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ABSTRACT 

The co-evolution of host and virus has led to the emergence of an extensive repertoire of genes 

coding for viral evasion mechanisms. The I329L and the DP148R encoded proteins of African swine 

fever virus (ASFV) inhibit different steps in the induction and impact of interferon (IFN) signaling 

pathways. The objective of this work was to test the hypothesis that cells expressing these two proteins, 

having a diminished IFN response, would produce more virus and thus a potential practical application 

for more efficient production of virus vaccines would be proposed. Thus, the I329L and DP148R genes 

were cloned with lentivirus and then introduced into human foreskin fibroblasts (HFF) for transgenic 

expression. The lentivirus transduced cells were infected with human cytomegalovirus (HCMV)(MOI=1) 

and an ELISA and a plaque assay were performed, in order to measure secreted IFN-β and virus 

replication, respectively. Clear evidence was obtained showing a reduced IFN-β response and an 

increased virus concentration, in both I329L and DP148R transduced cells compared to control cells. 

Thus, cell lines with an inhibited IFN response is indeed a simple strategy to obtain higher virus 

concentrations yields and may have practical applications in commercial vaccine production. 

Keywords: IFN response; I329L; DP148R; viral evasion mechanisms; inhibition of IFN; viral 

vaccines. 

 

RESUMO 

A co-evolução de hospedeiros e vírus levou à origem de extensos conjuntos de genes que 

codificam mecanismos de evasão viral. As proteínas codificadas pelos genes I329L e DP148R do vírus 

da peste suína africana inibem diferentes aspetos das vias de sinalização da indução e impacto do 

interferão (IFN). O objetivo deste trabalho era testar a hipótese de que as células que expressam estas 

proteínas, tendo uma resposta de IFN diminuída, produziriam mais vírus e, deste modo, surgiria uma 

aplicação prática deste trabalho – uma proposta para produção de vacinas virais mais eficiente. Assim, 

os genes I329L e DP148R foram clonados em lentivírus e introduzidos em fibroblastos de prepúcio 

humano, para expressão transgénica. As células transduzidas com lentivírus foram infetadas com 

citomegalovírus humano (MOI=1) e, posteriormente, realizaram-se um ELISA e um ensaio de formação 

de placas virais, para medir o IFN-β secretado e a replicação viral. Foram obtidas evidências claras de 

uma resposta do IFN-β reduzida e de uma concentração viral aumentada, tanto para as células 

transduzidas com I329L como com DP148R. Assim, este trabalho mostra que o desenvolvimento de 

linhas celulares com uma resposta de IFN inibida é de facto uma estratégia simples para obter 

concentrações virais mais elevadas e poderá ter aplicação comercial para a produção de vacinas virais.  

Palavras-chave: resposta do IFN; I329L; DP148R; mecanismos de evasão virais; inibição do 

IFN; vacinas virais. 
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1. INTRODUCTION 

1.1. The Immune Response 

1.1.1. Overview 

The immune system has evolved to defend the organism from external (pathogens) and internal 

(cancer) threats. It is the vast variety of pathogens, however, that has been the driving force for the 

evolution of the immune system.  

1.1.2. Innate Immune Response 

1.1.2.1. Overview 

The main characteristics of the innate immune response are that it lacks memory and that it 

recognizes a limited set of pathogen associated molecular patterns (PAMPs) shared by many pathogens 

with a correspondingly limited number of pathogen recognition receptors (PRRs). Thus, the innate 

immune response is able to detect infectious events (through direct pathogen recognition of PAMPs, 

through PRRs) and its consequences (through the recognition of stress signals released by dying cells, 

through danger-associated molecular patterns – DAMPs).  

Rapid recruitment of the cells to the site of infection is crucial for the effective elimination of the 

pathogen so the inflammatory response is initiated. When a pathogen is recognized, cells recognizing 

PAMPs start secreting chemokines (to attract migration of phagocytic cells) and cytokines (to further 

increase the phagocytic capacities of cells and to control the direction of the subsequent adaptive 

immune response) (Moser and Leo, 2010). 

In virus infections, a major goal of innate immunity is to keep the virus load low and to direct an 

appropriate adaptive immune response, for example, cellular vs humoral response. The interferon (IFN) 

is one of the essential components of anti-virus innate immunity since it allows cells to non-specifically 

inhibit viral growth. IFN inhibits intracellular propagation of virus as well as intercellular transmission, 

this means IFN inhibits virus replication within the infected cells but also in the nearby non-infected cells, 

restricting further replication of the pathogen (Correia et al., 2013b; Fensterl and Sen, 2009). 

1.1.2.2. IFN 

Interferons are a family of cytokines secreted by cells, belonging to the group of interleukins 

(ILs), in response to the invasion of virus, microbes or even tumor cells. The production of IFN induces 

several responses with the objective of inhibiting viral replication (De Andrea et al., 2002). IFNs are the 

most important antiviral cytokines of the vertebrate’s innate immune response. It has been shown that 

without the critical transcription factor for the transcriptional activation of IFN-stimulated antiviral genes 

(STAT1) human and mice would become highly susceptible to even innocuous viral infections (García-

Sastre, 2017). 
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The IFN is an inducer molecule since it acts on other proteins (effector proteins) which actually 

trigger the antiviral and anti-proliferative mechanism (De Andrea et al., 2002). 

The biology of the IFN system is conveniently considered in two major activities (1) the 

induction of the IFN response through contact with a pathogen leading to the secretion of IFN and (2) 

the impact of the secreted IFN on the infected and neighboring cells through its interaction with specific 

cell surface receptors leading to the establishment of the anti-viral state (Correia et al., 2013b). A 

schematic illustration of the two signaling pathways controlling the induction and impact of IFN is in 

Figure 1. 

1.1.2.2.a) IFN Types 

Mammalian IFNs are subdivided into sub-classes, according to the amino acid sequence 

homology and their receptor usage: type I, type II and type III. Type I interferons include interferon-alpha 

(IFNA-α), interferon-beta (IFN-β), and others, whereas type II sub-class only member is interferon-

gamma (IFN-γ). Type III interferons sub-class comprises interferon-lambda1 (IFN-λ1), IFN-λ2, and IFN-

λ3, also known as IL-29, IL28A, and IL-28B, respectively (De Andrea et al., 2002; Fensterl and Sen, 

2009). 

Type I and type III IFNs are expressed in most cells upon recognition of viral molecular patterns, 

such as nucleic acids. All type I IFNs use the heterodimeric IFN-α/β receptor (IFNAR), a ubiquitously 

expressed receptor. Type III IFNs bind to the heterodimeric IFN-λ receptor, also known as IL-28 

receptor, comprising IL10R2 and IFNLR1. Type III IFN receptor is not ubiquitously expressed; its 

expression occurs only on certain types of cells such as epithelial cells (a major entrance for viral 

infections). Type III IFN can be induced in many cells but has an impact in only a limited number of cells 

since its receptor is not ubiquitously expressed (Fensterl and Sen, 2009; García-Sastre, 2017; Randall 

and Goodbourn, 2008). 

Type II IFNs are induced by cytokines, such as IL-12, and are expressed only in immune cells, 

like T-helper 1 (Th1) lymphocytes, dendritic cells (DCs), macrophages and NK cells. Type II IFN has 

antiviral activity but its main function is to direct the adaptive immune response. IFN-γ is principally 

produced by lymphocytes and also macrophages and DCs (De Andrea et al., 2002). IFN-γ is unrelated 

to type I IFNs and its receptor is the heterodimeric IFN-γ receptor (IFNGR). IFN-γ is active as a dimer 

and is also known as immune IFN (Fensterl and Sen, 2009; García-Sastre, 2017; Randall and 

Goodbourn, 2008). 

1.1.2.2.a) Induction of IFN 

1.1.2.2.a) I. Type I IFN 

IFN-α and IFN-β are directly induced in response to viral infection, both activating a signal-

transduction pathway that triggers the transcription of IFN-inducible genes or IFN-stimulated genes 

(ISGs), that establish an antiviral response in both infected and neighboring cells (Randall and 

Goodbourn, 2008). 
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Figure 1 – Signaling pathways of IFN induction and of type I IFN impact. Signaling events triggered 

by endosomal and cytosolic (ds)RNA. Figure extracted from (Fensterl and Sen, 2009). 

Upon viral infection, cells recognize PAMPs through PRRs, on the cell surface, in the cytoplasm 

or in endosomes. PAMPs are type I IFN-inducing molecules and usually have an essential function in 

the pathogen’s life cycle, such as viral nucleic acids: single-stranded RNA ((ss)RNA), double-stranded 

DNA ((ds)DNA), (ds)RNA or their synthetic analogs. In principle, the recognition of PAMPs could be a 

problem since viruses use host cell machinery for their replication. Thus, the host’s solution is to detect 

minor structural differences in pathogen nucleic acids and/or restrict the detection of PAMPs to 

subcellular compartments where the equivalent host cell structure cannot normally be found, for 

instance, DNA in the cytoplasm (Correia et al., 2013b; Fensterl and Sen, 2009). 

According to the origin and nature of PAMPs, different PRRs in different subcellular 

compartments are activated. Some PRR classes include Toll-like receptors (TLRs), RIG-I (retinoic acid-

induced gene I)-like receptors (RLRs), cytosolic DNA sensors, amongst others. The variety of PRRs 

and their wide distribution ensures that the cell has an efficient network of sensors to respond to 

infections, in almost every subcellular location of the host (Christensen and Paludan, 2017; Correia et 

al., 2013b). In Figure 2, several PRRs for type I IFN induction are paired with their correspondent natural 

ligands (PAMPs) and synthetic analogs. 
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Figure 2 – Ligands of type I IFN-inducing PRRs. Correspondence between viral PAMPs and their 

synthetic analogs and the sensing PRRs. Figure extracted from (Fensterl and Sen, 2009). 

