK) cells, and innate lymphoid cells (Turvey and Broide 2010;
Murphy and Weaver 2017; Marshall et al. 2018).

In the mid-1990s, the established idea that innate immunity only recognizes pathogens
in a nonspecific manner fell due to the new concept of innate specific recognition. Innate
immunity to pathogens relies on pattern recognition receptors (PRRs), a family of receptors
first discovered by Charles Janeway (Janeway 1989). PRRs are proteins that have evolved to
recognize common molecules shared by a wide range of foreign pathogens, known as
pathogen-associated molecular patterns (PAMPSs) (Marshall et al. 2018). This complex system
is divided into families according to their tissue-specific expression and localization. It includes
transmembrane proteins such as the Toll-like receptors (TLRs) and C-type lectin receptors
(CLRs), but also cytoplasmic proteins such as Retinoic acid-inducible genes (RIG)-I-like
receptors (RLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors (NLRS),
and several cytosolic DNA receptors (Kawai and Akira 2010; Murphy and Weaver 2017).
Different PRRs detect different PAMPSs, and trigger a specific signalling pathway. Activation of
PRRs on sensor cells, like macrophages and neutrophils, amplifies the immune response by
producing inflammatory mediators, such as cytokines.

Cytokines consist of a broad category of small proteins. They are signalling molecules
secreted and released by immune cells to trigger specific effects on nearby cells. The term
“cytokines” includes interferons, interleukins, lymphokines, and tumor necrosis factors, and
they are characterized as either pro-inflammatory, anti-inflammatory, or chemokines (Duncan
et al. 2017; Schwartz et al. 2017). The interferons (IFNs) are cytokines with strong antiviral
properties representing one of the first lines of host defenses. They are the most crucial

antiviral cytokines of the vertebrates’ innate immune response (Correia et al. 2013).

1.1.2.1. Interferons

Interferons were first described in 1957, by Isaacs and Lindenmann (Isaacs and
Lindenmann 1957), as molecules that could “interfere” with live virus replication. They are a
family of cytokines produced by cells in response to pathogens and tumor cells. Their most
outstanding attribute is their ability to interfere with viral replication in a nonspecific way,
inhibiting intracellular propagation and intercellular transmission of the virus, establishing an
antiviral state. IFNs also have a significant role in the activation of the adaptive antiviral immune
response. Mammalian IFNs are divided into three types according to their structure, biological

activities, and receptors used for signalling (Fensterl and Sen 2009; Correia et al. 2013).
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Type | interferon (IFN 1) family includes interferon-alpha (IFN-a), interferon-beta (IFN-
B), and six less studied IFN | classes (IFN-w, IFN-T, IFN-k, IFN-¢, IFN-8, and IFN-). IFN-a/
are produced in most cell types in response to viral molecular pattern recognition. They are
induced directly by viral infection and are essential in coordinating the innate and adaptive
immune responses. Once secreted, they signal through the ubiquitously expressed cell IFN-
a/p receptor (IFNAR/IFNBR), amplifying the original IFN | signal (Akira and Takeda 2004;
Honda et al. 2006; Correia et al. 2013; McNab et al. 2015).

Type Il interferon (IFN 1) family comprises only one member, the interferon-gamma
(IFN-y), also known as “immune IFN”. Whereas IFN | is ubiquitously produced by infected cells,
secretion of IFN-y is restricted to the immune system cells, such as T cells, NK cells, dendritic
cells (DCs), and macrophages. Once secreted, it signals via the ubiquitously expressed IFN-y
receptor (IFNGR) and stimulates critical cell-mediated immune responses against pathogenic
intracellular microorganisms. It also has a central role in the development of antitumor immune
responses. Furthermore, although the antiviral activity is not its primary biological function,
IFN-y can also amplify the effect of IFN-a/f3, working together to eliminate viral infections
(Young and Bream 2007; Correia et al. 2013; McNab et al. 2015).

The most recently identified IFN family is type Il interferon (IFN 1ll, or IFN-lambda (IFN-
A)), composed by IFN-A1, IFN-A2, IFN-A3 (also known as interleukin (IL)-29, IL-28A, IL-28B,
respectively), and IFN-AM. They share some function similarities with the IFN | family, being
also ubiquitously induced by viral infections. However, unlike IFN | that exert antiviral activity
on all cell types, IFN llI's action seems to be limited since the expression of their receptor is
restricted mainly to epithelial surfaces. Thus, this IFN family plays a prime role in innate
antiviral defense at epithelial surfaces, which is a primary portal of entry for many infections
(Fensterl and Sen 2009; Correia et al. 2013; McNab et al. 2015).

The IFN system assembles two major activities: the induction of the IFN response by
contact with the pathogen, which leads to IFN production; and the impact of secreted IFN on

neighboring cells, culminating in the establishment of the anti-viral state.

1.1.2.2. Interferon Induction

There are several ways for a cell to recognize a viral infection and trigger the production
of interferons. Upon viral infection, cells recognize PAMPs through PRRs, and several
pathways are initiated in order to induce type | IFNs, which finally leads to the transcription of
IFN-stimulated genes (ISGs), thus establishing an antiviral state. Depending on its nature,
each PAMP can be detected in different cellular compartments: they can be detected in the
cytoplasm, by cytosolic receptors; or in the cell membrane and endosomes, by TLR receptors
(Figure 1) (Randall and Goodbourn 2008; Fensterl and Sen 2009).
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Figure 1. IFN I-inducing PRRs, their ligands, and their cellular localizations (Fensterl and Sen 2009)

Type Il IFN production does not occur in direct response to viral PAMPs. It takes place
later in the infection process as a second wave of cytokine expression. IFN Il secretion is not
within the scope of this dissertation, and therefore, it will not be further developed.

Despite different signalling pathways can occur upon viral detection, there are two
transcription factors that can be activated and are common to most IFN | induction signal
cascades: IRF3 and NF-kB. IRF3 is cytoplasmic before induction. After the appropriate signal,
it undergoes a conformational change with dimerization and exposition of a nuclear-localization
signal (NLS). Itis translocated into the nucleus and activates the IFN promoter, among others
(Dragan et al. 2007; Randall and Goodbourn 2008). NF-kB is a family of transcription factors
playing critical roles in inflammation, immunity, and cell proliferation, differentiation and
survival. It consists of a group of dimmers, being the p50/p65 heterodimer the most
representative one (Oeckinghaus and Ghosh 2009). In unstimulated cells, NF-kB dimers are
retained as an inactive form in the cytosol by association with the inhibitor of NF-kB (IkB). The
appropriate signal causes phosphorylation of the IkB by the IkB kinase (IKK) complex, and its
subsequent ubiquitination and degradation by proteasome, releasing the NF-kB. The NLS of
p65 subunit activates and NF-kB is translocated into the nucleus, inducing transcription of
target genes, including IFN. Additionally to these two transcription factors, ideal induction of
the IFNB gene requires binding of the c-Jun/ATF-2 heterodimer to the promoter. (Wullaert et
al. 2006; Randall and Goodbourn 2008).

The promoter region of IFN-f contains four regulatory elements: the positive regulatory
domains (PRDs) |, II, lll, and IV. The PRD Il domain is the binding site for NF-kB; IRF3 binds
to PRD I/lll; and c-Jun/ATF-2 binds to PRD IV. All transcription factors linked to the PRDs form
the enhanceosome, enabling the promoter to be activated and IFN- to be secreted. However,
promotermapping studies have shown that the individual binding sites can respond
independently to stimuli and confer some degree of response. Currently, the consensus view
is that IRF3 (or IRF7) is indispensable for induction, but NF-kB and c-Jun/ATF-2 may not be
(Randall and Goodbourn 2008).



1.1.2.2.1. Cytosolic Pathways
The cytosolic pathways are TLR-independent pathways owned by cells to detect viral
nucleic acids and induce type | IFN production. Such pathways are in most cases activated by
viral genomes, both RNA and DNA molecules, present in the cytoplasm at some time point of
the infection time course. Viruses become thus susceptible to detection by different types of
receptors, depending on the viral nucleic acid type, leading to different signalling pathways
(Randall and Goodbourn 2008; Fensterl and Sen 2009).

1.1.2.2.1.1. Intracellular viral RNA

The dsRNA from viral RNA genomes or viral replication intermediates can be detected
in the cytoplasm by RIG-I-like receptors (RLRs), a family of receptors consisting of three
members: retinoic acid inducible gene | (RIG-1), melanoma differentiation associated gene 5
(MDAD5), and laboratory of genetics and physiology 2 (LGP2) (Randall and Goodbourn 2008;
Wilkins and Gale Jr 2010; Christensen and Paludan 2017).

After ligand binding, both RIG-I and MDA-5 receptors use the mitochondrial adaptor
protein MAVS (mitochondrial antiviral signalling protein) (also known as CARD adaptor
inducing IFN-B (Cardif)/virus-induced signalling adaptor (VISA)/IFN-B promoter stimulator
protein 1 (IPS-1)) as a platform for the initiation of the signalling transduction (Figure 2)
(Randall and Goodbourn 2008; Fensterl and Sen 2009). RIG-I, but not MDA-5, requires
ubiquitination by TRIM25 to interact with MAVS (Gack et al. 2007).
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Figure 2. MDA-5 and RIG-I dependent signalling pathways (Randall and Goodbourn 2008)

The recruitment of MAVS triggers recruitment of both TRAF6 and TRAF3, leading
signalling through both NF-kB and IRF-3 pathways, respectively. The signalling branch via the
TRAF6 complex activates the kinases IKK, p38, and JNK, which results in phosphorylation and

activation of the transcription factor NF-kB, and also ARF-2 and C-JUN. In the other branch,



via the TRAF3 complex, the kinases TBK1 and IKKe became activated. They then
phosphorylate and activate both the IRF3 and IRF7 transcription factors. Activation of all these
transcription factors, that then translocate into the nucleus, culminates in the expression of IFN
I, as well as inflammatory cytokines (Randall and Goodbourn 2008; Fensterl and Sen 2009;
Wilkins and Gale Jr 2010; Christensen and Paludan 2017).

1.1.2.2.1.2. Cytoplasmic DNA
Other cytosolic PRRs recognize the presence of DNA inside the cells and also trigger
for IFN induction. Several cytoplasmic DNA receptors have been proposed, including absent
in melanoma (AIM2), gamma-interferon-inducible protein (IFI16), and cyclic GMP-AMP
synthase (cGAS), and each receptor triggers a particular pathway (Figure 3) (Christensen and
Paludan 2017). Such receptors are mainly present in macrophages and DCs, which are the

most common mammalian cells sensing cytosolic DNA (Randall and Goodbourn 2008).
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Figure 3. AIM2, IFI16, and cGAS dependent signalling pathways (adapted from Christensen and
Paludan 2017)

Detection of viral DNA by cGAS receptors induces its conformational change and
activation, triggering the synthesis of the second messenger cyclic GMP-AMP (2'3’-cGAMP).
cGAMP binds to STING, which results in the translocation of STING from the ER to perinuclear
autophagy-like vesicles. TBK1 is then autophosphorylated and recruited to STING, inducing
the phosphorylation of the latter. Such allows the transcription factor IRF3 to dock to the

STING’s phosphorylated residue, resulting in IRF3 phosphorylation and dimerization. IRF3



thus translocates into the nucleus and induces the transcription of IFN | genes (Christensen
and Paludan 2017; Garcia-Sastre 2017).

The IFI16 receptor is known to sense longer and naked DNA, both in the cytoplasm
and nuclear compartments. Its signalling pathway is not fully uncovered, but it is currently
thought to act in the same route as cGAS, through STING, leading also to the production of
IFN | (Christensen and Paludan 2017).

Finally, DNA binding to the AIM2 receptor initiates the assembly and activation of the
inflammasome complex. Such leads to the maturation of the proforms of the cytokines IL-13
and IL-18, which stimulates bioactive cytokines production (Christensen and Paludan 2017).

1.1.2.2.2. TLR Signalling Pathway

TLRs are transmembrane proteins that recognize different types of PAMPs, derived
from a wide range of microorganisms. Twelve TLRs are known so far, each with distinct
functions in terms of PAMP recognition and immune response (Kawai and Akira 2010).

TLRs can be divided in two subgroups. TLR1, TLR2, TLR4, TLR5, TLR6 and TLR11
are expressed on the cell surface and recognize mainly microbial membrane components.
TLR3, TLR7, TLR8 and TLR9 are exclusively expressed in intracellular compartments, such
as endosomes, lysosomes, and endolysosomes. They detect nucleic acids taken into cells by
phagocytosis, receptor-mediated endocytosis or micropinocytosis. (Kawai and Akira 2010;
Murphy and Weaver 2017). TLR3 can also be expressed on the plasma membrane in some
cells, like fibroblasts. TLR3, TLR7, and TLR9 are the main TLR responsible for the detection
of viral PAMPs upon viral infections (Kawai and Akira 2010).

TLR3 recognizes double-stranded RNA (dsRNA), which is a replicative intermediate of
many types of viruses. It shows a relatively wide tissue distribution (Randall and Goodbourn
2008), which enable the detection of both extracellular and intracellular viral nucleic acids.
TLR3 triggers the production of type | interferon and inflammatory cytokines, revealing the
importance of this activation route in antiviral defense (Tabeta et al. 2004; Randall and
Goodbourn 2008; Kawai and Akira 2010; Murphy and Weaver 2017).

TLR7 and TLR9 are all exclusive endosomal receptors, highly expressed by
plasmacytoid DCs (pDCs). TLR7 recognizes endosomal single-stranded RNA (ssRNA)
derived from RNA viruses, and produces large amounts of type | IFN (Diebold et al. 2004;
Kawai and Akira 2006; Randall and Goodbourn 2008). TLR9 serves as a sensor of DNA virus
infection,  recognizing endosomal “foreign” unmethylated 22-deoxyribo(cytidine-
phosphateguanosine) (CpG) DNA, frequently present in bacteria and viruses (Tabeta et al.
2004; Randall and Goodbourn 2008; Kawai and Akira 2010).



Additionally, TLR4 and TLR2 induce IFN-a and IFN-B in response to extracellular viral
particles detection. Nonetheless, and unlike the most usual pathway, this particular pathway
of IFN | production is not triggered by nucleic acids (Murphy and Weaver 2017).

Upon PAMP recognition, two cytoplasmic adaptor molecules interact with TLR’s
intracellular domain in order to trigger subsequent pathways: MyD88 (Myeloid differentiation
primary response protein) and TRIF (TIR domain-containing adaptor inducing IFN-B) (Figure
4). Moreover, TRAM (TRIF-related adaptor protein molecule) and TIRAP (TIR domain
containing adaptor protein) function as sorting adaptors that are needed to recruit TRIF and
MyD88, respectively, for some TLRs. MyD88 is used by all TLRs except TLR3, and only
requires the adaptor TIRAP to TLR4 and TLR2. TRIF is used by TLR3 and TLR4, requiring the
adaptor TRAM only for the TLR4 route. Thus, TLR signalling pathways can be largely classified
as either MyD88-dependent pathways or TRIF-dependent pathways (Kawai and Akira 2010).
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Figure 4. TLR3 route as an example of the TLR signalling pathways (Randall and Goodbourn 2008)

Independently of the adaptor molecules recruited, TLR viral detection triggers the same
two signalling branches previously exposed for the intracellular viral RNA receptors pathway
(subsection 1.1.2.2.1.1). The first branch is via the TRAF6 complex, and leads to the activation
of NF-kB transcription factor, being an NF-kB-dependent pathway. The other branch signals
via the TRAF3 complex, leading to activation of IRF-3 and IRF-7 transcription factors. Nuclear
translocation of IRF-3 and IRF-7 induces IFN | secretion in an NF-kB-independent manner
(Randall and Goodbourn 2008; Kawai and Akira 2010; Murphy and Weaver 2017).

1.1.2.3. Interferon Impact
After being secreted, IFNs move along to neighbor cells in order to amplify the antiviral
signal by direct interaction with specific cell-surface receptors. Once ligated to the receptors,

IFNs activate the JAK-STAT pathway, a common signalling pathway used by many cytokines.



The JAK-STAT pathway is an intracellular signalling pathway that involves Janus activated
kinases (JAK)s and signal transducers and activators of transcription (STAT)s proteins. It plays

an essential role in driving biological responses to cytokines (Imada and Leonard 2000).

1.1.2.3.1. Janus Family Tyrosine Kinases

The JAK proteins are the first members of the JAK-STAT Pathway. Each JAK is
constituted by seven domains, from Janus homology (JH) 1 to JH7. JH1 is a kinase domain,
the functional catalytic one; JH2 is a pseudokinase domain, whose function is still unclear; JH3
is an Src homology 2 (SH2)-like domain; and JH4-7 are the FERM (Four-point-one protein,
Erzin, Radixin, Moesin) domain (Figure 5) (Imada and Leonard 2000; Lee and Rhee 2017,
Schwartz et al. 2017). The mammalian JAK family has four members: JAK1, JAK2, JAK3, and
tyrosine kinase 2 (TYK?2); different JAKs associate with different cytokine receptors, initiating
a slightly different pathway (Shuai and Liu 2003; Lee and Rhee 2017).
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Figure 5. Schematic representation of JAK protein’s structure. A. (Schwartz et al. 2017) B. (Lee and
Rhee 2017)

JAKs are near the cell membrane, associated with the cytokine receptors. Some of
them are constitutively associated with the receptors, and in others the association is
enhanced by cytokine stimulation (Imada and Leonard 2000; Schwartz et al. 2017). JH6 and
7 are responsible for binding JAKs to the cell receptors (Imada and Leonard 2000; Lee and
Rhee 2017; Schwartz et al. 2017). As tyrosine kinases, JAKs’ function is to transfer a
phosphate from ATP molecules to tyrosine residues on other proteins, like cytokine receptors,
JAKs themselves, and downstream signalling molecules. The JH1 domain contains two

tyrosines that can be phosphorylated after ligand stimulation (Schwartz et al. 2017).

1.1.2.3.2.  Signal Transducers and Activators of Transcription
STAT proteins are the following crucial molecules in the JAK-STAT pathway. When
phosphorylated, they translocate to the nucleus, bind DNA and drive gene transcription,

finishing the signal transduction (Schwartz et al. 2017). There are seven mammalian STATS:



STATL, 2, 3, 4, 5A, 5B, and 6, which are highly homologous in several regions, like the SH2
domain, the DNA-binding domain, and the transactivation domain (Shuai and Liu 2003).

Each STAT has a conserved and rapidly phosphorylated tyrosine residue,
approximately 700 residues from the amino (N)-terminal. Once phosphorylated by activated
JAKSs, this phosphotyrosine binds to the SH2 domain of another STAT, forming a dimer. Thus,
this SH2 domain is involved in the activation and dimerization of STATSs. Moreover, it is also
responsible for recognizing the specific phosphotyrosine sequence on the activated cytokine
receptor, playing an essential role in the association between STATs and receptors (Shuai et
al. 1994; Mikita et al. 1998). The STATS’ highly conserved N-terminal domain regulates STATs
activity and STAT dimers oligomerization (Xu et al. 1996). The carboxil (C)-terminal region is
the transcriptional activation domain (Figure 6) (Wen et al. 1995).
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Figure 6. Schematic representation of STAT proteins structure (adapted from Shuai and Liu 2003)

1.1.2.3.3. The JAK-STAT pathway

IFN receptors typically consist of two sub-units and are transmembrane proteins. They
have an extracellular cytokine binding domain and an intracytoplasmic domain that binds a
JAK protein. In the absence of cytokine, the two receptor chains are not associated. Type |
and type Il IFN signal through distinct receptors. Depending on the type of receptor activated,
slightly different pathways are triggered (Figure 7), with downstream components that can
either be unique or common to both signaling pathways (Imada and Leonard 2000).

The IFN | (a/B) receptor is a heterodimer with two subunits: IFNa receptor (IFNAR) 1
and IFNAR2. Their cytoplasmic domains are associated with inactive JAKs, IFNAR1 with
TYK2, and IFNAR2 with JAK1. IFNAR2 is also ligated to a STAT2 protein, with a STAT1 protein
weakly bound. When IFN | binds the receptor, its dimerization and conformational change
induces phosphorylation of IFNAR1 by TYK2, originating a docking site for STAT2. Then,
TYK2 phosphorylates STAT2, and JAK1 phosphorylates STAT1. Phosphorylated STATs form
a stable and active heterodimer. At this point, the STAT1-STAT?2 dimer associates with IRF-9,
creating a complex known as the IFN-stimulated gene (ISG) factor 3 (ISFG3). This complex
then translocates into the nucleus, binds to ISRE (IFN-stimulated response element) (present
in the promoter region of most ISGs), and induces the transcription of several hundreds of
ISGs (Randall and Goodbourn 2008; Correia et al. 2013; Murray 2014; Dixon et al. 2019).

The IFN Il (y) receptor is also a heterodimer glycoprotein with two subunits: IFNGR1,

and IFNGR2, weakly pre-associated in unstimulated cells. Their cytoplasmic domains are
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connected with inactive JAKs, IFNGR1 with JAK1 and IFNGR2 with JAK2. When IFN Il binds
to the receptor, the signalling pathway is initiated by triggering receptor dimerization. This
brings JAK1 and JAK2 into close proximity, resulting in the activation of JAK2, which in turn
trans-phosphorylates and activates JAKL1. Then, activated JAKs phosphorylate IFNGR1,
creating docking sites for STAT1. Two STAT1 molecules interact via SH2 domains with
IFNGR1 and are phosphorylated, resulting in their activation and dissociation from the
receptor. Activated STAT1 molecules dimerize, forming a STAT1-STAT1 homodimer called
GAF (gamma-activated factor). Such translocates into the nucleus (without the need for IRF9)
and binds to GAS (gamma-activated site) motifs present in ISGs on target genes, inducing
their transcription (Randall and Goodbourn 2008; Correia et al. 2013; Murray 2014).
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Figure 7. The JAK-STAT Pathway (Platanias 2005)

At the end of the signal transduction, both IFNs lead to the transcription of over 300
ISGs which mediate various biological responses. Their effect is to inhibit the viral cycle, thus
stopping virus replication and transmission to other cells and establishing an antiviral state
(Randall and Goodbourn 2008).

1.1.3. Immune regulation

As described above, the primary effect of interferons is antiviral protection through
inducing ISGs and enhancing immune responses. They are capable of setting up a large-scale
inflammatory response. However, various cytokines and stimuli are permanently present in the
microenvironment of immune cells. Incorrect activation of immune responses and excessive

production of cytokines and other inflammatory mediators can lead to dysregulation of host
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cytokine signalling and ultimately cause tissue or organ dysfunction. Depending on the
pathogen, the host, and the context, IFNs can either have protective effects in viral infection
or contribute to immunosuppression or immunopathology (McNab et al. 2015; Huang et al.
2020). Therefore, in order to avoid damage to the host, the response to IFN must be tightly
regulated and terminated once the threat is over. In the last years, many negative-feedback
systems were discovered, and one of the most significant is the suppressor of cytokine

signalling (SOCS) family of proteins (Yoshimura et al. 2007).

1.2.SOCS Proteins

SOCS are a family of intracellular proteins, discovered in 1997, and is composed by
eight members: seven SOCS proteins (named SOCS 1-7) and a cytokine-inducible SH2
domain-containing protein (CIS or CISH) (Linossi et al. 2013; Huang et al. 2020).

SOCS proteins are currently known as key physiological regulators of both innate and
adaptive immunity. They play an essential role in regulating signalling pathways at the
intracellular level, acting in a classical negative-feedback loop to inhibit cytokine signal
transduction and thereby avoiding body damage caused by its excessive secretion (Yoshimura
et al. 2007; Huang et al. 2020). Early studies showed that transcription of the CIS, SOCS 2,
and 3 genes were induced by many different cytokines and that expression of SOCS 1 and 3
could inhibit signaling from multiple receptor complexes (Linossi et al. 2013). Nevertheless,
their degradation and regulation mechanisms are still not fully known (Yoshimura et al. 2007).

In the past two decades, the understanding of the structure and function of SOCS

proteins has grown. The following subsections will review the present knowledge on the topic.

1.2.1. General Structure and Function

Each SOCS protein contains an N-terminal domain of variable length and composition,
a central SH2 domain, and a conserved C-terminal 40 amino acids module, also called SOCS
box (Figure 8). SOCS proteins can be subdivided into two groups based on their N-terminal
region length: CIS and SOCS 1-3 have a short N-terminal region, while SOCS 4-7 hold a long
N-terminal region with 270-385 residues (Linossi et al. 2013).

The SOCS-SH2 domain contains a short conserved a-helical extension, known as the
N-terminal extended SH2 domain (ESS). The ESS contributes to the binding and stabilizes the
modular SH2-subdomain (Babon et al. 2006; Linossi et al. 2013). The N-terminal region of
SOCS3 is also involved in its protein stability (Sasaki et al. 2003; Yoshimura et al. 2007).