TLRs are classified according to their localization and the type of PAMPs they recognize. TLRs 

1, 2, 4 and 5 are mainly expressed on the cell surface, recognizing mostly bacterial products. TLRs 3, 

7, 8 and 9 are in intracellular compartments and recognize mostly viral products and nucleic acids 

(Moser and Leo, 2010). 

The two main mechanisms in a cell to detect intracellular viral infection are RLRs and cytosolic 

DNA sensors, that can both sense viral genomes on cytoplasm (García-Sastre, 2017). 

Regardless of the PAMP and the mean of detection, there are important proteins that are 

common to most induction pathways of IFN: IRF-3, IRF-7, and NF-κB. Before induction, IRF-3 and NF-

κB are both cytoplasmic. 

IRF-3 is expressed constitutively but is only activated by viral infection. After activation through 

interaction with dsRNA of viral origin and subsequent intracellular signaling (Figure 1), IRF-3 is 

phosphorylated on its C-terminus, causing a conformation change, relieving autoinhibitory intra-

molecular binding within IRF-3, leading to the exposure of a nuclear-localization signal (NLS), 

dimerization and translocation to the nucleus, where it stays until dephosphorylation occurs. In the 

nucleus, IRF-3 recruits the CBP/p300 transcriptional coactivator and activates IFN-β promoter (and 

other promoters as well) (Hwang et al., 2009; Randall and Goodbourn, 2008). 

NF-κB is a family of transcription factors that includes p65 (RelA), RelB, c-Rel, p105/p50 (NF-

κB1) and p100/52 (NF-κB2). NF-κB subunits form homo or heterodimers. There are two main signaling 

pathways involved in the activation and signaling of NF-κB, the canonical or classical and the non-

canonical. 

The canonical pathway (Figure 3) is through the ubiquitous p65/p50 dimer. NF-κB dimers 

remain in the cytoplasm due to association with the inhibitor of NF-κB (IκB). This pathway is triggered 

by inflammatory stimuli such as the cytokines tumor necrosis factor α (TNF-α) and IL-1β. Stimulation 

through these cytokines receptors or TLRs leads to the phosphorylation of IκB kinase (IKK) complex 

(composed of IKKα, IKKβ, and NEMO - NF-κB essential modifier - proteins). The IKK complex, now 

activated, will phosphorylate IκB. IκB is then ubiquitinated and degraded by proteasomes, liberating the 
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p65 subunit. The NLS of the p65 subunit now becomes exposed, resulting in the translocation of NF-κB 

to the nucleus, Inducing transcription of its target genes (Costa, 2012; Randall and Goodbourn, 2008) . 

The non-canonical pathway (Figure 3) is triggered by the CD40 and lymphotoxin-β receptors. 

In this pathway, there is the activation of NIK (NF-κB-inducing kinase), followed by IKKα dimer activation. 

The p100 is phosphorylated and this induces its proteolytic processing into p52. Heterodimers of 

p100/RelB are, in this way, turned into p52/RelB. The processing of p100 into p52 results in the 

activation of these heterodimers and consequent transcription of their target genes (Costa, 2012). 

 

Figure 3 – Canonical and non-canonical signaling pathways of NF-κB. Figure extracted from 

(Oeckinghaus and Ghosh, 2009). 

The optimal induction of IFN-β requires binding of a heterodimer composed of C-JUN and ATF-

2 to the promoter. The IRF-3, NF-κB and ATF-2/C-JUN complexes are assembled in the promoter in a 

co-operative manner, forming the enhanceosome. It is thought that the binding of IRF-3 or IRF-7 to the 

promoter is indispensable for IFN-β induction, but the activation of NF-κB or ATF-2/C-JUN may not be 

essential (Randall and Goodbourn, 2008). The enhanceosome binds to the four positive regulatory 

regions (PRDI-IV) of the IFN-β promoter region (Correia et al., 2013b). 

The IFN-α genes lack an NF-κB site in the promoter, but contain several IRF family binding sites 

(Randall and Goodbourn, 2008). 

In Figure 1 the signaling pathway of induction of IFN is represented. Next will be considered, in 

more detail, the several known activation routes of the induction signaling pathway of IFN. 
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i) Double-stranded RNA 

The (ds)RNA of viral origin is detected by TLR3 (see Figure 4). In most cells, TLR3 is localized 

in the endosome. Some cells, however, also detect (ds)RNA liberated from dead cells via cell surface 

expressed TLR3. Following its interaction with (ds)RNA, the dimerization of this protein leads to the 

recruitment of TRIF (TIR domain-containing adaptor inducing IFN-β) cytoplasmic protein and the 

subsequent activation of both the IRF-3 and the NF-κB pathways (Fensterl and Sen, 2009). 

For activation of the NF-κB pathway, TRIF recruits TNF receptor-associated factor 6 (TRAF6) 

and receptor-interacting protein 1 (RIP1). TRAF6 self-polyubiquitinates itself and RIP1. The 

polyubiquitin chains are recognized by TAK1-binding proteins (TAB) which recruits TAK1 to the complex. 

Polyubiquitinated RIP1 is recognized by the NEMO subunit of IKK complex and the latter is also 

recruited, resulting in the assembly of a large complex of TRIF-RIP1-TRAF6-TAB-TAK1-IKK. As a result, 

TAK1 phosphorylates directly the IKKβ subunit of IKK complex, leading to the phosphorylation of IκB. 

Once phosphorylated, IκB is ubiquitinated and degraded, leaving the NF-κB protein free to translocate 

into the nucleus. 

For activation of the IRF-3 pathway, the activated TRIF recruits TRAF3 complex which, in turn, 

interacts with TRAF family member-associated NF-κB activator (TANK). TANK interacts with TBK-1 and 

IKKε, which are the kinases that phosphorylate IRF-3. All of this is illustrated in Figure 4. TANK can also 

interact with NEMO, suggesting a potential mean to regulate the NF-κB pathway as well (Randall and 

Goodbourn, 2008). 

ii) Single-stranded RNA 

Plasmacytoid dendritic cells (pDCs) are one of the few cell types expressing TLR7. TLR7 is 

expressed exclusively in endosomes and its ligands include (ss)RNA molecules. When TLR7 is 

activated, it recruits an adaptor myeloid differentiation primary response protein called MyD88, which in 

turn recruits TRAF6 and a complex composed of IL-1 receptor associated kinases, IRAK-4 and IRAK-

1. From this point on, both the NF-κB and the IRF-7 pathways can be induced. Thus, TRAF6 can then 

activate NF-κB via the canonical pathway (as described for i). Double-stranded RNA). For the IRF-7 

pathway, TRAF6 polyubiquitinates IRF-7; IRF-7 is phosphorylated by IRAK-1 and translocates into the 

nucleus, as a complex MyD88-TRAF6-IRAK-1-IRF-7, in a TANK-binding kinase (TBK)/IKKε-

independent manner (Randall and Goodbourn, 2008). 
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Figure 4 – Double-stranded RNA induced signaling through TLR3. Figure extracted from (Randall 

and Goodbourn, 2008). 

iii) DNA 

TLR9 is expressed in the endosomal membrane and detects unmethylated, CpG-rich DNA. 

Host cell DNA is mostly methylated and so has a low CpG content. In this way, TLR9 senses foreign 

DNA both by location and chemical composition. TLR9 also signals through the protein MyD88, which 

activates IRF-7 and NF-κB, which lead to the transcription of type I IFNs and proinflammatory cytokines. 

TLR9 is expressed mainly in pDCs and so it’s not the major sensor of viruses (Christensen and Paludan, 

2017). 

Different cell types have different responses to foreign DNA. In pDCs, CpG is retained in the 

endosome and recruits MyD88 adaptor protein, following an identical pathway to the TLR-7-mediated 

activation of IRF-7 and NF-κB (as described for ii). Single-stranded RNA) (Randall and Goodbourn, 

2008). 

iv) Intracellular viral RNA 

Cells also have TLR-independent pathways to sense viral nucleic acids (Randall and 

Goodbourn, 2008). 

There are two main cytoplasmic protein sensors of RNA: RIG-I (retinoic acid-induced gene I) 

and MDA-5 (melanoma differentiation-associated protein 5). RIG-I and MDA-5 are two widely expressed 

RNA helicase molecules that sense the viral RNA present in the cytoplasm due to viral replication. The 

majority of viral RNAs, and their replicative intermediates, have a tri-phosphate or a di-phosphate at the 

end of a (ds)RNA strand that is recognized by RIG-I and MDA-5. Both RIG-I and MDA-5 utilize MAVS 

(mitochondrial activator of virus signaling also known as: CARD adaptor inducing IFN-β – Cardif; virus-

induced signaling adaptor – VISA; IFN-β promoter stimulator protein 1 – IPS-1) as signaling cascades 
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initiator mitochondrial protein (Fensterl and Sen, 2009; García-Sastre, 2017; Randall and Goodbourn, 

2008). 

Both RIG-I and MDA-5 recognize (ds)RNA, but RIG-I recognizes shorter fragments while MDA-

5 recognizes longer ones (Christensen and Paludan, 2017; Randall and Goodbourn, 2008). 

When these RLRs are activated, they recruit a mitochondrion-associated adaptor protein, the 

MAVS protein. MAVS is essential on both RIG-I and MDA-5 responses. The recruitment of MAVS can 

lead to signaling to both NF-κB and IRF-3 pathways, by interaction and recruitment and interaction with 

TRAF6 and TRAF3, following a mechanism similar to the one already described (as described for i). 

Double-stranded RNA) (Randall and Goodbourn, 2008). 

TRAF3 complex activates the kinases TBK1 and IKKε, that will lead to the induction of type I 

and type III IFN in most cell types. These kinases phosphorylate the transcription factors IRF-3 and IRF-

7, activating them. 

TRAF6 complex leads to the activation of the kinases IKK, p38, and JNK, resulting in the 

phosphorylation of the transcription factors NF-κB, ATF-2, and C-JUN, respectively activating them 

(Fensterl and Sen, 2009). 

Both RIG-I and MDA-5 are in their inactivated state when phosphorylated. They both require 

the removal of the phosphate group by the protein phosphatase 1 (PP1) to become activated. RIG-I 

activation requires its oligomerization upon binding to viral RNA and polyubiquitination which results 

from its interaction with the E3 ligase TRIM25 (García-Sastre, 2017). 

v) Cytoplasmic DNA 

There are also cytosolic PRRs that sense DNA such as absent in melanoma (AIM2), gamma-

interferon-inducible protein (IFI16) and cyclic GMP-AMP synthase (cGAS). The cells that most 

commonly sense cytosolic DNA are macrophages and DCs. What distinguishes viral DNA from “self” 

DNA is its lack of methylation, a higher A-T content and a cytoplasmic localization (Randall and 

Goodbourn, 2008). 

After binding to DNA, AIM2 leads to the maturation of the proforms of the cytokines IL-1β and 

IL-18, which are then secreted. IL-18 leads to stimulation of type II IFN (IFN-γ) production by NK cells 

(Christensen and Paludan, 2017). 

In the case of DNA viruses, the sensor cGAS binds to cytoplasmic DNA, undergoing a 

conformational change and becoming activated which leads to the synthesis of the second messenger 

cyclic GMP-AMP (2’3’-cGAMP), a dinucleotide, from ATP and GPT. cGAMP is a ligand of STING 

(stimulator of interferon genes also known as MITA, MPYS, ERIS, and TMEM173). STING is located in 

the endoplasmic reticulum (ER) in non-activated cells. cGAMP binds to two STING protomers, which 

leads to translocation of STING from the ER to perinuclear autophagy-like vesicles, through the ER-

Golgi intermediate compartments (ERGIC) and the Golgi apparatus, activating downstream signaling 

molecules. This is followed by TBK1 autophosphorylation and recruitment and phosphorylation of 

STING. Phosphorylated STING allows the transcription factor IRF-3 to bind to STING’s phosphorylated 
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residue. IRF-3 is then phosphorylated (in a TBK1 dependent manner) and it dimerizes, leading to its 

translocation into the nucleus and activation resulting in the transcription of type I IFN genes 

(Christensen and Paludan, 2017; García-Sastre, 2017). 

Regarding IFI16, it is known that it senses DNA both in the cytosol and nuclear compartments 

and that it shows higher affinity to longer (>150 bp) and naked DNA. There is no certainty in the signaling 

mechanism of IFI16 but there are papers suggesting that IFI16 acts in the same pathway as cGAS, 

through STING (Christensen and Paludan, 2017). 

The described signaling pathways are illustrated in Figure 5.  

 

Figure 5 – Cytosolic and nuclear PRRs (AIM2, IFI16, and cGAS) sensing DNA and their respective 

signaling pathways. Figure extracted from (Christensen and Paludan, 2017). 

Another DNA sensor is the DNA-dependent activator of IFN-regulatory factors (DAI), which can 

also lead to IRF-3 activation (Costa, 2012). 

vi) Extracellular signals  

Several viral envelopes and particles (and viral proteins) can induce IFN-α and IFN-β. TLR4 

responds to these extracellular signals. TLR4 can activate both IRF-3 and NF-κB pathways. TLR4 

recruits MyD88 via TIRAP/MyD88 adaptor-like protein and it recruits TRIF via the TRIF-related adaptor 

protein molecule (TRAM). In this way, TLR4 induces the IFN synthesis (Correia et al., 2013b; Randall 

and Goodbourn, 2008). 

TLR2 is also related to the recognition of viral particles (Reis, 2008). 



10 

 

1.1.2.2.a) II. Type II IFN 

In contrast to type I IFN, type II IFN is not induced as a direct consequence of sensing PAMPs. 

IFN-γ expression occurs later on the infection when compared to type I IFNs. Type II IFN is produced 

at early stages of the infection principally, by NK cells and macrophages, and at later stages, by activated 

T lymphocytes, by receptor-mediated stimulation or in response to cytokines, such as IL-12, IL-18 and 

IFN-α/β (Correia et al., 2013b). In addition, IFN-γ is expressed in the second wave of cytokines that are 

expressed after TCR (T cell receptor) engagement (Reis, 2008). Induction of IFN-γ is controlled by 

activation of NF-κB, C-JUN and some cell-specific transcription factors such as NFAT (nuclear factor of 

activated T cells) (Correia et al., 2013b). 

1.1.2.2.a) III. Type III IFN 

Type III IFN is produced in response to the same stimuli responsible for IFN type I production. 

The difference is in the induction mechanism. Type III IFNs are induced through independent actions of 

IRFs and NF-κB. Hence, type III IFN expression seems to be more flexible than type I (Correia et al., 

2013b). 

1.1.2.2.b) Impact of IFN 

Although different types of IFN have different cellular receptors, they all activate a common 

intracellular signaling pathway (Correia et al., 2013b). 

Secreted IFNs bind to specific ubiquitously expressed cell-surface receptors of infected and 

adjacent cells. This binding allows cells to sense the IFN external signal and transform it into an internal 

signal that will cause the cell to express the many IFN-stimulated genes (ISGs). These membrane 

receptors are divided into two classes: the membrane receptors for IFN-α and IFN-β and the membrane 

receptors for IFN-γ. The receptors consist of two sub-units and are transmembrane proteins with an 

extracytoplasmic domain and an intracytoplasmic domain. These domains have specific motifs that bind 

to specific proteins that are part of the signal transduction. Tyrosine kinase proteins, such as Janus 

activated kinase (JAK), are particularly important since they phosphorylate tyrosine residues. STAT 

proteins are Signal Transducers and Activators of Transcription, part of a family of transcription factors 

that are phosphorylated by JAKs and bind to DNA. After binding to their receptor, STAT proteins move 

to the nucleus where they trigger the transcription of ISGs (Correia et al., 2013b; De Andrea et al., 2002; 

Randall and Goodbourn, 2008). 

With the quick and efficient activation of the JAK-STAT pathways, it is possible to induce an 

antiviral state in the host cell since it leads to the expression of proteins encoded by ISGs. This limits 

virus replication and its spread to adjacent cells (Correia et al., 2013b). 

Type I IFN engages with the ubiquitous heterodimeric receptor IFNAR1/IFNAR2C, inducing its 

dimerization. This receptor has two proteins from the JAK family associated; the cytoplasmic tail of 

IFNAR1 is associated with tyrosine kinase 2 (TYK2) and IFNAR2 with JAK1. IFNAR2 has also STAT2 

associated to itself preceding induction and STAT1 is weakly associated with STAT2. The induction of 

dimerization of IFNAR1 and IFNAR2 causes conformational change that induces the phosphorylation 

of IFNAR1 by TYK2, which creates a docking site for STAT2. TYK2 then phosphorylates STAT2 and 
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STAT1 is phosphorylated by JAK1. Both phosphorylated, STAT1 and STAT2 form a stable heterodimer. 

STAT1/STAT2 heterodimer associates with a monomer of IRF-9, forming a complex (heterotrimer) 

called ISGF3 (ISG factor 3). ISGF3 translocates into the nucleus and binds to ISRE (IFN-stimulated 

response element) in the promoter of ISGs, activating them (Fensterl and Sen, 2009; Randall and 

Goodbourn, 2008). 

Type II IFN-activated signaling is different. IFN-γ, in its dimeric form, binds to the ubiquitous 

receptor IFNGR1. This complex is then stabilized by the ubiquitous IFNGR2. The receptor has two 

proteins from the JAK family associated, JAK1 and JAK2. The dimerization of IFNGR1 and IFNGR2 

brings JAK1 and JAK2 into proximity of one another, which leads to activation of JAK2, that in turn 

phosphorylates JAK1, activating it. The activated JAKs, phosphorylate IFNGR1, creating docking sites 

for STAT1. Two STAT1 molecules are recruited, bind to IFNGR1, are phosphorylated and are activated, 

dissociating from the receptor and forming a STAT1 homodimer. STAT1 homodimerizes and forms the 

gamma-activated factor (GAF). GAF translocates to the nucleus where it binds to the gamma-activated 

site (GAS) in the promoters of ISGs, activating them (Fensterl and Sen, 2009; Randall and Goodbourn, 

2008). 

IFN-mediated gene induction is very complex. The sets of genes induced by type I and II IFNs 

overlap partially and the other members of STAT family, which are mainly activated by other cytokines, 

are also activated to a minor extent by IFNs as well. Another example to illustrate the complexity of this 

network is that IRFs have some sequence similarities to ISREs, causing the virus-activated IRF-3 to be 

able to induce several ISRE-driven genes, thus providing an earlier antiviral response (Fensterl and 

Sen, 2009). 