A proline-, glutamicacid-, serine- and threonine-rich (PEST) motif is present within the
SH2 domain of SOCS 1, 3, 5, 7, and CIS (Huang et al. 2020). Such is not required for protein

function but increases SOCS turnover and affects its protein stability (Babon et al. 2006).
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Another particular structure, only present on SOCS 1 and 3, is the kinase inhibitory region
(KIR) motif, located exactly N-terminal to the ESS-SH2 (Sasaki et al. 1999; Linossi et al. 2013).
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Figure 8. SOCS proteins’ structure (adapted from Linossi et al. 2013)

SOCS proteins act as cytokine signalling regulators in various ways, as each protein
domain has its role to achieve the end goal effect. The SH2 domain and the SOCS box work
together for a process called ubiquitination. The SH2 domain has as its primary function
determining the target of each SOCS protein. It interacts with the target by binding specific
phosphorylated tyrosine residues on its preferred substrate. The presence of the ESS structure
enhances this substrate interaction (Liu et al. 2006; Huang et al. 2020). The SOCS box has an
Elongin B and C binding site that interacts with the Cullin 5 scaffold, which in turn recruits a
RING-box-2 (Rbx2) protein, creating the Elongin B and C/Cullin 5/Rbx2 complex. Once SH2
binds to the chosen substrate, the SOCS box interacts with that complex, which recruits an E2
ubiquitin-conjugating enzyme. In this way, the SH2-bound substrate is brought into close
proximity with the ubiquitinating machinery, and thus SOCS proteins assist the ubiquitination
of target proteins, marking them for degradation via proteasome (Figure 9). So, SOCS
proteins, as well as other SOCS-box-containing molecules, seem to act as E3 ubiquitin ligases.
However, the specific role and function of the SOCS box are in need of further exploration
(Akhtar and Benveniste 2011; Linossi et al. 2013). Lastly, a particularity of SOCS 1 and 3 is
given by their KIR motif, a pseudosubstrate that can inhibit tyrosine kinase activity, being a

supplementary attribute for suppressing cytokine signals (Yoshimura et al. 2007).

KIR SH2 SOCS Box

Figure 9. The SH2 domain and SOCS box ubiquitination process (Akhtar and Benveniste 2011)
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Collectively, this complex and multifaceted structure provides for an extensive range of
beneficial biological effects. Most research done to date focus on CIS and SOCS 1-3.
Accordingly, SOCS 4-7 are less known, and their precise biological roles are yet to be fully

uncovered (Linossi et al. 2013).

1.2.2. Mechanism of Action

SOCS proteins have been demonstrated to negatively regulate cytokines’ response.
They can inhibit both IFN induction and impact pathways, as critical steps to prevent excessive
inflammatory response and consequent damage to the host. SOCS proteins act through
several mechanisms, all of which rely in part on their SH2 domains (Linossi et al. 2013).

As explained earlier, the SOCS box has a ubiquitination role, acting as an E3 ubiquitin
ligase. All SOCS proteins are able to ubiquitinate bound proteins, such as JAKs and cytokine
receptors, leading them to proteasomal degradation (Linossi et al. 2013). It is important to
remember that the SH2 domain also has a vital role in this system since it is responsible for
signalling the target substrates for ubiquitination.

Besides that, SOCS proteins can also bind to JAK-STAT-involved proteins and block
their activity. The SH2 domain of SOCS 1, together with the KIR structure, attaches directly to
the JAK’s activation loop, thus preventing JAK phosphorylation (Kubo et al. 2003; Yoshimura
et al. 2007). However, the SH2 domain of SOCS 2, 3, and CIS does not have this high affinity
to the activation loop of JAKs. It can only bind to phosphorylated tyrosine residues on the
cytokine receptors and block STAT recruitment. Nevertheless, although the SH2 domain of
SOCS 3 does not have a high affinity for JAK compared to SOCS 1, its KIR structure has a
higher affinity for the kinase domain of JAK2. It can cover the substrate-binding groove of JAK2
and block its association with the substrate, thus preventing the perpetuation of the signalling
pathway (Sasaki et al. 1999; Yoshimura et al. 2007; Huang et al. 2020).

CIS and SOCS2 can block the binding site of STATS on the receptor. Their SH2 domain
bind to JAK-phosphorylated cytokine receptors and block STATSs recruitment, thus competing
with them and inhibiting STATSs activation (Yoshimura et al. 1995; Huang et al. 2020)

SOCSL1 can directly bind to IFN | receptors, ensuring that SOCS1 has a very efficient
suppressive effect on IFN | signalling even at low expression levels. It appears to interact with
the TYK2/IFNAR1 complex directly (Piganis et al. 2011, Linossi et al. 2013). Besides, SOCS1
regulates IFNAR1-specific but not IFNAR2-specific signals, thereby eliminating tyrosine
phosphorylation of STAT1 and minimizing the antiviral gene expression (Mansell et al. 2006;
Yoshimura et al. 2007). However, despite having a beneficial inhibitory effect on the IFNy
pathway, recent studies have shown that SOCS1 can not directly bind to IFNy receptors.
Instead, complete suppression of IFNy signalling by SOCS1 requires phosphorylation of the
IFNGR1 subunit by its SH2 domain (Qing et al. 2005; Yoshimura et al. 2007).
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Concerning IFN | induction pathways, a recent study by Zhou et al. (2015) showed that
both SOCS1 and SOCS3 affect TLR pathway, directly interacting with TRAF6 and degrading
it through polyubiquitination (Zhou et al. 2015). Moreover, a study by Yu et al. (2018)
demonstrated that SH2 domains of SOCS1 and SOCS3 promote the proteasome-mediated
degradation of IRF7 through polyubiquitination (Yoshimura et al. 2007; Linossi et al. 2013; Yu
et al. 2018; Huang et al. 2020). SOCS3 also inhibits the activation of TRAF6 and TAK1, which
are key factors to induce and signal TLR responses (Frobgse et al. 2006).

1.2.2.1. Regulation of the NF-kB-dependent Pathway

Besides the mechanisms of action already described, SOCS proteins have also an
inhibitory role in the NF-kB-dependent signalling route, one that is particularly relevant for the
work developed in this dissertation.

Many mechanisms have already been proposed for the effect of SOCS1 in the NF-kB
pathway. Firstly, SOCS1 can directly interfere in the signal transduction of the NF-kB pathway
by binding to the p65 subunit of NF-kB, thus promoting its degradation by ubiquitination (Ryo
et al. 2003; Yoshimura et al. 2007; Huang et al. 2020). Besides that, SOCS1 also targets
tyrosine-phosphorylated TIRAP for programmed degradation, thereby suppressing the TIRAP-
mediated phosphorylation of the p65 subunit of NF-kB, and thus NF-kB transactivation
(Mansell et al. 2006; Yoshimura et al. 2007; Huang et al. 2020).

Finally, SOCS3 can also negatively regulate the NF-kB-dependent proinflammatory
cytokine response. Phosphorylated SOCS3 binds directly to the NF-kB inhibitor IkB, masking
its phosphorylation site, and thus delaying its phosphorylation and subsequent degradation.
Therefore, SOCS3 prevents the activation and nuclear translocation of the NF-kB transcription
factor, impairing the extension of the transduction signalling pathway (Nair et al. 2011; Huang
et al. 2020).

1.3.Viral Strategies for Imnmune Evasion

During the course of evolution, the continuous interaction between viruses and their
hosts has shaped and determined the survival strategies used by both. Vertebrate hosts have
evolved an elaborate system of innate and adaptive immune responses to recognize and
destroy infected cells, interfering with viral replication. In turn, the selective pressure imposed
by host defenses led viruses to develop mechanisms to evade host immune machinery. To
replicate and spread in a host, a virus depends on highly specific interactions between viral
host evasion proteins and infected cells in a well-balanced operation, since a complete
inhibition of host defenses would lead to host death and viral elimination (Engel and Angulo
2012; Correia et al. 2013).
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Viruses use two main strategies to evade the host defense mechanisms: to manipulate
the components of the innate immune system (such as cytokines, chemokines, apoptosis, and
others) or to avoid recognition by the adaptive immune system. The list of viral mechanisms to
manipulate the host immune response is extensive. However, downregulation of the IFN
system seems to be a priority for most viruses. They can interfere with the induction and impact
of IFN, or they can block molecules that mediate the “antiviral state” (Correia et al. 2013).
Given that the induction of IFN proceeds in a cascade-like manner, viruses have evolved
molecular mechanisms that act at different steps in the transduction pathways. Almost 50% of
the studied viruses interfere at multiple steps in the IFN response (Versteeg and Garcia-Sastre
2010). Modulation of the STAT proteins’ activity and inhibition of the JAK kinases, thus
inhibiting signalling through it, are very common viral strategies as well (Weber and Haller
2007; Correia et al. 2013).

Due to the immunomodulatory effect of SOCS proteins and its regulatory role in
cytokines (especially IFNSs), it is predictable that viruses could also manipulate the host’'s SOCS
proteins to escape innate immunity. In fact, a growing number of studies has shown that
pathogens can induce SOCS1 and SOCS3 to evade deleterious host immune responses
(Duncan et al. 2017). For example, Porcine Reproductive and Respiratory Syndrome virus
hijack the host's SOCS1 protein to inhibit the expression of IFN-B and promote viral replication
(Luo et al. 2020). Furthermore, when Hepatitis C Virus and Herpes Simplex Virus 1 infect
human hepatoma cells and amniotic cells, respectively, they cancel IFNa/f signalling by
enhancing SOCS3 protein expression (Bode et al. 2003; Yokota et al. 2004). Lastly, Influenza
Virus infection mostly inhibits the JAK-STAT pathway by up-regulating the expression of
SOCSL1 and SOCS3, disrupting host antiviral defense mechanisms (Jia et al. 2010).

The knowledge of these evasion strategies provides “ready-made tools” for gene
manipulation, which can result in a deeper understanding of immune and inflammatory
responses. Besides that, the study of these mechanisms can lead to new approaches to
manage viral infections, namely the design of novel and effective antiviral treatments and

attenuated virus vaccines.

1.4.African Swine Fever Virus
African swine fever (ASF) is a highly contagious viral hemorrhagic disease affecting the
family Suidae. The African swine fever virus (ASFV) is transmitted by direct contact between
infected animals or by ingestion of infected pork or other contaminated materials (Guinat et al.
2014). Naturally, the close proximity between wild boars and domestic pigs in extensive
production systems may favor this contact. There is also an indirect way of transmission by
fomites (such as clothes, transport trucks, and feed supplies), in which human practices have

significant responsibility (Dixon et al. 2020; Salguero 2020). Soft tick vectors of the genus
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Ornithodoros can also play a role in ASFV transmission, including O. moubata in Africa and O.
erraticus in the Iberian Peninsula (Basto et al. 2006; Jori and Bastos 2009; Jori et al. 2013).

ASF was first described in East Africa (Montgomery 1921) in domestic pigs. Now we
know that the source of the infection was an ancient sylvatic cycle between African wild suids
(mostly Warthogs (Phacochoerus Africanus)) and soft ticks. Since then, the disease was
described in most sub-Saharan African countries. In 1957/1960, it was introduced in Portugal
and then spread to other European countries, the Caribbean and Brazil. The disease was
eradicated from all these countries outside Africa, except the Italian island of Sardinia, where
it remains endemic. It reappeared in 2007 in Georgia (Caucasus), and a new transmission era
began. The virus rapidly spread across the Caucasian region and neighboring countries and
is now present across Central and Eastern Europe, including some Union European countries.
It also expanded to the east, having reached Russia and, more recently, to China in 2018,
where it is currently widespread. However, European and Asian situations are distinct: the
former mostly involves outbreaks in wild boars, while for the latter domestic swine are the most
affected. Nowadays, ASF is present worldwide, except for the Americas, Australia, and New
Zealand (Acharya and Wilson 2020; Dixon et al. 2020; Kedkovid et al. 2020).

ASFV is spreading very rapidly, and without vaccine or treatment, the only available
methods for disease control are the quarantine of affected areas and the slaughter of infected
and susceptible animals. Rapid detection is urgent when ASFV enters new territory to minimize
the consequences of these drastic measures (Dixon et al. 2020). It is a disease with high
economic impact due to business decline across the whole pig production chain, high costs
for disease control, and consequent lack of commerce. ASF currently poses a serious threat
to European pig production, and thus the development of a vaccine is of extreme urgency. Yet,
more than immunity, there is also a present-day need to create a vaccine that includes markers
for differentiation between infected and vaccinated animals, which naturally constitutes an
added challenge. Lastly, a vaccine for wild boars, given as bait, should also be helpful in
managing the spread of ASF (Arias et al. 2017; Galindo and Alonso 2017).

1.4.1. Viral structure and genome organization

The African swine fever virus is a large, enveloped, genetically complex virus with a
double-stranded DNA genome that varies between 170 and 193kpb. It belongs to the family
Asfarviridae, and some aspects of its genome structure and replication strategies are shared
with other large DNA virus families, most notably the Poxviruses. It is the only known DNA
arbovirus (Dixon et al. 2019; Rock 2021). For many years, ASFV was the only member of
Asfarviridae. However, in 2009, a virus infecting a marine dinoflagellate was detected, and its

partial sequencing revealed it likely belongs to Asfarviridae. New amoeba viruses have been
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identified since then. Today we can say that despite not being the only member of its family,
ASFV is the only one affecting vertebrate hosts (Karki et al. 2021).