1.1.2.2.c) Interferon-stimulated Genes 

There are over 300 antiviral ISG’s that inhibit several steps of the viral cycle. ISGs usually don’t 

have virus-specificity. So different viruses can be inhibited by the same ISG, or often, with the same 

combination of ISGs (Correia et al., 2013b; Fensterl and Sen, 2009). 

The combined expression of ISGs specifies the antiviral state. There is a subset of ISGs that 

can also be activated in an IFN-independent manner, by viral infection directly, but this response is 

much less effective than the IFN-generated response (Randall and Goodbourn, 2008). 

An example of an ISG is the protein kinase R (PKR). PKR is a (ds)RNA-activated protein kinase. 

PKR is synthesized in its inactivated form. In response to (ds)RNA or PACT (PKR-activating protein), 

PKR undergoes dimerization and activation. Once activated, this protein triggers a molecular pathway 

that leads to the inhibition of viral protein synthesis via the sequestration of the transcription starting 

factors (essential for viral transcription). In many cells, PKR is constitutively expressed at low levels, 

increasing expression post IFN impact on the cell. The activation of PKR induces its dimerization and 

autophosphorylation. PKR then phosphorylates the translation eukaryotic initiation factor 2α (eIF2α) that 

results in viral translation inhibition. PKR inhibits replication of mostly RNA viruses but also DNA viruses 

(Fensterl and Sen, 2009). Initiation of translation is inhibited but additionally autophagy can be activated, 

and apoptosis and cell-cycle arrest can be induced (Randall and Goodbourn, 2008). 
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In some cells, instead of being constitutively expressed, IRF-7 is an ISG. IRF-7 is expressed as 

a result of IFN impact signaling and it is further activated by viral infection, resulting in the induction and 

expression of a larger subset of ISGs. Predominantly IFN-α producing cells, such as DCs, leukocytes 

and macrophages, constitutively express IRF-7 whereas predominantly IFN-β producing cells, such as 

fibroblasts and epithelial cells, the cells rely on autocrine feedback with IRF-7 (Hwang et al., 2009). 

1.1.3. Adaptive Immune Response 

1.1.3.1. Overview 

Adaptive immunity is activated upon pathogen encounter and is relatively slow, providing 

defense at a later stage of infection. Its main characteristics are an essentially limitless repertoire and 

the generation of memory. The memory of the adaptive immune response allows a more rapid response 

and of higher magnitude during a new infection with the same pathogenic agent. This phenomenon is 

the basis for vaccination (Costa, 2012; Moser and Leo, 2010). 

The main cells involved in this response are lymphocytes, such as, the B cells and the T cells, 

each with specific antigen receptors, the B cell receptors (BCRs) and the T cell receptors (TCRs), 

respectively. When an antigen enters the body, it binds to the cells that have the BCRs and TCRs that 

are unique to that antigen. This ligation induces the multiplication of those cells, which in turn leads to 

the their overrepresentation during and after the immune response (Moser and Leo, 2010). 

When a B cell encounters its specific antigenic epitope, it is stimulated to divide and produce 

soluble antibodies. The binding of an antibody to the corresponding antigen is sometimes sufficient to 

render the antigen harmless. Also, upon antibody-antigen binding, this complex is capable of recruiting 

additional effector mechanisms of the immune system (Moser and Leo, 2010). 

TCRs recognize the peptides presented by major histocompatibility complex (MHC) molecules. 

CD8+ T cells recognize the peptides-MHC class I complexes, resulting from the degradation of 

intracellular pathogen proteins, for example of virus origin. On the other hand, CD4+ T cells recognize 

the peptides-MHC class II complexes resulting from the degradation of internalized extracellular 

proteins, by antigen presenting cells (APCs). Upon recognition of a complex of MHC class I, CD8+ 

cytotoxic T lymphocytes, can initiate an apoptotic response, eliminating infected cells that are presenting 

pathogen-derived antigens before the replication of the pathogen is concluded. Upon recognition of a 

complex of MHC class II and antigen, CD4+ T cells can also secrete cytokines that have both effector 

and regulatory roles (Moser and Leo, 2010). 

1.1.4. Immunomodulation by IFN 

The main goal of IFN is to eliminate virus-infected cells. In order to reach this goal, IFN 

establishes an antiviral state within the infected cells. In addition, the IFN system also has a role in the 

control of several responses of the innate and the adaptive immune system. 

IFN-α can act on T-cells causing the differentiation of the Th1 cells and at the same time 

inhibiting the growth of other lymphocytes. IFN-α can also act on NK cells and macrophages enhancing 
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the production of IFN and IL-1. Once secreted, type I IFN amplifies the signal of the IFN signal, resulting 

in secretion of cytokines and chemokines at higher levels, which leads to recruitment of immune cells 

of the innate response. This way, IFN-α and IFN-β contribute to the activation of DCs and macrophages 

as wells as to the upregulation of MHC I molecules. IFN-α and IFN-β upregulate the MHC class I 

molecules and the antigen-presenting machinery; interfere with the activation of NK cells by upregulating 

perforin and granzymes; promote the maturation of DCs; trigger the production of IL-15 by APCs, 

amongst others… (Correia et al., 2013b; De Andrea et al., 2002; Randall and Goodbourn, 2008). 

IFN-γ in synergy with IL-2 enhances the activity of T-cells. IFN-γ promotes the transition from 

innate to adaptive immune response. IFN-γ regulates MHC II expression, NK and B cell functions and 

it causes differentiation of T helper cells into Th1 (Correia et al., 2013b; De Andrea et al., 2002; Randall 

and Goodbourn, 2008). 

1.2. Vaccines 

1.2.1. General review 

Infectious diseases are responsible for a great number of deaths in the world. Prevention of 

these diseases through vaccination is the best course of action to combat them (Rueckert and Guzmán, 

2012). 

Vaccination is based on the reality of immune memory. The ideal vaccine represents a non-

virulent, innocuous form of a given pathogen that it is still able to induce a strong and adequate 

serological and cellular immune response to the living organism (Moser and Leo, 2010). The principal 

concept of a vaccine is to mimic the naturally occurring immune response against a given pathogen, 

without inducing the disease, inducing in this way protective immunity against that given pathogen 

(Zepp, 2010). 

Vaccines can be categorized into three categories: live vaccines, “not live” vaccines and DNA 

vaccines. 

Live vaccines are prepared with avirulent or attenuated organisms, meaning that they have 

limited pathogenicity. Usually, live vaccines provide life-long immunity, since they mimic the natural 

infection much better than killed vaccines, eliciting both the CD4+ “helper” and CD8+ cytotoxic T cells, 

however, the live vaccines’ virus may still be unsafe for it is possible for the virus to revert to the virulent 

form. Attenuated vaccines consist of less virulent virus, such as viruses from other species that share 

epitopes or genetically engineered viruses, but they do have the advantage of stimulating both humoral 

and cellular immunity (Murray et al., 2002). 

Inactivated vaccines include killed pathogens vaccines, subunit vaccines, peptide or 

polysaccharide vaccines and toxoid vaccines. Inactivated vaccines are used as an alternative when 

pathogens cannot be attenuated, cause recurrent infection or have oncogenic potential. Inactivated 

vaccines disadvantages, when compared to live vaccines, are: usually do not confer lifelong immunity; 
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the evoked response may be only humoral and not cellular; booster shots are invariably required, and 

larger doses must be used.  

Subunit vaccines are a mix of immunogenic proteins that are produced in bacterial or eukaryotic 

vectors in large amounts. The subunit vaccines may contain whole protein or just small peptides for the 

specific epitope that elicit the desired immune response. In subunit vaccines is crucial to compensate 

for the lack of PAMPs in order to activate the innate immunity response. This can be done using 

adjuvants. PAMPs or PAMPs-derived molecules (with fewer toxicity concerns) can act as adjuvants. In 

some cases, the use of adjuvants allows the use of a lower concentration of the antigen, within the 

vaccine (Moser and Leo, 2010; Murray et al., 2002; Rueckert and Guzmán, 2012). 

DNA vaccines consist of a plasmid containing the DNA that corresponds to proteins that elicit 

the desired immune response. The “naked” DNA, when taken up by cells, serves for transcription and 

expression of the encoded proteins, and thus stimulates the desired immune response (Murray et al., 

2002). 

In Table 1 are presented the advantages and disadvantages of each type of vaccines. 

Table 1 – Advantages and challenges presented by different types of vaccines. Table extracted from 

(Zepp, 2010). 

1.3. Viral evasion mechanisms 

1.3.1. Overview 

For the virus replication and further transmission, it is necessary to first enter a host cell and 

then take control of the cell machinery. The co-evolution of hosts and pathogens have led to (1) the host 

development of the innate and adaptive immune system that recognize the virus and respond 

accordingly, interfering with viral replication and destroying virus-infected cells and (2) to virus evolution 

as well, caused by the selective pressure imposed by host defenses, originating mechanisms to evade, 

manipulate and subvert host immunity. Viruses have developed evasion mechanisms to avoid the host 

defense mechanisms, employing two main strategies: manipulate elements of the early innate immune 



15 

 

response, such as IFN, apoptosis, cytokines, and chemokines, and avoid recognition by the adaptive 

immune response, for instance through continuous antigenic variation. This co-evolution of viruses and 

hosts lead to a balance since a complete inhibition of the host defenses would lead to host death and 

viral elimination as well (Correia et al., 2013b; García-Sastre, 2017). 

Considering this, the pathogens can be a source of new approaches for the control of diseases, 

since they provide “ready-made tools” for gene manipulation. The study of these strategies can be a 

source of new approaches for the control of viruses and other pathogens but can also be the driving 

force for new discoveries regarding cell biology, manipulating mechanisms of transcription and the 

immune system, in health and in disease. Unassigned viral genes can be a repository of available host 

evasion strategies (Correia et al., 2013b). 

There are several ways in which a virus may evade the host defensive response but in the 

scope of this thesis, the inhibition of IFN response will be the main focus. 

1.3.1.1. Inhibition of the induction of IFN 

The induction of IFN proceeds in a cascade. Viruses have evolved molecular mechanisms that 

act in different steps of the signaling pathways and many of the viral proteins involved are 

multifunctional, connecting with several host components, increasing the range and efficiency of the 

viral evasion mechanism. Almost 50% of the viruses known and studied interfere with multiple steps in 

the IFN response (Correia et al., 2013b). 

Induction of type I IFN starts with recognition of PAMPs by the PRRs, that are part of the innate 

immune system. To avoid recognition, viruses minimize the production of PAMPs by minimizing the 

production of (ds)RNA, through regulation of virus transcription and replication or by capping viral RNA, 

making it indistinguishable from cellular mRNA (Correia et al., 2013b). 

The signaling events that trigger the IFN induction involve many molecules such as enzymes 

and transcription factors. Many of these molecules are, for this reason, targets for direct inhibition by 

viral products (by binding and preventing their action). Many DNA viruses interfere directly with cGAS 

or STING whether by preventing their binding to other proteins or by preventing their translocation. RNA 

virus targets are mainly RLRs and MAVS. TBK1 and IKKε are the kinases responsible for activating the 

transcription factors IRF-3 and IRF-7 and so are also attractive targets for viral antagonism of the IFN 

response. Another strategy is the inhibition of PP1 and consequently, maintenance of RIG-I and MDA-

5 on inactivated state. RIG-I association with polyubiquitin can also be targeted by viruses to prevent 

RIG-I activation, for instance by preventing E3 ligase TRIM25 activity with a binding encoded protein. 

Viral proteases that cleave poly-ubiquitin chains are also a used viral strategy since the sensing 

pathways for IFN induction are heavily regulated by ubiquitination (García-Sastre, 2017). 

1.3.1.2. Inhibition of the impact of IFN 

Viruses also evolved mechanisms of inhibition regarding the impact of IFN. Upon binding to its 

receptor, IFN triggers signal transduction pathways that induce the expression of host antiviral proteins 

and also induce the antigen presentation through MHC increased expression. One example of this type 
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of inhibition is the viral encoding for viral versions of cytokines and cytokines receptors that compete 

with the natural ligand of the host cell, interfering with the host’s system of cytokines and its receptors. 

Another very common strategy can be to modulate the activity of STAT proteins, directly or indirectly, 

through for instance ubiquitination and proteasome-dependent degradation, through binding, inducing 

their degradation or through inhibition of JAK kinases action (Correia et al., 2013b). 

1.3.2. Viral evasion genes used in this project 

The African Swine Fever virus (ASFV) DNA codes for around 150 to 167 genes; its genome 

may have one to five multi-gene families (MGFs), depending on the isolate. The MGFs 360 and 505 

consist of genes related to inhibition of type I IFN and, consequently, related to the virulence of the 

ASFV (Portugal et al., 2015; Reis et al., 2017). 

The A276R gene belongs to the ASFV family of genes MGF360. This viral gene encodes a 

protein capable of modulating the induction of IFN-β. A276R gene expression was shown to inhibit both 

endosomal (via TLR) and cytosolic induction pathways of type I IFN. At the level of the cytosolic pathway, 

the ASFV A276R inhibits the induction of IFN-β through impact on IRF-3 but not IRF-7. It was also 

shown that A276R has no impact over the NF-κB pathway nor over the impact of IFN (on the JAK-STAT 

pathway). A276R impacts both transcriptional and/or translational level of IFN-β gene expression 

(Correia et al., 2013b). 

The open reading frame (ORF) DP148R of ASFV, coding for the protein MGF360-18R, is 

responsible for one of the ASFV evasion mechanisms. The expression of MGF360-18R protein inhibits 

the impact of type I and II IFN’s by decreasing STAT1 levels. MGF360-18R manipulates the 

polyubiquitination system to induce the degradation of STAT1 (Correia et al., 2013a). DP148R is an 

early transcribed gene. This gene is not essential for the virus replication in macrophages but its deletion 

from the ASFV genome leads to a significant decrease in the virulence of the virus in vivo (Reis et al., 

2017). The protein coded from the DP148R gene was shown to also interfere in the induction of the IFN, 

not only its impact, through MAVS (Correia, unpublished). 

The DP146L of ASFV is possibly involved in degradation of components of both the induction 

and impact pathways of IFN. 

The I329L gene of ASFV encodes for a glycosylated, late-expressed, transmembrane protein 

that inhibits TLR3 mediated induction of IFN-β and activation of NF-κB. I329L interferes with TLR3 

signaling through the TRIF protein, before the bifurcation into TRAF3/TRAF6 pathways, inhibiting the 

downstream activation of the transcription factors IRF-3, IRF-7, and NF-κB. Thus, I329L is a viral TLR3 

antagonist. This protein also inhibits NF-κB activation through the TLR4 endosomal pathway, also by 

inhibiting the TRIF protein (Correia et al., 2013b; de Oliveira et al., 2011). Recent studies have shown 

that the I329L protein inhibits not only TLR3 but other TLRs as well by interfering with ligand-TLR 

interaction (Correia, unpublished). 

The K205R of ASFV inhibits both the induction and impact pathways of IFN. 
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The ORF36 gene of Kaposi's sarcoma-associated herpesvirus (KSHV) encodes for a 

conserved herpesviral kinase. It has been shown to play multiple vital roles in the life cycle of herpesvirus 

and although the anti-IFN function is not essential, it is conserved among herpesvirus subfamilies. The 

kinase ORF36 localizes in the nucleus where it binds to IRF-3. ORF36 is an early expressed protein but 

it is also packed within the virus so it can be released into the host cell and may immediately initiate the 

inhibition of the IFN response (Hwang et al., 2009). 

In Figure 6 there is a schematic representation of where the ASFV IFN evasion mechanisms 

act within the IFN signaling pathways. 

Figure 6 – Induction and impact of IFN signaling pathways. Viral evasion genes inhibitory function 

on the signaling pathways. Figure extracted from (Correia, unpublished).  

1.3.3. Aim of studies 

The host’s interferon (IFN) system is the principal defense against early, acute virus infection. 

However, in order to survive, viruses have evolved, throughout co-evolution of virus and host, multiple 

evasion mechanisms that inhibit the induction and impact of IFN. Cells constitutively expressing viral 

genes coding for IFN evasion mechanisms, and thus with a diminished IFN response, are hypothesized 

to produce more virus and therefore find a practical application for more efficient production of virus 

vaccines. 

The strategy used in this thesis is to transduce mammalian cell lines through lentivirus infection 

with virus evasion mechanisms genes, targeting different steps in the IFN intracellular signaling 

pathway. These will be infected with a human cytomegalovirus (HCMV). Assays testing the culture’s 

production of IFN and virus particles will be performed. A decreased production of IFN together with an 

increased virus yield would confirm the hypothesis. 
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2. MATERIALS 

2.1. Cell Culture 

Human embryonic kidney 293T (HEK 293T) cells and human foreskin fibroblasts (HFF) cells 

were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (BioWest) supplemented with 10% 

fetal bovine serum (FBS) (Gibco) and 1% of Pen Strep (Gibco), in a controlled environment with 5% 

CO2, at 37 °C. 

2.2. Virus 

The HCMV laboratory strain AD169 was maintained with infection of HFF cells, cultured as 

described above.  

2.3. Plasmids 

The African swine fever virus (ASFV) open reading frames DP146L, DP148R, I329L, A276R, 

and K205R were available in the pcDNA3 expressing vector in frame with a haemagglutinin (HA) tag.  

The Kaposi's sarcoma-associated herpesvirus (KSHV) open reading frames ORF36 and 

ORF36Δ were available in the pcDNA3 expressing vector in frame with an HA tag. 

Lentivirus plasmids (vector pSIN-BX-IR/EMW – referred to as pSIN -, the envelope VSVG and 

packaging p8.9) were available. 

The empty plasmid pcDNA3 was available. 

2.4. Reagents 

An ELISA (enzyme-linked immunosorbent assay) kit for hIFN-β measurement was used 

(Human IFN-β bioluminescent ELISA kit, InvivoGen). 

The following restriction enzymes were used for cloning genes into pSIN: BamHI (G^GATCC, 

Thermo Fisher Scientific), XhoI (C^TCGAG, Thermo Fisher Scientific), HindIII (A^AGCTT, Promega), 

KpnI (GGTAC^C, Promega), Bgl II (A^GATCT, Promega). Other enzymes were used for cloning as well, 

such as T4 DNA polymerase (NEB), T4 DNA ligase (Fermentas) and Alkaline Phosphatase (Amersham 

Pharmacia Biotech). 