The ASFV particle is composed of multiple concentric layers with an icosahedral
morphology (Figure 10). It has a genome-containing nucleoid (first layer), a thick protein layer
named core shell (second layer), an inner lipid envelope (third layer), and an icosahedral
protein capsid containing over 50 proteins (fourth layer) (Alejo et al. 2018; Salas and Andrés
2013). Extracellular particles also have an external envelope that they acquire after budding
through the plasma membrane (Andrés et al. 2001). The extracellular ASFV particle is 260 to
300nm in diameter (Wang et al. 2019).

Figure 10. ASFV viral particle structure (Wang et al. 2019)

Nearly half of the ASFV genome has not been experimentally checked at the protein
level, and most of it has not been functionally characterized well enough (Zhu et al. 2020), so
there is still a considerable amount of work to be done in this field. The number of open reading
frames (ORFs) encoded by the ASFV genome varies between 151 and 167, depending on the
viral isolate (Galindo and Alonso 2017). The differences in genome length and gene number
are mainly due to the gain or loss of ORFs from the multigene families (MGFs) encoded by the
virus (Dixon et al. 2012). A striking feature of the ASFV genome is its many MGFs, comprising
approximately 30% of it. The multigene family proteins are a large group of proteins with
undefined functions in ASFV and are the most abundant genes in its genome. There are 5
ASFV MGFs: MGF-100, MGF-110, MGF-300, MGF-360, and MGF-505. They are mainly
encoded at either 3’ or 5 ends of the genome, and most of them have copies at both ends.
MGF proteins within the same MGF family tend to have similar structures, locations, and
functions. Reportedly, they play important roles in diverse stages of viral infection associated
with virulence, antigenicity, and immune escape. The large investment in coding for multiple
copies of several MGFs implies that they probably confer a selective advantage to the virus

and may represent mechanisms of immune evasion (Dixon et al. 2012; Zhu et al. 2020).
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1.4.2. Pathogenesis and host immune response

ASF’s pathogenesis is very complex. ASFV primary target cells are monocytes and
macrophages, although replication in dendritic cells has also been reported (Salguero et al.
2002; Dixon et al. 2020). In Africa's original wild suid hosts, the infection with ASFV results in
mild or no clinical signs with long-term persistent infections. They are mostly asymptomatic
and have low viremia titers. The virus’ replication is efficiently contained, resulting in low levels
of cell and tissue damage (Jori and Bastos 2009; Jori et al. 2013). However, in wild boars and
domestic pigs, clinical courses go from peracute to chronic forms. Peracute clinical form is
considered to be a hemorrhagic fever, characterized by massive apoptosis of lymphocytes and
hemorrhagic pathology with extensive vascular damage. This form of disease has a fatality
rate approaching 100% (Salguero 2020). Chronic forms of disease caused by low virulent
isolates are characterized by lower fatality rates and by the absence of vascular lesions
(Sanchez-Vizcaino et al. 2015; Dixon et al. 2020).

Immunity to ASFV is highly elaborate and remains ill defined. It is mediated by multiple
mechanisms of the innate and adaptive immune systems, both humoral and cellular, and by
the recognition of multiple antigenic targets (Correia et al. 2013). Virus replication in monocytes
and macrophages induces activation of this cell population, increasing the secretion of pro-
inflammatory cytokines at the early stages of infection, leading to the “cytokine storm”

responsible for a massive induction of lymphocytes apoptosis (Salguero et al. 2005).

1.4.3. ASFV strategies for immune evasion

The replication of ASFV in macrophages, a fundamental cell in both innate and
adaptive immune systems, constitutes a serious threat to a virus. Given that the IFN system is
a key player against viruses, in particular acute and persistent ones, ASFV must have evolved
multiple genes for manipulating this immune response. Furthermore, ASFV is adapted to infect
both vertebrate and invertebrate (soft ticks) hosts. Only the innate response is common to
these two hosts, particularly cytokine responses, so one expects the virus to have developed
a strategy to evade this system, allowing it to succeed in both hosts (Correia et al. 2013).
Indeed, in macrophages infected with virulent ASFV, the interferon response is suppressed;
and many studies to date have identified several genes that can interfere with IFNs induction
and IFNs signalling pathway (Correia et al. 2013; Dixon et al. 2019).

The multigene families MGF-360 and MGF-505 include multiple genes capable of this
function, such as A238L, A276R, A528R, 1329L, MGF-505-7R, and MGF-360-12L. A238L was
one of the first to be described and has a domain with homology to IkB. It interacts with the
p65 subunit of the NF-kB transcription factor, replacing IkB after its degradation, and thereby
inhibiting NF-kB activation and translocation to the nucleus (Powell et al. 1996). A276R impairs

the induction of IFN-B through targeting IRF3, but not IRF7, in an NF-kB independent manner
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(Correia et al. 2013). A528R has evolved to inhibit IFN induction by inhibiting the NF-kB
transcription factor and also to reduce the impact of both types | and Il IFNs (Correia et al.
2013). 1329L is a viral TLR3 antagonist, so it inhibits TLR3-mediated activation of NF-kB and
thus reduces the effectiveness of the host type | IFN antivirus response. This inhibition is at
the level of TRIF before the bifurcation into the TRAF3/TRAF6 pathway (de Oliveira et al. 2011,
Correia et al. 2013). MGF505-7R efficiently inhibits IFN- promoter activation via the cGAS-
STING pathway (a signalling pathway that follows PAMP recognition by a cytosolic DNA
receptor). Thus, it blocks dsDNA-triggered induction of downstream antiviral genes (Li et al.
2021). Lastly, MGF-360-12L binds to nuclear transport proteins, blocking NF-kB nuclear
translocation in an IkB independent way (Zhuo et al. 2020).

Deleting these proteins from the wild type virus may strengthen the host IFN response
and constitute a good starting point to the development of an attenuated live virus vaccine. It
could restrict virus spread after the initial infection, thereby allowing for the proper development

of a protective adaptive immune response.

1.5.ASFV DP146L

The search for ASFV proteins capable of evading the host’s immune response is still
ongoing. Using bioinformatic screening of the ASFV genome, the ORF DP146L was recently
identified by Instituto Gulbenkian de Ciéncia (IGC) Infection and Immunity Group, led by
Michael Parkhouse, as a new potential immune evasion gene (unpublished work). DP146L,
also known as MGF-100-3L, belongs to the ASFV MGF-100. It encodes for a protein with 146
amino acids, 438 nucleotides, with a molecular weight estimated at 17kDa. Bioinformatic
analysis of DP146L shows strong evidence of structural homology to an SH2 domain (Figure
11).
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Figure 11. DP146L homology with SH2 superfamily. Results taken from the “Conserved Domains”
program, at NCBI, showing a putative SH2 domain in the amino acid sequence of DP146L (National Center for
Biotechnology Information (NCBI) 2021)

The SH2 domain is a short (approximately 100 amino acid) conserved structure present
in many intracellular signalling proteins. It is known to recognize phosphorylated tyrosine

residues on target proteins. Phosphorylation of protein tyrosine residues is an important
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mechanism for the formation of signalling complexes. Thus, the SH2 domain plays a crucial
role in several cellular mechanisms, including signal transduction pathways stimulated by
cytokines (Russell et al. 1992; Murphy and Weaver 2017). Notably, the SH2 domain is present
in the above described SOCS proteins.

For that reason, DP146L is a putative suppressor of cytokine responses (SOCS). It can
possibly have a role as a modulator of host pro-inflammatory responses, inhibiting the
production of pro-inflammatory cytokines by degrading components of both the induction and
impact IFN pathways. If this hypothesis is confirmed, DP146L may provide a novel tool for (1)
The construction of a DP146L deletion mutant vaccine for ASV and also for (2) The

downregulation of the inflammatory response in general.

2. OBJECTIVES

The aim of this work is the preliminary study of the yet unstudied ASFV DP146L. The
primary objective is the functional analysis of DP146L through luciferase reporter assays to
assess its impact in the NF-kB signalling pathway. A parallel goal is the single-point mutation
of the Phe92 DP146L protein (pDP146L)’'s amino acid, by site-directed mutagenesis, in order
to extend protein’s functional analysis through luciferase assays.

A secondary objective of this dissertation is the analysis of the cellular location of the
transfected DP146L through immunofluorescence assay, and the evaluation of its cellular
expression by western blot.

Finally, this dissertation also aims the pDP146L production and purification, as a

resource for future studies on this protein.

3. MATERIALS AND METHODS
3.1.Cell cultures
Human embryonic kidney 293T (HEK 293T) cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (BioWest) supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1% (v/v) penicillin-streptomycin (Pen/Strep). African green monkey Vero cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supplemented with 10%
FBS, 1% Pen/Strep, and 1% non-essential amino acids (NEAA). All cell lines were maintained

in a controlled environment, with 5% CO,, at 37°C.

3.2.Plasmids
The pcDNA3 empty expression vector, in frame with an haemagglutinin (HA) tag, was
used as a negative control in immunofluorescence, western blot and luciferase reporter

assays. The ASFV ORF K205R cloned into the pcDNA3-HA tag vector was used as a positive

21



control in immunofluorescence, and western blot assays. The ASFV ORF DP146L cloned into
the pcDNA3-HA tag vector was the plasmid vector of the gene of study used in all assays
(schematic representation in Annex 2). All these three plasmids were previously constructed
by Dr. Silvia Correia, the co-promoter of this dissertation, at the IGC Infection and Immunity
group, led by Michael Parkhouse, since the work here described was done in collaboration
between the two groups.

The ASFV ORF P1192R cloned into the pIC113 plasmid vector, in frame with a green
fluorescence protein (GFP) ORF (pIC113-p1192R-GFP), was used as a positive control in the
immunofluorescence assay and was a gift from Dr. Jo&do Coelho.

The pCMVp plasmid contains a (-galactosidase gene under the control of human
cytomegalovirus immediate early promoter, and was used as an internal transfection control
in luciferase reporter assays. The reporter plasmid for the PRD Il promoter [p(PRD2)5tkA(-
39)lucter] (pPRD 1) was used to study the effect of the DP146L gene on PRD Il dependent
expression in luciferase assays. Both plasmids were also previously existing constructs from
Dr. Silvia Correia and were used in the frame of the collaboration mentioned above.

The pET-28a cloning plasmid vector was used for cloning DP146L for protein
production and purification, and it was kindly provided by Dr. Pedro Bule. The pJET1.2/blunt
cloning vector used as an intermediate in the cloning procedure is from Thermo Scientific.

The pcDNA3-HA-DP146Lm,: single point mutated plasmid, used for luciferase assay,
was produced using Q5 Site-Directed Mutagenesis kit (New England Biolabs (NEB)).

3.3.Competent cells preparation

To prepare competent DH5a E. coli cells, a glycerol stock was inoculated in Lysogeny
Broth (LB) liquid medium and incubated overnight in an orbital shaker at 37°C, with constant
shaking (180 rotations per minute (rpm)). The next day, 3mL of culture were inoculated in
300mL LB medium pre-heated to 37°C and incubated until it reached an optical density (OD)
of 600. Then, the culture was centrifuged at 7500g, for 2 minutes, at 4°C. The supernatant was
removed, and the pellet was resuspended in 150mL of cold MgCl, 0,1M. Centrifugation was
repeated, and then the pellet was resuspended in 150mL of cold CaCl, 0,1M. After 20 minutes
of incubation on ice, the same centrifugation was repeated. The supernatant was discarded,
and the pellet was finally resuspended in 6mL of CaCl, 0.1M/Glycerol 15% mix. Competent

cells were aliquoted and stored at -80°C.
3.4.DNA plasmids amplification
All plasmids used in this dissertation were produced by transformation in DH5a E. coli

competent cells from 3.3. subchapter. In a transformation tube (1.5mL), 50uL of DH5a cells
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and 1uL of the desired plasmid DNA were mixed. The mixture was incubated on ice for 30
minutes, followed by a 42°C heat shock for precisely 90 seconds, and a new incubation of 2
minutes on ice. Then, 950uL of SOC medium was added, and the mixture was incubated for
1 hour at 37°C, 220rpm, for the bacteria to recover and express the antibiotic resistance marker
encoded by the plasmid. After incubation, centrifugation at 47009 for 2 minutes was performed,
and the pellet was resuspended in 150uL of SOC medium. The volume was plated onto LB
agar plates with the appropriate antibiotic (100ug/mL), and plates were stored at 37°C
overnight (12-16 hours). Single colonies were cultured on liquid LB medium, with the same
antibiotic, overnight at 37°C, at 220rpm. The resulting plasmid DNA was extracted from cells

using a Miniprep or Midiprep kit (NZYTech), following the manufacturer’s instructions.

3.5.Analysis of DP146L expression

3.5.1. Transfection of mammalian cells

Two transfection reagents were used as an attempt to reach an ideal transfection
efficiency: TransIT®-LT1 Transfection Reagent (Mirus) and Lipofectamine® LTX & PLUS
Transfection Reagent (Thermo Scientific).

Cells were seeded on a 6-well plate (2.5x10°cells/well for western blot and
2x10°cells/well for immunofluorescence) in 2mL DMEM medium and were incubated
overnight. For immunofluorescence, three sterile coverslips were placed in each well. The next
day, cells were transfected with 2.5ug of plasmid DNA. pcDNA3-HA-K205R and pIC113-
p1192R-GFP were used for positive control; empty pcDNA3 for negative control; and pcDNAS3-
HA-DP146L was the plasmid of study. A plate well of untransfected cells was always left as an
additional negative control.

TransIT®-LT1: a mix was made with 7.5uL of TransIT reagent and 250uL of Opti-MEM
(serum-free medium) (Gibco) and was incubated at room temperature (RT) for 5 minutes. The
DNA plasmid was added, and the final mixture was incubated at RT for 30 minutes. After
incubation, the mix was added dropwise to the cells, and cells were incubated for 48h. This
protocol is for a 1:3 DNA:transfection reagent ratio. We also tested 1:4 and 1.5 ratios,
increasing the transfection reagent volume to 10uL and 12.5uL, respectively.

Lipofectamine® LTX & PLUS: a mix was made with 50uL of Opti-MEM and 12.5uL of
Lipofectamine reagent; and a DNA mix was made with 50uL of Opti-MEM, 2.5uL of PLUS
reagent, and the DNA plasmid. Diluted DNA was added to diluted Lipofectamine, and the final
mixture was incubated for 5 minutes at RT. Then the DNA-lipid complex was added to cells
and was incubated for 48h. In order to optimize transfection efficiency, we also increased the

transfection reagent volume to 15.5pL.
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3.5.2. Immunofluorescence assay

For immunofluorescence assays, both HEK293T and Vero cell lines were transfected
with TransIT®-LT1, and HEK293T was also transfected with Lipofectamine® LTX & PLUS.
Different DNA:transfection reagent ratios were tested in order to optimize protocols.

Forty-eight hours after transfection, the cells were washed with PBS and fixed with 4%
paraformaldehyde for 30 minutes. After washing with PBS, the cells were permeabilized with
PBS + 0.1% Triton X-100 for 15 minutes. The cells were washed with PBS + 0.05% Tween20
and then blocked with PBS + 0.05% Tween20 + 5% normal goat serum (blocking buffer) for
30 minutes. After washing with PBS + 0.05% Tween20 again, two staining protocols were
tested: (1) coverslips were incubated for 1 hour with anti-HA high-affinity antibody (Roche)
diluted 1:100 in blocking buffer, then washed two times with PBS + 0.05% Tween20, and
incubated again, for 1 hour with Alexa Fluor 594 goat anti-mouse secondary antibody (Life
Technologies) diluted 1:1000 in blocking buffer. (2) In parallel, another coverslip was incubated
for 1h30 with conjugated antibody anti-HA FITC diluted 1:100 in blocking buffer. After
rewashing two times and incubating with DAPI (200ng/uL) for 5 minutes, coverslips were
mounted on Slow Fade mounting medium (Life Technologies) and examined under a Leica
DMR fluorescence microscope.

For cells transfected with the pIC113-p1192R-GFP plasmid, the procedure is slightly
different. After fixation and washing with PBS, the cells were permeabilized for only 5 minutes,

and coverslips followed directly for incubation with DAPI and montage.

3.5.3. Western blot

For western blot assays, only HEK293T cells were transfected with the TransIT®-LT1
transfection reagent, with the 1:3 ratio.

Forty-eight hours after transfection, the cells were placed on ice and lysed. They were
scraped from wells with 1mL of PSB, transferred to pre-cooled microcentrifuge tubes, and
centrifugated at 300g, for 5 minutes, at 4°C. The supernatant was discarded, and the pellet
was resuspended in 30uL Lysis Buffer (Cell Signalling Lysis Buffer, from Sigma) supplemented
with PMSF protease inhibitor. The cell lysate was clarified by centrifugation, for 20 minutes, at
16000g, 4°C. The supernatant was transferred to a clean tube, and 6x SDS sample buffer
(0.35 M Tris-HCI pH 6.8, 10.28% (w/v) SDS, 36% (v/v) glycerol, 0.6 M DTT, 0.012% (w/v)
bromophenol blue) was added. Samples were boiled at 95°C for 5 minutes and run in a 14%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Separated
proteins were transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-rad) and
blocked with 5% (w/v) non-fat milk powder for 1 hour at RT. The membrane was probed with
an anti-HA-HRP conjugated antibody (Thermo Scientific) at 4°C overnight. According to the

manufacturer's instructions, the membrane was developed by chemiluminescence detection
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with Immobilon® Forte Western HRP substrate (Millipore), and exposed at ChemiDoc XRS+

(Bio-rad) imaging system to visualize bands.

3.6.DP146L functional analysis

3.6.1. Luciferase reporter gene assay

HEK-293T cells (6x10%cells/well, in a 24 well plate) were co-transfected with 100ng of
pPRD II luciferase reporter plasmid, 25ng of pCMV{ internal control plasmid, and 300ng of
either pcDNA3-HA-DP146L or the empty pcDNA3-HA. Transfections were performed
according to the TransIT-LT1 and Lipofectamine LTX & PLUS protocols exposed on 3.5.1.
subchapter. Forty-eight hours post-transfection, the cells were either stimulated with 2L00ng/mL
IL-1 (PeproTech) or 100ng/mL TNFa (PeproTech) for five hours, or left untreated. Each
transfection was made in triplicate. After stimulation, the cells were lysed with 100uL luciferase
lysis buffer (1/10 potassium phosphate buffer, pH 7.8 (18.16mL K:HPO4 1M, 1.84 KH,PO,4 1M,
water up to 200mL), 1% Triton X-100, 1mM DTT, 2mM EDTA).

Luciferase activity was measured using the luciferase assay system kit (Promega)
according to the manufacturer’'s protocol. The B-galactosidase activity was measured using
the Galacton-Plus kit (Thermo Scientific). Variations in transfection efficiency between cells

were normalized by dividing luciferase values by (-galactosidase values.

3.6.2. Site-directed mutagenesis (SDM)

The 92" amino acid of DP146L was mutated from a Phenylalanine (Phe) to an
Aspartate (Asp), by substituting the nucleotide TTT into GAT. This single point mutated
plasmid was produced using the Q5 Site-Directed Mutagenesis kit (NEB). The particularity of
this kit is the type of primers it requires. They are non-overlapping primers, with the desired
nucleotide change in the center of the forward primer, including at least ten complementary
nucleotides on the 3’ side of the mutation; the reverse primer has to be designed so that the &’
ends of the two primers anneal back-to-back. The primers used for this SDM were designed
using the NEBaseChanger™ online design software, and were: forward —
TGAAAATATAGATATTGTTCAAAAAGATCTGGAAAACG (mutated nucleotides highlighted
in bold); and reverse — TTGGTTGCATCGTCCGTA.

3.6.2.1. Exponential amplification
The Q5 Site-Directed Mutagenesis kit protocol is divided into three steps. The first one
is the exponential amplification by polymerase chain reaction (PCR). A PCR mixture was
assembled with 12.5uL Q5 Hot Start High-Fidelity 2X Master Mix, 1.25uL 10uM forward primer,
10uM reverse primer, 1uL 10ng/uL of template DNA (pcDNA3-HA-DP146L), and 9uL of
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nuclease-free water. The tubes were placed on a thermocycler and subjected to the following
conditions: initial denaturation at 98°C for 30 seconds, followed by 25 cycles of denaturation
at 98°C for 10 seconds, annealing at 61°C for 30 seconds, and extension at 72°C for 150

seconds. Finally, a final extension of 2 minutes at 72°C.

3.6.2.2. Kinase, Ligase, Dpnl (KLD) treatment
The second step is treatment with a mixture of Kinase, Ligase, and Dpnl (KLD)
enzymes. This step allows phosphorylation and ligation of the PCR product at once and
degradation of template DNA by the Dpnl restriction enzyme. This step consists of the
assembly of 1uL PCR product, 5uL 2X KLD reaction buffer, 1uL 10X KLD enzyme mix, and

3uL of nuclease-free water, and incubation at RT for 5 minutes.

3.6.2.3. Plasmid amplification and DNA sequencing

The last step of SDM is the amplification of the final plasmid. It was transformed into
DH5a E. coli competent cells 5uL of the KLD mix (as explained in 3.4. subchapter), and
plasmid DNA was extracted using the NZYMiniprep kit. Sanger sequencing of DNA plasmid
for confirmation of the single-point mutated DP146L was performed by Eurofins Genomics,
using a T7 forward primer (TAATACGACTCACTATAGGG) and a pcDNA3 rev primer
(GGCAACTAGAAGGCACAGTC).

After pcDNA3-HA-DP146Ln. confirmation, luciferase reporter assay was repeated
using this new plasmid, the pcDNA3-HA-DP146L for effect comparison, and the empty
pcDNA3 as a negative control. The protocol was the same as described in 3.6.1. subchapter.

3.7.Cloning DP146L into pET28a plasmid vector
The DP146L ORF was cloned into the pET28a cloning vector in frame with an N-
terminal His-tag originally present in the plasmid. After multiple unsuccessful attempts to
directly clone DP146L into pET28a, DP146L was firstly cloned into pJET1.2/blunt cloning

vector as an intermediate step for final cloning into pET28a.

3.7.1. PCR amplification

Primers for PCR amplification of the DP146L gene from the pcDNA3-HA-DP146L
plasmid vector were designed containing Ndel and Xhol specific restriction sites. The primers
used were: forward — GGAATTCCATATGGGGAACCGTCTTATCAG; and reverse -—
GCCGCTCGAGTTACTTATTTTTATTGTAAATTAGTGGGTATTTG (restriction sites
highlighted in bold). A PCR mixture was set containing 20uL 5X Phusion HF buffer, 2mM
dNTPs, 5uM forward primer, 5uM reverse primer, 1yL Phusion DNA polymerase, 20ng of
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template DNA, and nuclease-free water up to 100uL. The tubes were placed on a thermocycler
and subjected to the following conditions: initial denaturation at 98°C for 2 minutes, followed
by 30 cycles of denaturation at 98°C for 30 seconds, annealing at 62°C for 30 seconds (the
ten first cycles), and 68°C for 30 seconds (the following 20 cycles), and extension at 72°C for
60 seconds. Finally, an extension of 5 minutes at 72°C. The PCR product was migrated in a
1% agarose gel electrophoresis in TAE buffer, with GreenSafe (4uL/100mL) (NZYTech), to
verify the correct amplification of the fragment.

The amplification was followed by DNA precipitation of the PCR product. 1:10 volume
of 3M sodium acetate (pH 5.2), and 2.5 volumes of ice-cold 100% ethanol were added to the
PCR product. The mixture was incubated overnight at -20°C to promote DNA precipitation.
The next day, it was centrifuged at 15000g, for 15 minutes, at 4°C. The supernatant was
removed, and the pellet was air-dried for about 10 minutes to remove any residual fluid. The
pellet was resuspended in 50uL of Milli-Q water. The final sample was analyzed on
NanoDrop™ One (Thermo Scientific), for concentration measurement, and A260/230 and
A260/280 ratios verification. Such rations are DNA quality evaluation parameters: A260/230 is
used for the detection of an issue in the DNA extraction procedure, usually due to the presence
of organic compounds such as phenol, guanidine, or glycogen in the DNA sample; A260/280
indicates the purity of the extracted DNA, which can be impaired by the presence of both RNA

or proteins (Koetsier and Cantor 2019).

3.7.2. Cloning into pJET plasmid vector

After fragment amplification and DNA purification, DP146L was cloned into a
pJET1.2/blunt cloning vector (Thermo Scientific). According to the manufacturer’s instructions,
25ng of DNA are necessary for each 500bp fragment. Since the DP146L fragment is 461bp
long (including restriction sites), 23.05ng are needed. However, a 5uL reaction was performed
instead of the 20pL suggested in the protocol. This way, 6ng of DNA fragment was used in the
ligation reaction. A mixture was set with 2.5uL 2X reaction buffer, 1uL of fragment DNA
(6ng/uL), 0.25uL pJET cloning vector, 0.25uL T4 DNA ligase, and 1L of milli-Q water. It was
incubated for 5 minutes at RT and was then transformed into DH5a competent cells (as
described in 3.4. subchapter).

After transformation, a colony PCR was performed to confirm pJET cloning. A mixture
was assembled with 1uL 10X Taq buffer, 0.2uL dNTPs mix, 0.5uL pJET forward sequencing
primer, 0.5uL pJET reverse sequencing primer, 0.05uL DreamTaq DNA polymerase, and
6.75uL of milli-Q water. A colony was picked and inoculated in the PCR mix. A PCR reaction
was initiated with an initial denaturation at 95°C for 3 minutes, followed by 25 cycles of

denaturation at 95°C for 30 seconds, annealing at 55°C for 30 seconds, and extension at 72°C
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for 1 minute. A final extension was performed for 5 minutes at 72°C. The PCR products were
analyzed in a 1% agarose gel electrophoresis as described in the previous subchapter.
After confirmation of proper cloning, the plasmid DNA from a positive colony was

extracted using an NZYMiniprep kit.