Antibodies were used for immunofluorescence and western blot. Rat monoclonal antibody 

(clone 3F10) Anti-HA high affinity, Roche recognizes the HA peptide sequence (YPYDVPDYA) derived 

from the influenza hemagglutinin protein was used in immunofluorescence as primary antibody. Alexa 

Fluor 594 goat anti-mouse IgG, Life Technologies was used as fluorescent secondary antibody in 

immunofluorescence. Anti-HA-Peroxidase high affinity antibody, Roche is a monoclonal antibody to the 

HA-peptide (clone 3F10), conjugated to peroxidase and it was used in western blot. 
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3. METHODS 

3.1. Cloning Viral Evasion Genes into the Lentiviral 

plasmid vector 

3.1.1. Cloning 

Two kinds of cloning were performed: cohesive/cohesive ends and blunt/cohesive ends. 

The cohesive/cohesive ends cloning was performed with the following sequence of steps: 

double digestion of the two plasmids (the plasmid containing the gene and the empty vector plasmid); 

enzyme inactivation and alkaline phosphatase only for the empty vector; band purification on an agarose 

gel and the consequent gel purification protocol, for both the insert and the vector; ligation of vector and 

insert; SOC transformation; mini-preps; sequencing; midi-preps. 

The blunt/cohesive ends cloning was performed with the following sequence of steps: digestion 

of the two plasmids; ethanol precipitation; fill-in reaction; ethanol precipitation; digestion of the two 

plasmids; enzyme inactivation and alkaline phosphatase only for the empty vector; band purification on 

an agarose gel and the consequent gel purification protocol, for both the insert and the vector; ligation 

of vector and insert; SOC transformation; mini-preps; sequencing; midi-preps. 

The gene was excised from the pcDNA3 plasmid (vector map in the Supplementary information, 

section 7.1. pcDNA3 vector map). 

The protocols for all these steps are below. 

3.1.1.1. Digestion 

The digestion of the plasmids was performed using the appropriate restriction enzyme, following 

the protocol suggested by the manufacturer. 

3.1.1.2. Ethanol precipitation of DNA 

To the DNA solution was added 10% of the total volume of sodium acetate 3 M and twice the 

total volume of 100% ethanol. The solution was incubated for 2 hours at -80 °C or overnight at -20 °C. 

After incubation, the solution was centrifuged for 30 minutes, 13200 rpm at 4 °C. The supernatant was 

discarded and 250 µL of 70% ethanol was added. The solution was centrifuged once again for 10 

minutes, 13200 rpm at 4 °C. The supernatant was discarded and the pellet was left to dry at room 

temperature (RT). 

3.1.1.3. Fill-in reaction/Blunting 

The fill-in reaction was performed using the T4 DNA polymerase (NEB), following the 

manufacturer’s instructions. 
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3.1.1.4. Dephosphorylation 

The dephosphorylation reaction was performed using the Alkaline Phosphatase enzyme 

(Pharmacia Biotech), following the manufacturer’s instructions. 

3.1.1.5. Agarose gel electrophoresis and DNA purification 

In order to purify the vector and insert, before ligation, the DNA was run on an agarose gel and 

the appropriate bands were excised. The excised bands were then purified using an NZYGelpure kit 

(NZYTech). 

3.1.1.6. Ligation 

The fragments were then cloned into pSIN plasmid, with T4 DNA ligase (Fermentas), according 

to the manufacturer’s instructions. 

3.1.1.7. Plasmid amplification 

The resulting plasmids were used to transform E. coli SURE competent cells by incubating cells 

with the DNA on ice for 30 minutes, followed by a 42 °C heat shock of 45 seconds and a new incubation 

of 2 minutes on ice. SOC medium (20 mM glucose, 20 mM of 1M magnesium chloride with 1M 

magnesium sulfate) was added to the cells, followed by an incubation of 1 hour at 37 °C, with agitation. 

E. coli cells were then plated onto LB plates with ampicillin (100 mg/L). Single colonies were cultured 

on LB medium with ampicillin (1 µL/mL) overnight at 37 °C and plasmidic DNA was isolated using a 

Miniprep kit (NZYTech). 

3.1.1.8. DNA Sequencing 

The fidelity of the sequence of the cloned fragments was confirmed by Sanger sequencing, 

done by the Genomics Unit of Instituto Gulbenkian de Ciência. 

3.1.1.9. Plasmid DNA purification 

After the appropriate clone was selected, the plasmid was purified using a Midiprep kit 

(NZYTech). 

3.1.2. Transfection of HEK 293T cells 

Cells were seeded on 6-well plate (2x105 HEK 293T cells/well). The next day, cells were 

transfected with 2 μg of DNA (the negative control and the plasmid containing the gene). A DNA mix 

was made with the DNA and 25 μL of optiMEM (Gibco) and a Fugene mix was made with 5 μL of Fugene 

6 (Promega) and 25 μL of optiMEM. The Fugene mix was incubated for 5 minutes. The Fugene mix was 

added to the DNA mix and the mixture was incubated for 20 minutes, at RT, with gentle agitation. After 

incubation, the mixture was added dropwise to the cells. Cells were left incubating for 48 h at 37 °C. 

3.1.3. Lysis of cells 

The following procedure was performed on ice. The cells were scraped from wells 48 h post-

transfection and transferred to tubes to centrifuge cells for 5 minutes, 1800 rpm, at 4 °C. The supernatant 
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was discarded, 1 mL of phosphate buffered saline (PBS) was added and the cells were transferred to 

Eppendorf tubes. A new centrifugation was performed, to wash the cells, for 5 minutes, 1800 rpm, at 4 

°C. The supernatant was discarded and the cells were resuspended in 30 µL of lysis buffer (cell lysis 

buffer, Cell Signaling, supplemented with protease inhibitors, Sigma, diluted 1:100). The cells were 

incubated on ice for 30 minutes and then were centrifuged for 5 minutes, 13200 rpm, at 4 °C. The lysate 

(supernatant) was transferred to a clean tube and stored at -20 °C until further use. The exception was 

when the gene was DP148R due to its mitochondrial localization; the lysis buffer used contained 15 mM 

Tris-HCl pH 7,4, 120 mM NaCl, 2 mM EDTA, 2mM EGTA, 0,1 mM  dithiothreitol (DTT), 25 mM KCl, 1% 

Triton X-100 and protease inhibitor cocktail, Sigma, diluted 1:100, and the last centrifugation required a 

lower speed of 3000 rpm. 

3.1.4. Immunofluorescence 

Transfected HEK 293T cells (see 3.1.2. Transfection of HEK 293T cells), were grown on sterile 

glass coverslips, cultured in 6-well plates. 

Forty-eight hours post-transfection, the cells were washed with PBS and fixed by incubation 

with 3,7 % paraformaldehyde for 20 minutes. After washing with PBS, the cells were then permeabilized 

with PBS + 0,1 % Triton X-100 for 15 minutes. The cells were washed with PBS + 0,05 % Tween 20 

and then blocked with PBS + 0,05 % Tween 20 containing 5 % normal goat serum for 30 minutes. After 

washing with PBS + 0,05 % Tween 20 again, the samples were incubated for 1 hour with anti-HA high-

affinity antibody (Roche) diluted 1:100 in blocking solution. Coverslips were then washed 3 times with 

PBS + 0,05 % Tween 20 and incubated for 1 hour with Alexa Fluor 594 (TRITC) goat anti-mouse IgG 

secondary antibody (Life Technologies) diluted 1:200 in blocking solution. All the incubations were 

performed at RT. After washing 3 times again and incubation with DAPI (200 ng/µL) for 1 minute (for 

nuclei staining), the coverslips were finally mounted on Slow Fade (Life Technologies) and examined 

under a fluorescence microscope (DMRA2, Leica, available at the Unit of Imaging and Cytometry of 

Instituto Gulbenkian de Ciência).  

3.1.5. Western Blot 

Performed after the Transfection of HEK 293T cells (3.1.2) and the Lysis of cells (3.1.3) 

protocols.  

SDS Loading Buffer (0,35 M Tris-HCl pH 6,8, 10,28% (w/v) SDS, 36% (v/v) glycerol, 0,6 M DTT, 

0,012% (w/v) bromophenol blue) (3 μL) was added to total lysates (15 μL) and incubated at 100 °C for 

5 minutes. The lysates were loaded onto a 12 % sodium dodecyl sulfate-polyacrylamide gel (SDS-

PAGE), for SDS-PAGE electrophoresis. The separated proteins were transferred to a polyvinylidene 

difluoride (PVDF) membrane (Bio-Rad) and blocked with 5 % non-fat milk for 1 hour at RT. The 

membrane was probed with an anti-HA-HRP high affinity conjugated antibody (Roche), at 4 °C 

overnight. Immunoblots were developed by enhanced chemiluminescence detection according to the 

manufacturer’s instructions (ECL, GE Healthcare and Luminata Forte, Millipore). 
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To check for DP146L encoded protein expression, MG132 (proteasome inhibitor from 

Calbiochem, 10 mM, diluted 1:1000) was added to the cells culture, to avoid protein degradation 24h 

post-transfection, and then approximately every 12h until cell lysis. 

3.2. Viruses production 

3.2.1. Lentivirus production 

Lentiviruses were produced by transient transfection of HEK 293T cells. Cells were seeded on 

four 10 cm plates (0,8x106 HEK 293T cells/plate). The next day, cells were transfected with three 

plasmids: the vector, the “packaging” and the envelope in weight proportions of 1,5:1,0:1,0. 

For each plate, a DNA mix was made with the three plasmids and 12,5 μL of optiMEM (Gibco) 

and a Fugene mix was made with 18 μL of Fugene 6 (Promega) and 200 μL of optiMEM. The Fugene 

mix was incubated for 5 minutes. The Fugene mix was added to the DNA mix and the mixture was 

incubated for 20 minutes, at RT. After incubation, the mixture was added dropwise to the cells. Cells 

were left incubating for 24 h at 37 °C. The medium of the plates was changed, and the cells were 

returned to the incubator. 

Supernatants of transfected cells were collected at 48 h and 72 h post-transfection and, after a 

pre-clearing by low-speed centrifugation and filtration (0,45 µm pore), the lentiviruses were collected by 

ultracentrifugation at 25000 rpm for 3 h at 4 °C. Lentiviruses pellets were resuspended in culture medium 

and frozen at -80 °C. 

3.2.2. Lentivirus titration 

Lentivirus titers were determined by infection of HEK 293T cells. Cells were seeded on four 

wells of a 24-well plate (0,8x105 HEK 293T cells/well). After cell adhesion (approximately 2 hours later), 

cells were infected with lentiviruses: one well for mock infection and the other wells with 20, 5 and 1 µL 

of the lentivirus aliquot. Cells were incubated at 37 °C overnight, followed by a change of the medium. 

Cells were left incubating for 48 h at 37 °C. After incubation, cells were resuspended in culture medium 

and analysis of lentivirus-infected cells was done by detecting eGFP-positive cells (Emerald) by flow 

cytometry (FACSCalibur, BD Biosciences, available at the Unit of Imaging and Cytometry of Instituto 

Gulbenkian de Ciência). 

An estimate of the titers was obtained using equation (1). The flow cytometry allows the user to 

know the percentage of cells expressing Emerald (encoded in the pSIN plasmid), and therefore the 

percentage of infected cells. The rest of the parameters present in the equation are related to the 

protocol itself. 

𝑻𝒊𝒕𝒆𝒓 [𝑷𝑭𝑼/𝒎𝑳] = 𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒔𝒆𝒆𝒅𝒆𝒅 𝒄𝒆𝒍𝒍𝒔 ×
% 𝒐𝒇 𝒊𝒏𝒇𝒆𝒄𝒕𝒆𝒅 𝒄𝒆𝒍𝒍𝒔

𝟏𝟎𝟎
×

𝟏𝟎𝟎𝟎

𝑽𝒐𝒍𝒖𝒎𝒆 𝒐𝒇 𝒗𝒊𝒓𝒖𝒔 𝒖𝒔𝒆𝒅 𝒊𝒏 𝒑𝒍𝒂𝒒𝒖𝒆 𝒂𝒔𝒔𝒂𝒚 (𝝁𝑳)
 (1) 
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3.2.3. HCMV Stock Production 

To prepare virus stocks of HCMV AD169, young HFF cells were seeded on ten T175 flasks. 

When 90% confluent, HFF cells were infected at a multiplicity of infection (MOI) of 0,01. After virus 

adsorption by overnight incubation at 37 °C, infected cells’ medium was renewed, and cells were 

cultured at 37 °C. Medium was collected every two-three days. Pre-cleared supernatants were 

centrifuged 2 hours at 12000 rpm, at RT. Virus aliquots were stored at -80 °C. 

3.2.4. HCMV plaque assay 

Virus stock titers were determined by plaque assay. Briefly, HFF cells were cultured with 500 

μL of 10-fold dilutions of virus suspension and allowed to absorb for 90 minutes. Cells were then cultured 

with medium supplemented with 10% carboxymethylcellulose for 10-15 days. Cellular monolayers were 

fixed in 4% paraformaldehyde for 20 minutes and stained with 0,1 % toluidine blue solution. 

Quantification of the viral plaques was performed using a microscope. 

The stock of HCMV was expanded from a previous stock and the titer was determined by plaque 

assay, using equation (2). The number of formed plaques was determined by counting the plaques 

present in the plates using a microscope and the rest of the parameters present in the equation are 

related to the protocol itself. 

𝑻𝒊𝒕𝒆𝒓 [𝑷𝑭𝑼/𝒎𝑳] = 𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒇𝒐𝒓𝒎𝒆𝒅 𝒑𝒍𝒂𝒒𝒖𝒆𝒔 × 𝑫𝒊𝒍𝒖𝒕𝒊𝒐𝒏 × 𝟐  (2) 

3.3. Transduction and Infection of HFF cells 

3.3.1. Lentivirus Transduction of cells 

HFF cells were seeded in 12-well plate, with fresh medium and incubated at 37 °C. When 80% 

confluent (the next day), cells were infected with lentivirus (including empty lentivirus as a negative 

control). Cells were incubated for 24 h at 37 °C. Media was renewed and cells were returned to 

incubation. Cells were then passaged and expanded every 3-4 days. Expression of the transduced viral 

protein was confirmed by Western Blot (3.1.5). 

3.3.2. Infection of cells with HCMV 

HFF cells, previously infected with lentivirus, were seeded in 12-well plates (including cells for 

mock infection, infection with empty lentivirus and triplicate wells) and incubated at 37 °C. When 80% 

confluent (the next day), cells were infected with HCMV with a MOI of 1. Cells were rocked for 90 minutes 

at RT. Medium was changed, determining the start of the infection time. Cells were incubated for 120 

hours at 37 °C. 200 µL of supernatant was collected at 6, 32 and 90 h and stored at -80 °C, to proceed 

to ELISA. 

3.3.2.1. Elisa for type I IFN-β 

The stored samples of cultured supernatants were thawed and the concentration of secreted 

IFN was determined by ELISA following the manufacturer’s protocol (InvivoGen). Plates were analyzed 

using the microplate reader Glomax (Promega) and the concentration of IFN was determined by 
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comparison to a standard curve (see Supplementary information, section 8.3. Standard line/equation for 

ELISA). 

3.3.2.2. HCMV plaque assay 

After 120h of cell culture incubation, the supernatants were collected. Since each type of 

cultured cells had triplicate wells, a mix with all the supernatants of the same cell type was done. With 

each mix, an individual plaque assay was performed (see 3.2.4. HCMV plaque assay). 
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4. RESULTS 

4.1. Cloning Viral Evasion Genes into the Lentiviral 

plasmid vector 

All of the genes were first cloned into the pSIN transfer vector. Schematic representations of 

the genes in the pcDNA3 plasmid are in the Supplementary information, section 7.2. Schematic 

representation of plasmids, Figure 11 to Figure 16. 

The pSIN plasmid is constructed in a way that the only compatible restriction enzymes for 

cloning inserts are BamHI upstream and XhoI downstream. These permit the insertion of the desired 

gene after the promoter but before the internal ribosome entry site (IRES), the Emerald and the 

Woodchuck Hepatitis Virus (WHP) Posttranscriptional Regulatory Element (WPRE) sites. The pSIN 

vector also encodes the gene for ampicillin resistance. 

The DP148R gene fused with HA tag upstream was excised from the pcDNA3-DP148R plasmid 

by BamHI/XhoI digestion and cloned into the pSIN vector that had been digested with BamHI/XhoI as 

well. Ligation was performed to obtain a pSIN-HA-DP148R plasmid. The conditions of the ligation with 

T4 DNA ligase were as follows: 1 h at 22 °C. 

The DP146L gene fused with HA tag upstream was excised from the pcDNA3-DP146L plasmid 

by BamHI/XhoI digestion and cloned into the pSIN vector that had been digested with BamHI/XhoI as 

well. Ligation was performed to obtain a pSIN-HA-DP146L plasmid. The conditions of the ligation with 

T4 DNA ligase were as follows: 1 h at 22 °C. 

The ORF36 and ORF36Δ genes are fused with an HA tag upstream. Firstly, the vector plasmid 

pSIN was digested with BamHI and the pcDNA3-ORF36 and pcDNA3-ORF36Δ plasmids were digested 

with HindIII. After these ends were blunted, all the plasmids were digested with XhoI. Ligation was 

performed to obtain a pSIN-HA-ORF36 plasmid and a pSIN-HA-ORF36Δ plasmid. The conditions of the 

ligation with T4 DNA ligase were as follows: 16 °C, overnight. ORF36Δ is the ORF36 gene with a single 

mutation on the codon encoding the 108th amino acid, a lysine (Lys). The mutation is on the first base 

pair of the codon, originating a glutamic acid (Glu). This mutation renders the gene not functional. 

The I329L gene is fused with an HA tag downstream. Firstly, the vector plasmid pSIN was 

digested with BamHI and the pcDNA3-I329L-HA plasmid was digested with KpnI. After these ends were 

blunted, both plasmids were digested with XhoI. Ligation was performed to obtain a pSIN-I329L plasmid. 

The conditions of the ligation with T4 DNA ligase were as follows: 16 °C, overnight. 

The A276R gene was cloned into pcDNA3 with its own promoter upstream, to enhance 

expression, and an HA tag downstream. Firstly, the vector plasmid pSIN was digested with BamHI and 

the pcDNA3-A276R plasmid was digested with BglII. After these ends were blunted, both plasmids were 

digested with XhoI. Ligation was performed to obtain a pSIN-A276R-HA plasmid. The conditions of the 

ligation with T4 DNA ligase were as follows: 16 °C, overnight. 
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The K205R gene fused with HA tag upstream was excised from the pcDNA3-K205R plasmid 

by BamHI/XhoI digestion and cloned into the pSIN vector that had been digested with BamHI/XhoI as 

well. Ligation was performed to obtain a pSIN-HA-K205R plasmid. The conditions of the ligation with T4 

DNA ligase were as follows: 16 °C, overnight. 

The fidelity of the cloning was confirmed by Sanger sequencing of all inserts. Western blot 

and/or immunofluorescence assays were done to determine if the cloning had been successful and to 

check for expression of the encoded proteins (results not shown). 