3.7.3. Restriction reaction

For final cloning into pET28a cloning vector, DP146L gene was removed from pJET
plasmid by restriction with the enzymes Ndel and Xhol. However, since pJET plasmid has an
Xhol restriction site near the Ndel restriction site of the fragment, these restrictions were
performed sequentially in two steps: first, the restriction with Ndel and electrophoresis for
linearization confirmation; and next, the digestion with Xhol. Restriction reactions included 5uL
10X CutSmart buffer, 1uL restriction enzyme, 5ug pJET plasmid, and nuclease-free water up
to 50puL. Incubation time was 2 hours for Ndel and overnight for Xhol, both at 37°C.

The plasmid pET28a was also linearized by restriction with Ndel and Xhol

simultaneously, for 2 hours, at 37°C.

3.7.4. DNA purification

In order to purify both the pET28a plasmid vector and the DP146L insert, after
restriction the DNAs were run with 6X purple gel loading dye (NEB) on a 1% agarose gel with
GreenSafe. Appropriate bands were excised under UV light illumination in a transilluminator
using a clean scalpel. Both insert and vector DNAs were purified using the NZYGelpure kit
(NZYTech), following the manufacturer’s instructions, and DNA concentrations were measured

on Nanodrop.

3.7.5. Ligation

After DNA purification, the DP146L fragment was ligated with the pET28a vector in an
exact 1:3 vector:insert ratio, calculated using the online ligation calculator NEBioCalculator.
The ligation mixture included 2uL 10X T4 DNA ligase buffer, 1uL T4 DNA ligase, 50ng of
linearized pET28a, 12.59ng of DP146L fragment, and nuclease-free water up to 20uL. It was
incubated for 5 hours at room temperature. Only 10uL of the ligation product was transformed

in DH5a as described in 3.4. subchapter.
3.7.6. Confirmation of pET28a-DP146L clones

For cloning tracking, a colony PCR was performed as described in 3.7.2. subchapter,

using the T7 forward and T7 reverse standard primers, and PCR products were run in an
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agarose gel electrophoresis, allowing identification of possibly positive clones. Plasmid DNA
extracts from these clones were then obtained using the NZYMiniprep kit.
Final confirmation of proper cloning and correct DNA sequence was done through

Sanger sequencing by Eurofins Genomics, using T7 forward and T7 reverse primers.

3.8.Small-scale protein production and purification

3.8.1. Bacterial transformation and induction of expression

The pET28a-DP146L-His-tag was first transformed in BL21 E. coli competent cells
kindly provided by Dr. Pedro Bule. A mixture of 100uL of BL21 cells and 2uL of plasmid DNA,
in a transformation tube (1.5mL), was incubated on ice for 30 minutes, followed by a 42°C heat
shock for precisely 45 seconds, and a new incubation of 2 minutes on ice. It was added 500uL
of SOC medium (prewarmed to 37°C), and the mixture was incubated for 1 hour at 37°C,
200rpm. After incubation, centrifugation at 1000g for 1 minute at 20°C was performed, and the
pellet was resuspended in 100uL of SOC medium. The volume was spread on solid LB agar
plates supplemented with kanamycin (100ug/mL), and plates were stored at 37°C overnight
(12-16 hours).

The next day, an auto-induction medium was prepared by adding 50g/L auto-induction
LB broth (NZYTech), 10g/L glycerol 100%, Milli-Q water up to 1L, and kanamycin (1:1000
dilution). This auto-induction medium is used for low production plasmids and does not require
the addition of IPTG nor consequently to monitor cell growth. Four lines of colonies were
scraped from the plate and inoculated into the medium. The liquid culture was incubated for 3
hours, at 37°C, 220rpm, and then overnight, at 19°C, 120rpm, for gene expression and thus

protein production.

3.8.2. Protein purification

The day after induction, cells were harvested by centrifugation at 5000g, for 15 minutes,
at 4°C. The pellet was resuspended in 10mL of 10mM imidazole and sonicated for 5 minutes
for bacterial lysis. The lysate was centrifuged for 30 minutes at 17000g, 4°C. Some of the pellet
(to which 100uL of 100mM imidazole has been added) and 100uL of the supernatant were
collected to be analyzed later. The rest of the pellet was discarded. The rest of the supernatant
was filtered with a 0.45um filter.

Protein purification was done by affinity chromatography with nickel ions (Ni?*), since
His-tag binds to nickel, and thus DP146L protein becomes retained in the column. A His
GraviTrap Column (GE Healthcare, Life Sciences) was prepared by washing with 10mL of
10mM imidazole solution. The filtered supernatant was applied to the column, followed by three

different concentration imidazole solutions: 10mM, 35mM, and 60mM. For further analysis,
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100uL of each flow-through were collected and stored. The imidazole concentration gradient
allows the column to release nonspecifically bound proteins before the final delivery of our
protein of interest. Finally, 6mL of 300mM imidazole solution were applied to the column, and
1mL of the eluate was collected to a different collection tube. Imidazole competes with the His-

tag and clings to nickel, causing the His-tag protein to be eluted.

3.8.3. Protein analysis in polyacrylamide gel

The protein produced was analyzed by electrophoresis in a 14% polyacrylamide gel
(SDS-PAGE). The screening samples were: the initial supernatant, the diluted pellet, the three
flow-throughs, and the two more concentrated final eluates. The SDS-PAGE protocol was the
same as described at the beginning of 3.5.3. subchapter.

For nonspecific detection of proteins in the SDS-PAGE gel, Silver Blue staining was
performed (Silver Blue is an adaption of the Coomassie Blue staining). For that purpose, the
gel was put in Elix water and boiled in the microwave for 2 minutes. Then, the water was
removed, and Silver Blue staining solution was added. The gel was boiled in the staining
solution for 1-2 minutes and then incubated with agitation for 10 minutes at RT. Finally, the
staining solution was removed, and the gel was incubated overnight in Elix water at RT. On

the following day, the gel was exposed at ChemiDoc XRS+ to visualize bands.

4, RESULTS
4.1. Analysis of cellular expression and localization of transfected DP146L

The first task of this dissertation consisted on the transfection of DP146L into
mammalian cells to investigate its cellular localization. The pcDNA3-HA-DP146L plasmid was
transfected into HEK293T cells using the TransIT®-LT1 transfection reagent. The pcDNA3-
HA empty vector was transfected in parallel as a negative control. The cellular distribution of
the fusion HA-DP146L was assessed by immunofluorescence assay, using anti-HA antibodies
for staining, both in a direct (FITC conjugated primary antibody) and indirect (primary and
secondary antibodies) techniques. As expected, no fluorescence signal was detected in the
pcDNA3-HA transfected cells. However, no fluorescence significant differences were observed
between DP146L and the negative control (Figure 12). Indeed, some DP146L transfected cells
became fluorescent, but they were very rare (less than one transfected cell per microscope

field), which does not allow for any conclusions to de drawn.
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Figure 12. Immunofluorescence assay results of the transfected pcDNA3-HA-DP146L and its
negative control. HEK293T cells were transfected with 2.5ug of empty pcDNA3-HA (upper panels) or 2.5ug of
pcDNA3-HA-DP146L (lower panels), with the TransIT®-LT1 transfection reagent (Mirus). The DP146L protein was
stained using an anti-HA FITC conjugated antibody diluted 1:100 in blocking buffer. DAPI solution was used for
nuclei staining. Image taken at 200x magnification

To address this issue, one must understand whether the problem is specific to pcDNA3-
HA-DP146L or to the transfection technique itself. For this purpose, two well-known plasmids
were selected as positive controls to be compared with pcDNA3-HA-DP146L, namely
pcDNA3-HA-K205R and pIC113-P1192R-GFP. Both positive control plasmids were
successfully transfected and, as expected, both localized in the cytoplasm (Figure 13A).
However, their transfection efficiency was not as good as previously obtained in the lab, and
pcDNA3-HA-DP146L fluorescence cells were still very rarely observed. We may thus assume
that the transfection process is defective.

A transfection optimization process was then initiated by testing different transfection
conditions. Two cell lines were tested: HEK293T and Vero cells. The plasmid used to test
transfection efficiency was plC113-P1192R-GFP, since it does not require the use of
antibodies, thereby reducing the number of variables in study. The transfection efficiency (the
number of transfected cells relative to the total number of cells) was actually different between
cell lines, with 50% of transfected cells in HEK293T and 20% in Vero cells (Figure 13B).

HEK293T cells were therefore chosen for subsequent studies.
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Figure 13. A. Immunofluorescence assay results comparing transfection efficiency between
different plasmids. HEK293T cells were transfected with 2.5ug of pcDNA3-HA-DP146L, pcDNA3-HA-K205R,
or plC-P1192R-GFP plasmids, using the TransIT®-LT1 transfection reagent (Mirus) 1:3 DNA:reagent ratio. The first
two proteins were stained using an anti-HA FITC conjugated antibody diluted 1:100 in blocking buffer. DAPI solution
was used for nuclei staining. Image taken at 200x magpnification. B. Fluorescence microscopy results
comparing transfection efficiency between HEK293T and Vero cell lines. Cells were transfected with
2.5ug of pIC-P1192R-GFP plasmid using the TransIT®-LT1 transfection reagent (Mirus) 1:3 DNA:reagent ratio.

DAPI solution was used for nuclei staining. Image taken at 200x magnification

Proceeding with the optimization of the transfection process, a second transfection
reagent was tested: Lipofectamine® LTX & PLUS. Different DNA:reagent ratios were also

tested for both transfection reagents, as explained in section 3.5.1. Results for control plasmids
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suggested slightly higher transfection efficiencies for Lipofectamine® LTX & PLUS than for
TransIT®-LT1, although the number of assay repetitions was not enough for an exact
quantification. However, the pcDNA3-HA-DP146L transfected with this reagent was still very
poorly seen by immunofluorescence (results not shown). Therefore, no transfection conditions
were identified that resulted in a significant and conclusive visualization of this protein by
immunofluorescence.

Nevertheless, the problem could rather be with the immunofluorescence detection
instead of with the transfection process itself. To deeper investigate whether pcDNA3-HA-
DP146L was being transfected, a western blot assay was performed. The pcDNA3-HA empty
vector was used as a negative control, and pcDNA3-HA-K205R as positive control. For
detection, an HRP conjugated anti-HA tag antibody was used. As expected, a 25kDa band
corresponding to the K205R protein was detected, and no band could be seen in the negative
control lane (Figure 14). However, in agreement with the immunofluorescence results, no band
could be seen for DP146L either.

E 3 — 25kDa

Figure 14. Western blot assay results of the transfected pcDNA3-HA-DP146L and respective
controls. HEK293T cells were transfected with 2.5ug of empty pcDNA3-HA (negative control), 2.5ug of pcDNA3-
HA-K205R (positive control), or 2.5ug of pcDNA3-HA-DP146L, using the TransIT®-LT1 transfection reagent
(Mirus). DP146L and K205R proteins were detected using an anti-HA-HRP conjugated antibody

4.2.The ASFV gene DP146L inhibits the NF-kB signalling pathway

Because of its structural homology with an SH2 domain, it was hypothesized that the
pDP146L could interfere with the IFN induction and impact pathways. As a preliminary study
for this protein’s characterization, this dissertation investigated the pDP146L interference in
the NF-kB pathway, since such is present in the IFN induction pathway. To address that
guestion, luciferase gene reporter assays were performed in order to determine if the NF-«kB
activation in DP146L transfected cells was modified. HEK293T cells were co-transfected either
with the pcDNA3-HA-DP146L plasmid or the pcDNA3-HA empty vector (used as a control); a
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luciferase reporter plasmid containing the NF-kB binding site of the IFNB promoter, the PRD
II; and the B-Galactosidase internal control plasmid. The cells were then stimulated with TNFa
or IL-1 ligands or left untreated (medium). Both Lipofectamine® LTX & PLUS and TransIT®-
LT1 were tested in these assays.

As expected, the empty vector control showed significantly increased luciferase activity
in stimulated cells when compared to unstimulated ones. Stimulation with TNFa results in
greater luciferase activity than with IL-1. We might also observe that, in comparison with the
control vector, the pDP146L has a visible impact on the expression dependent of PRD II. There
is a clear inhibitory effect on the luciferase activity after TNFa and IL-1 stimulation, with values

significantly lower than those of the control plasmid (Figure 15).
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Figure 15. Luciferase reporter gene assay results of pDP146L. HEK293T cells were co-transfected with
100ng of pPRD Il luciferase reporter, 25ng of internal control pPCMVf, and 300ng of pcDNA3-HA empty vector or
pcDNA3-HA-DP146L. Transfection was performed using (A) Lipofectamine® LTX & PLUS (Thermofisher Scientific)
or (B) TransIT®-LT1 (Mirus). Forty-eight hours post-transfection, the cells were either stimulated with 100ng/mL of
IL-1 or TNFa for five hours, or left untreated (medium). Luciferase assay was normalized to 3-galactosidase activity
as a control for transfection efficiency. Data is expressed as the average + standard deviation of luciferase activity
from triplicate samples. Statistically significant difference was assessed by Student’s t-test and is represented as
p<0,05 (*)
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4.3.Phe92Asp amino acid single point mutation of DP146L

Several pDP146L amino acids were identified as potentially essential residues for
pDP146L function. The phenylalanine at position 92 was the selected amino acid for testing in
this preliminary study because of its location in the SH2 homology region (as can be seen in
Figure 16). In order to assess its importance, the original phenylalanine amino acid was
substituted by a completely different one, codifying for an aspartic acid. The amino acid
substitution was performed by site-directed mutagenesis, constructing a mutated pcDNA3-HA-
DP146Lpres2asp plasmid, changing the nucleotides 274-276 from TTT to GAT, which encodes
for a single point mutated pDP146LP"*%?AsP, The successfully mutated plasmid was confirmed

by Sanger sequencing, as can be seen in figure 17.

Figure 16. Phe92 amino acid location in the SH2 domain homology region of the pDP146L. Results
taken from the “Phyre2” web portal for protein modeling, prediction and analysis, by Structural Bioinformatics Group
(Imperial College, London) (Kelley et al. 2015). The figure shows the three-dimensional structure prediction of the
pDP146L region of homology with the SH2 domain. The Phe92 amino acid location inside the SH2 homology region

is identified in the figure by the black arrow
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Figure 17. Sanger sequencing results of the F92 amino acid single point mutated
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pDP146LPNe%2AsP 92nd pDP146L amino acid was mutated by site-directed mutagenesis by replacing a
phenylalanine (TTT) with an aspartate (GAT) (nucleotides positions 274-276). The figure exposes the Sanger
sequencing results of the region surrounding the amino acid mutation. (1) pcDNA3-HA-DP146L original plasmid
sequenced with T7 primer. (2) pcDNA3-HA-DP146Lrheszasp mutated plasmid sequenced with T7 primer. (3)
pcDNA3-HA-DP146Lphes2asp mutated plasmid sequenced with pcDNA3_rev primer (resulting sequence reversed).

The black box highlights the mutated amino acid in each sequence
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4.4.The Phe92Asp mutation of pDP146L partially reverses its function

In order to evaluate the impact of the pDP146LP"%2AsP in the NFKB signalling pathway,
the luciferase reporter assay (see sub-section 4.2) was repeated with the empty vector control
(pcDNA3-HA) and the expression plasmids for pDP146L and mutated pDP146LP"e%2As Only
the TNFa stimulus was used since it has provided higher luciferase activity values in the 4.2
sub-section, and is thus likely to allow for more straightforward interpretation of the results.
HEK293T cells were transfected with Lipofectamine® LTX & PLUS to maximize transfection
efficiency.

We can observe that the value of the luciferase activity corresponding to the mutated
pDP146LPhe92Asp construct is significantly lower than the empty vector control value (Figure 18).
Yet, its value is slightly higher than the one observed for the wild-type pDP146L, being the
difference between both statistically significant.
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Figure 18. Luciferase reporter gene assay results of the mutated pDP146LP"e%2AsP HEK293T cells
were co-transfected with 100ng of pPRD Il luciferase reporter, 25ng of internal control pCMVf3, and 300ng of
pcDNA3-HA empty vector, pcDNA3-HA-DP146L original plasmid, or pcDNA3-HA-DP146L pheozasp mutated plasmid.
Transfection was performed using Lipofectamine® LTX & PLUS (Thermofisher Scientific). Forty-eight hours post-
transfection, the cells were either stimulated with 100ng/mL of TNFa for five hours, or left untreated (medium).
Luciferase assay was normalized to B-galactosidase activity as a control for transfection efficiency. Data is
expressed as average * standard deviation of luciferase activity from triplicate samples. Statistically significant

difference was assessed by Student’s t-test and is represented as p<0,05 (*)

4.5.Cloning and pDP146L protein production
The final task of this dissertation was the small-scale protein production and purification
of the pDP146L. For this purpose, the DP146L ORF was first cloned into the pET28a cloning
vector.
After several unsuccessful attempts of direct cloning into the pET28a plasmid, the
CloneJET system was chosen as a new strategy. It is an advanced cloning system for the

highly efficient cloning of PCR products. It has the advantage of containing a lethal gene that
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is disrupted by the ligation of a DNA insert into the cloning site. This way, only cells with
recombinant plasmids are able to propagate, which theoretically means that, after E. coli
transformation, all colonies are positive clones. Therefore, after DP146L amplification from the
pcDNA3-HA-DP146L plasmid by PCR reaction, the fragment was cloned into the
pJET1.2/blunt cloning vector as an intermediate step for the final cloning.

After pJET cloning, the DP146L ORF was extracted by restriction and inserted into
pET28a on Ndel and Xhol cloning sites. It was followed by an E. coli transformation and
subsequent colony PCR of several resulting colonies. Electrophoretic agarose gel run revealed
only one band with the expected molecular size of 687bp (Figure 19), corresponding to the
only possible positive clone. Plasmid DNA was then extracted and purified, with the fidelity of
the resulting clone assessed by Sanger sequencing, which confirmed the proper cloning of
DP146L into the pET28a plasmid vector.

Figure 19. Electrophoresis agarose gel run of the colony PCR results. After ligation of DP146L
fragment into the pET28a vector on Ndel and Xhol cloning sites, the resulting plasmid DNA was transformed into
DH5a E. coli competent cells. A PCR reaction was performed with the several resulted colonies, and PCR products
were run in an electrophoresis agarose gel. Of the five resulted bands, only one has the expected molecular size
of 687bp (identified with *), the only possibly positive clone. It was then Sanger sequenced, which allowed
confirmation of the successful pET28a-DP146L final clone

The DP146L ORF was cloned so that it becomes in frame with the N terminal His-tag
already carried by the plasmid vector, which can be used for affinity purification of the cloned
protein. pET28a plasmid vector map and schematic representation of the resulting pET28a-
DP146L plasmid are available in chapter 8 (Annex 3 and 4, respectively).

For the small-scale pDP146L protein production, a first attempt was done using a
common LB medium and inducing protein production with IPTG. However, the cell pellet
obtained after the first centrifugation of bacterial culture was very undersized, which allowed
the conclusion that an auto-induction LB medium would be beneficial. A second attempt was
then performed using the NZYTech auto-induction LB medium, resulting in a considerable-

sized pellet. Cells were then lysed, and the pDP146L was purified through nickel affinity
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chromatography columns. Final protein analysis was done by electrophoretic SDS-PAGE gel
run (Figure 20). The cell debris pellet that resulted from the last centrifugation was also run.
Two well-known proteins, produced in similar conditions to pDP146L, were run alongside in

the gel as a control.
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Figure 20. Analysis of the purified pDP146L through electrophoretic SDS-PAGE gel run. The
produced DP146L protein was purified using nickel affinity chromatography columns, and the six final eluates ((1)
to (6)) were analyzed in a 14% SDS-PAGE gel electrophoretic run followed by silver blue staining. The cell debris
pellet resulting from the cell lysis centrifugation was also analyzed (diluted in 100uL of 100mM imidazole). Two well-
known proteins were also run (control proteins (1) and (2)) alongside in the gel as a control (23.4kDa and 21.6kDa,
respectively). The pDP146L can be observed in all final eluates’ lanes in a region compatible with the 19kDa
molecular weight predicted by the ProtParam online tool, at EXPASy (Duvaud et al. 2021). The lysis pellet lane also

contains a band in the same region, suggesting that some pDP146L remained stuck in the cell debris

As shown in figure 20, the pDP146L is present in all six final eluates, with a higher
concentration in eluates 2, 3, and 4. In the pellet lane, we can also see a band with the same
molecular weight as pDP146L, suggesting that some of the protein remained stuck in the cell
lysis pellet. Comparing the molecular marker bands and the two proteins used as a control,
the pDP146L bands seem to have the expected size of 19kDa (pDP146L plus His tag size,
according to the ProtParam online tool, at ExXPASy online site (Duvaud et al. 2021)). All
different concentration imidazole solution flow-throughs stored during the purification process
were also run in an SDS-PAGE gel. Neither of them presented a band compatible with the

predicted pDP146L molecular weight (result not shown).

5. DISCUSSION
5.1.An unsuccessful attempt to identify the cellular location of pDP146L

This dissertation consists on a preliminary study of the yet uncharacterized ASFV

pDP146L. As a first step of the protein’s study, a DP146L expressing vector was transfected
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into mammalian cells in order to identify its intracellular location. Since the DP146L ORF is
cloned in the pcDNA3 plasmid in frame with a hemagglutinin (HA) tag, protein detection was
performed using anti-HA tag antibodies.

It was not possible to detect pDP146L through immunofluorescence assay, even after
several attempts of protocol optimization (which included the testing of two different cell lines
(HEK293T and Vero), two different transfection reagents (TransIT®-LT1 Transfection Reagent
(Mirus) and Lipofectamine® LTX & PLUS Transfection Reagent (Thermo Scientific)), and
different DNA:transfection reagent ratios). In order to exclude the hypothesis of a technical
problem during the transfection process, two other known plasmids were transfected in parallel
and both were detected by immunofluorescence, unlike the pDP146L. HEK293T cells are
known to be easy to transfect, with a theoretical transfection efficiency of around 80%
(Gavrilescu and van Etten 2007). The highest efficiency achieved in this dissertation was not
only considerably lower than the reported value, but also lower than the percentages already
obtained for these two well-known plasmids in the lab. We thus understand that transfections
carried out in the lab in that period of time were defective. Some factors that could affect the
transfection quality are: the welfare of transfected cells, the quality of the culture medium, DNA
purity and concentration, possible culture contaminations (such as fungi or mycoplasma),
incubator temperature, and/or CO, concentration (Mirus Bio 2021). Some of these conditions
are very difficult to control, even with optimization strategies.

Several explanations for the non-detection of pDP146L in these assays can be
postulated. Since the pDP146L was not detected both in immunofluorescence and western
blot assays, a possible explanation was that the pcDNA3-HA-DP146L plasmid might not be
being transfected. However, this possibility was rejected when luciferase assays were
performed. Such assays evidenced the expression of the pDP146L, since a clear inhibition of
the luciferase values in DP146L transfected cells activated by the ligand was observed, proving
a successfully transfection of the plasmid. Another possible explanation for the non-detection
of DP146L is the HA tag nucleotide sequence being damaged. In order to assess this
possibility, the plasmid was Sanger sequenced and the accuracy of the HA tag sequence was
confirmed (result not shown), so this hypothesis was also discarded. An alternative explanation
is that the protein may be being degraded by the cell after correct plasmid transfection and
protein synthesis, which could explain the lack of protein detection. Indeed, considering the
postulated function of the pDP146L as a putative suppressor of cytokine responses (SOCS),
and since SOCS proteins are known as targeting molecules for degradation, it seems very
logical to predict that the pDP146L could proceed together with its target proteins and end up
being degraded along with them. However, this hypothesis still needs further exploration.
Finally, there is also the possibility that the protein is being correctly synthesized inside the cell

albeit at very low concentrations, making it difficult to be detected.
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In conclusion, it was not possible to detect intracellular pDP146L after several
immunofluorescence and western blot assays, making it impossible to pinpoint its cellular
location. A new strategy that should increase detection efficiency consists in the use of an anti-
pDP146L antibody. This way, the pDP146L could be directly detected, instead of relying on
the associated HA tag. Better detection efficiency, conjugated with an improvement in
transfection conditions, could allow for intracellular localization of the pDP146L.

As an initial task to address that issue, the pDP146L was successfully produced in an
E. coli-based protein expression system, and purified through nickel affinity chromatography
columns. In the final SDS-PAGE protein analysis we observed that part of the protein remains
trapped in the cell lysis pellet, suggesting some insolubility. Despite this, a substantial amount
of protein is present in final eluates, indicating that the ASFV pDP146L is at least partially
soluble. Protein solubility is an important thermodynamic parameter for protein studies.

With the pDP146L produced in this dissertation, we are now one step ahead to
immunize laboratory mice and obtain specific anti-pDP146L antibodies, which should improve
the detection of pDP146L expression, which was a problematic task in this dissertation.

5.2.The yet unstudied ASFV pDP146L is potentially involved in the host cell
response to infection

Macrophages are central cells for the trigger of immune response and are also the
target cells of the ASFV. Once infected, these cells rapidly develop a pro-inflammatory
response, mainly due to cytokine induction, establishing an antiviral state. It would be difficult,
or even impossible, for a virus to persist in this cell environment and establish an infection
without a strategy to interfere with the innate immune system. ASFV would greatly benefit from
having a cytokine response evasion system since it is one of the first responses to invading
organisms (Correia et al. 2013; Dixon et al. 2019).

Some ASFV genes interfering with both IFN induction and impact pathways have
already been discovered (Correia et al. 2013; Zhuo et al. 2020; Li et al. 2021). However, the
search for more host immune evasion genes is still ongoing. Recently, some bioinformatic
studies developed at the IGC Infection and Immunity Group, led by Michael Parkhouse,
identified a new, unstudied gene that could belong to this group: the DP146L ORF. It has
strong homology to the SH2 domain, which is present in many intracellular signalling proteins,
namely in the SOCS proteins. Thus, DP146L possibly encodes for a protein with similar
functions to the SOCS family of proteins, and so a putative suppressor of cytokine signalling,
namely the IFN I induction and impact. This discovery launched a new line of research about
ASFV’s immune evasion proteins.

This dissertation is a preliminary study of the ASFV pDP146L’s function. Its main goal

is to assess DP146L’s effect on the NF-kB signalling pathway, since it is one of the target
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pathways of the SOCS proteins. Furthermore, such is also one of the possible routes to IFN |
induction, namely through the TLR signalling pathway and the RIG-I and MDA5 cytosolic
pathways, and so it is also a probable target of pDP146L. In the NF-kB signalling pathway, the
NF-kB transcription factor is activated and then translocates into the nucleus and binds to the
PDR Il promoter binding site. Accordingly, in this dissertation, the pDP146L effect on the NF-
kB pathway was assessed through luciferase reporter gene assays, with the luciferase gene
under the control of PRD II. The NF-kB signalling pathway is not exclusive of the IFN induction
pathway, being common to many other signal transductions. The tumor necrosis factor (TNF)a
and the IL-1 were the chosen stimuli used in this dissertation’s luciferase assays, since both
of them also induce NF-kB activation and its binding to the PRD Il region.

TNFa is a potent inflammatory cytokine that signals through two distinct receptors, TNF
receptor 1 (TNFR1) and TNFR2. Signalling through TNFR1 leads to the activation of NF-kB.
Upon TNF binding to TNFR1, it undergoes a conformational change that leads to dissociation
of the inhibitory protein SODD (silencer of death domains) from the intracellular TNFR1 death
domain (DD). It promotes the adaptor protein TRADD (TNFR1-associated death domain) to
bind to the TNFR1 DD and initiate signalling. Then TRADD recruits TRAF2 and the serine-
threonine RIP kinase. Therefore, IKK is recruited by TRAF2 and activated by RIP and
phosphorylates IkB. IkB is degraded and releases the transcription factor NF-kB, which
translocates to the nucleus to promote transcription of proteins involved in crucial cell activities
(Silke 2011; Urschel and Cicha 2015). IL-1 is also a cytokine with a critical role in the immune
and inflammatory responses. Its receptor’s cytoplasmic tail shares highly significant homology
with the cytoplasmic region of TLRs. Both of them contain TIR domains. Response to IL-1
starts when it binds to the extracellular domain of the IL-1 receptor type | (IL-1R1). It allows the
recruitment of a second receptor subunit, the IL-1R accessory protein (IL-1RAP). Formation of
the receptor heterodimer induces signalling through the recruitment of MyD88, IRAKs, and
TRAF6. This complex next engages with another multiprotein complex involving NIK (NF-kB-
inducing kinase) and IKKs. IKK is responsible for IkB phosphorylation and consequent
degradation, leading to the release of NF-kB, which translocates to the nucleus and binds to
the PRD Il region of target genes (O’Neill and Greene 1998; Sims and Smith 2010).

Luciferase assays results demonstrate that the ASFV pDP146L strongly inhibits PRD
Il expression. With the presented results, we can conclude that the pDP146L has an inhibitory
effect in the NF-kB signalling pathway. The NF-kB signalling pathway regulates many
important cellular mechanisms, in particular in inflammatory responses, and is one possible
route to the induction of IFN I. Therefore, these preliminary results show a possible function
for pDP146L as an inhibitor of the IFN | induction. However, these results do not determine

which specific pathway step this protein interferes with, nor its specific mechanism of action.
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This is a preliminary result and will require additional functional assays to deepen the
knowledge about this protein.

It is also important to note that this dissertation only demonstrate an effect of pDP146L
on TNFa and IL-1 signalling pathways, not ensuring an effect in the IFN | induction pathways
(even sharing the same NF-kB pathway). As described by Randall and Goodbourn (2008),
individual binding sites can respond independently to stimuli and confer some degree of
response. IRF3 (or IRF7) are the only known indispensable transcription factors for IFN-3
induction. Activation of NF-kB may not be essential (Randall and Goodbourn 2008). Therefore,
pDP146L impact on PDR Il expression may not be directly proportional to its impact in the final
IFN-B secretion. It is thus necessary to repeat the same luciferase assay with the IFN-3 gene
promoter reporter, in order to assess the concrete impact of the ASFV pDP146L on IFN-3
induction.

To further extend the study of the ASFV pDP146L, several amino acids were identified
by bioinformatic analysis as potentially essential residues for protein’s function, and the amino
acid at position 92 was chosen as the target of this preliminary study. It is a phenylalanine and
localizes in the region showing high homology to the SH2 protein domain, and was thus
hypothesized as a relevant residue for the interaction with target proteins, being important for
protein’s function as a suppressor of cytokine responses. The modification of a critical amino
acid would lead to a variance in the protein’s effect.

To address this question, the 92" pDP146L amino acid was changed and a mutated
pDP146L°"e%24sP \was engineered. The single-point mutation was successfully performed by
site-directed mutagenesis. The 92" amino acid was originally a phenylalanine encoded by the
TTT nucleotide triplet. Phenylalanine is a non-polar, hydrophobic, non-charged amino acid,
which belongs to the aromatic R group family. It was substituted by an aspartate encoded by
the GAT nucleotide triplet. Aspartate, unlike the previous one, is a polar, hydrophilic, acidic,
negatively charged amino acid (Nelson and Cox 2008). The swap of amino acids with totally
opposite characteristics is very likely to affect that residue’s function.

The pDP146LP"e%2AsP was then submitted to the function analysis previously performed
for the wild-type pDP146L. Luciferase assays results demonstrate that the mutated protein is
still capable of inhibiting PDR 1l expression. However, its inhibitory effect appears to be less
efficient than the one demonstrated by the wild-type pDP146L, suggesting a partial reversal of
the protein’s effect. Such result suggests that Phe92 is an important residue for pDP146L’s
function. However, the fact that the Phe92Asp single-point mutation did not completely reverse
the wild-type protein’s effect indicates that more pDP146L residues contribute to its action. It
is likely that a multiple-point mutation would be required for total reversion of protein’s effect,

modifying all or a considerable amount of its critical amino acids.
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Overall, these findings support the hypothesis proposed above that the Phe92 amino
acid is one of the critical residues for pDP146L function. Nonetheless, further experiments
need to be done in order to identify other critical residues for pDP146L function. Moreover,
since the mutation of the protein led to an increasing of the PRD Il expression, these results
also support the previous conclusion that the ASFV pDP146L inhibits the PRD Il expression,
interfering with the NF-kB pathway, since its modification led to a partial functional reversal.

This dissertation presents a preliminary result accordant to the postulated hypothesis,
suggesting for pDP146L a role as a modulator of host pro-inflammatory cytokine responses.
More investigation needs to be done in order to fully understand this protein and its roles during
ASFV infection. Even so, pDP146L could be capable of diminishing the host’'s immune

response, thus allowing more time for viral replication and establishment of infection.

6. CONCLUSION AND FUTURE PERSPECTIVES

ASF is a worldwide highly contagious viral hemorrhagic disease that is rapidly
spreading throughout the European Union countries, presenting a severe threat from a health
and economic perspective. The development of a live virus vaccine attenuated by the deletion
of non-essential viral genes that confer an advantage to the virus over host defenses seems
to be a practical solution for ASFV. For that purpose, a new line of investigation has emerged
in order to identify genes that have evolved for host immune system evasion.

A recent bioinformatic analysis of the ASFV complete genome identified the DP146L
ORF as a possible member of this group of host immune evasion genes. The pDP146L has a
structural homology to SOCS proteins, since they both possess an SH2 domain, and thus it is
now thought to be able to suppress cytokine responses, particularly IFN responses.

This dissertation is a preliminary study of the ASFV pDP146L, focusing primarily on its
functional characterization. The results supported the initially proposed hypothesis. It was
found that pDP146L interferes with the NF-kB signalling pathway, since it was demonstrated
to inhibit PRD Il expression, the promoter binding site of NF-kB. This study thus suggests for
pDP146L a role as a modulator of host pro-inflammatory cytokine responses. However, this
dissertation’s results only demonstrate an inhibitory effect of the pDP146L in TNFa and IL-1
pathways, not assuring the same impact on the TLR signalling pathway that results in IFN |
induction, even sharing the same NF-kB route. However, and since NF-kB activation and PRD
Il expression are crucial factors for maximal levels of IFN | expression, it is very likely to predict
that pDP146L could also have an inhibitory effect in IFN | induction. With this being true, the
pDP146L could reduce IFN | production, repressing innate immune host response and giving
extra time for the virus to replicate and establish an infection. More investigation needs to be

done in order to confirm this hypothesis.
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Moreover, this dissertation also identified a critical residue for the ASFV pDP146L
protein’s function. It is the 92" amino acid of pDP146L, a phenylalanine, and is located in the
homology SH2 region. The single-point mutation of Phe92Asp partially reverses the pDP146L
effect, proving this amino acid as a relevant one for this protein’s function, and affirming the
plausibility of the postulated pDP146L function.

However, this dissertation is just an initial study on the ASFV pDP146L, and there is
still a lot of work to be done in order to know this protein fully. The following logical step is to
use the pDP146L purified in this dissertation to produce specific anti-pDP146L antibodies in
order to optimize protein detection. This would allow determining protein’s intracellular location,
a task that was not accomplished in this study. Specific anti-pDP146L antibodies could also
be used in the future to stain pDP146L at different time points during infection, in order to
investigate its temporal expression and intracellular location during virus infection. At the same
time, due to the possibility that the reason for not detecting pDP146L is due to proteasome
degradation, it would be necessary to repeat both the immunofluorescence and western blot
assays in the presence of MG132, an inhibitor of the proteasome, to evaluate this hypothesis.

In order to deepen the functional understanding of the pDP146L, more luciferase gene
assays still need to be performed with additional luciferase gene reporters. The IFN-f3 reporter
should be tested to determine the real impact of pDP146L in the IFN-B-induction pathway. An
ELISA assay could also be performed to quantify the impact in the IFN- production. Repeating
the same luciferase assays with gene reporters from the JAK-STAT pathway could also be
interesting, in order to assess if pDP146L also interferes with IFN impact, other than IFN
induction. Following that, searching for pDP146L intracellular interacting partners by
immunoprecipitation, for example, would allow determining in which specific steps pDP146L
interacts.

Moreover, as mentioned in the 5.2. subsection, more residues need to be tested, similar
to what was done with Phe92Asp in this dissertation, in order to identify additional critical
residues of pDP146L. It will allow the multiple-point mutation of pDP146L, which will more likely
make it totally lose its effect.

Finally, after the complete protein study, the construction of a mutant virus deleted in
the pDP146L will be required to study pDP146L’s actual impact on ASFV infection. Such will
allow us to investigate any difference in the course of virus infection and viral replication for an
ASFV lacking the pDP146L. This step might also be the ultimate trial for assessing pDP146L
as a candidate for constructing a deleted vaccine.

The main focus of the pDP146L study is its potential value as a candidate for the
construction of an ASFV attenuated vaccine. Yet, genes that can evade the host immune
system are “readymade tools” to manipulate cytokine responses. Thus DP146L, as a gene

capable of controlling the induction and impact of IFN, would be very useful for controlling
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diseases characterized by their excessive inflammatory responses. Accordingly, the
understanding of the ASFV DP146L ORF would provide, apart from a candidate target for
vaccine development, a novel tool for the manipulation of cytokine responses in health and

disease.
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8. ANNEXES
Annex 1 - pcDNA3 vector map
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Figure 21. pcDNA3 vector map. Figure extracted from SnapGene.

Annex 2 - Schematic representation of the pcDNA3-HA-DP146L plasmid
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Figure 22. Schematic representation of the pcDNA3-HA-DP146L plasmid. The ASFV DP146L ORF
and the HA tag are cloned in the pcDNA3 plasmid in the BamHI and Xhol restriction sites.
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Annex 3 - pET28a vector map
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Figure 23. pET28a vector map. The restriction sites used in this dissertation are highlighted in yellow. Figure
extracted from Novagen.

Annex 4 - Schematic representation of the pET28a-DP146L plasmid

|:'|>|Hi5tag Ndel | DP146L | Xnol >

Figure 24. Schematic representation of the pET28a-DP146L plasmid. The ASFV DP146L ORF was

cloned in the pET28a plasmid in the Ndel and Xhol restriction sites, in frame with the N-terminal His tag, which is
originally present in the plasmid.
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