Table 2 resumes the IFN signaling pathway in which each gene acts as well as whether the 

genes were successfully cloned into pSIN transfer vector and produced into lentiviruses. 

Table 2 - Virus genes inhibiting the IFN response. Overview of all the genes approached in this 

thesis. 

Organism Gene 
Inhibition of IFN Transfer 

Vector 
Lentivirus 

Induction Impact 

ASFV 

A276R     

DP146L     

DP148R     

I329L     

K205R     

KSHV 

ORF36     

ORF36Δ     

 

4.2. Production of lentiviruses 

Control lentivirus was produced by co-transfection of the packaging and envelope plasmid 

simultaneously with the empty plasmid pSIN. For the production of recombinant lentiviruses expressing 

DP148R, DP146L, I329L, A276R, K205R, ORF36 and ORF36Δ, the plasmids pSIN-DP148R, pSIN-

DP146L, pSIN-I329L, pSIN-A276R, pSIN-K205R, pSIN-ORF36, and pSIN-ORF36Δ were used, 

respectively, following the same technique of co-transfection.  Details in Methods (3.2.1. Lentivirus 

production). As of the end of this project, not all of the lentiviruses have been already produced (see 

Table 2). 

4.3. Transduction and Infection of HFF cells 

After production of the control and the recombinant lentiviruses, HFF cells were transduced by 

infection with either the control lentivirus (pSIN LV), the recombinant lentivirus with I329L (pSIN-I329L 

LV) or the recombinant lentivirus with DP148R (pSIN-DP148R LV). These two genes were selected 



27 

 

since they interfere at different points in the intracellular signaling pathways controlling IFN induction 

and impact. The experiment’s objective was to insert the desired genes into the HFF cells genome, 

allowing the cells to constitutively express these genes. 

After infection with lentiviruses and some cell passages, the transduced HFF cells were 

submitted to a western blot to determine if they were expressing the predicted proteins. The western 

blot was performed using an antibody that recognizes the HA “immunotag”, fused to both I329L and to 

DP148R. The results are in Figure 7. 

 

 

 

 

 

 

 

 

 

 

Figure 7 - Western blot results of the transduced HFF cells. a) The lysate of HFF cells transduced 

with the control lentivirus is in the first lane (HFF-pSIN) and the lysate of HFF cells transduced with the recombinant 

lentivirus with DP148R is in the second lane (HFF-DP148R). b) The lysate of HFF cells transduced with the control 

lentivirus is in the first lane (HFF-pSIN) and the lysate of HFF cells transduced with the recombinant lentivirus with 

I329L is in the second lane (HFF-I329L). 

As expected, no bands were present on the negative control HFF-pSIN lanes, but in the lane 

corresponding to the lysate of the HFF-I329L cells, there was a principal band with the expected 50 kDa 

molecular weight, plus two others (30 and 17 kDa molecular weight). In the lane corresponding to the 

lysate of the HFF-DP148R cells, only the predicted 17 kDa band was present. 

An assay was performed to determine both (1) if the IFN response of the transduced cells is 

diminished and (2) if the virus yield is increased, when comparing to the controls. Transduced cells 

(HFF-I329L and HFF-DP148R) were infected with HCMV. A positive and a negative control were used. 

The positive control consisted of HFF cells transduced with the empty/control lentivirus (HFF-pSIN) 

infected with HCMV. The negative control consisted of mock-infected HFF cells. 

In order to determine IFN-β concentration in this assay, an ELISA was performed. At several 

time-points (6h, 32h, and 90h), aliquots of the culture supernatants were collected. The results are in 

Figure 8. The time-points were selected based on a preliminary assay that was performed to determine 
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appropriate time-points for detecting IFN-β in the supernatant (results not shown). Several serial 2-fold 

dilutions of standard hIFN-β were also subjected to luminescence measurement in order to set a 

standard curve to know the relation between relative light units (RLU) and the concentration of the 

measured sample (see Supplementary information, section 7.3. Standard line/equation). 

In order to determine virus yield in this assay, a plaque assay was performed 5 days post-

infection. The supernatants of the transduced cultures were collected to perform a plaque assay to 

determine virus titers and the results are presented in Figure 9. 

 

Figure 8 - Transgenic expression of virus IFN evasion genes reduces the HCMV stimulated IFN 

response. Results of the ELISA measurements of human IFN-β. HFF cells transduced with empty (pSIN), I329L 

and DP148R lentiviruses were infected with HCMV and the cultures supernatants were collected at 6, 32 and 90 

hours post-infection. HFF cells were simultaneously mock infected and the culture supernatants were collected at 

the same time points. The error bars correspond to the standard error. Details in Methods (3.3.2.1). 

These results (Figure 8) clearly demonstrate the inhibitory impact of the viral transgenes on the 

production of IFN-β. 

At 6h post-infection, the IFN concentration in the supernatant of the mock-infected HFF cells is 

lower (4,1 pg/mL) than all the other samples. The positive control (HFF cells transduced with the empty 

lentivirus) shows the highest concentration (around four times more than the negative control). In 

contrast, the HFF cells expressing the viral genes (I329L and DP148R) consistently secreted reduced 

levels of IFN-β at all time-points. 

When analysing the results of the performed plaque assays, as shown in Figure 9, it is possible 

to conclude that the virus yields of the I329L and DP148R transduced cells are increased when 

compared to the control (HFF-pSIN). 

In the plaque assay, several dilutions of the culture supernatants were used. The results here 

presented correspond to the values of only one of the dilutions, the one that was most representative.  
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Figure 9 – Transgenic expression of virus IFN evasion genes increases the yield of HCMV. HFF 

cells transduced with empty (pSIN), I329L and DP148R lentiviruses were infected with HCMV. Culture supernatants 

were submitted to a plaque assay 120 hours post-infection. Details in Methods (3.3.2.2). 

The summary of the results is presented in Table 3. 

Table 3 - Virus genes inhibiting the IFN response. Overview of the genes DP148R and I329L and 

summary of the results. 

Gene 

Inhibition of IFN Transgenic cells 

Induction Impact 
Gene Expression 

(Western blot) 

IFN response 

(ELISA) 

Virus Titer 

(Plaque assay) 

DP148R    Inhibited Increased 

I329L    Inhibited Increased 
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5. DISCUSSION 

5.1. Rationale 

This work tests and proves the hypothesis that viral genes evolved for inhibition of the interferon 

(IFN) response are “ready-made tools” for the construction of mammalian cell lines with (1) a reduced 

IFN response to virus infection and (2) an increased yield of the virus. These predictions were indeed 

confirmed with human foreskin fibroblasts transgenically expressing either of two genes of the ASFV, 

already proved to inhibit the IFN response by two entirely different mechanisms. Such cell lines may 

find application in the more efficient production of virus vaccines. 

The strategy was based on the following considerations: 

1. The mechanism of inhibition of the IFN response by the selected genes has been defined. For 

example, I329L, a gene of the ASFV, is an antagonist of TLR3, and thus inhibits activation of 

the IRF-3 and NF-κB transcription factors. The DP148R gene of the ASFV, on the other hand, 

inhibits both the induction and impact of the IFN response at the level of MAVS and STAT1, 

respectively. 

2. These two ASFV genes, although originally identified in a virus with tropism for porcine 

macrophages, have been demonstrated to function in human, murine and porcine cells, thus 

potentially permitting a functional consequence (i. e. inhibition) when expressed as transgenes 

in human foreskin fibroblasts. If this work is to have any practical consequence for human 

vaccine production, there is a clear advantage in the use of human cells. 

3. The virus chosen to test the impact of the ASFV transgenes on the IFN response was not ASFV, 

but a different virus, human cytomegalovirus (HCMV). This decision was based on the fact that 

infection with the homologous ASFV will also provide the same genes as those introduced as 

transgenes in the mammalian cell line. 

5.2. Transduction of HFF cells 

The successful transduction of HFF cells by I329L and DP148R was demonstrated by a western 

blot assay. 

On the online database UniProt, the I329L protein of ASFV is described as having 38,5 kDa 

and the DP148R protein, MGF360-18R, of the same organism is 17,2 kDa (Uniprot - I329L; Uniprot - 

MGF360-18R). The band at 17 kDa on the HFF-DP148R lane, Figure 7, therefore corresponds to the 

MGF360-18R protein. The control cells transfected with the empty vector lentivirus were, as expected, 

negative in the western blot. 

The principal band on the HFF-I329L lane is approximately 50 kDa, larger than the predicted 

molecular weight of 38,5, due to its eight glycosylation sites (de Oliveira et al., 2011; Uniprot - I329L). 

The two additional bands (with molecular weights of 30 and 17 kDa) may be the result of proteolytic 

degradation of I329L or a non-specific, cross-reacting antibody recognition. 
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Therefore, one may conclude that the cells transduced with pSIN-I329L LV and pSIN-DP148R 

LV are expressing the predicted proteins and thus the lentiviral transduction was successful (the genes 

were inserted into the HFF cells' genome). 

5.3. Infection of transduced cells with herpesvirus HCMV 

Having successfully transduced the cell lines with virus genes inhibiting the IFN response, an 

assay to test IFN and virus amounts was then performed. As mentioned above, HCMV was selected as 

the virus to test the hypothesis. 

The amount of IFN that a virus induces in a cell, upon infection depends on the type of cell 

infected, the amount and type of PAMPs presented to the cell, the existence or absence of viral gene 

evasion mechanisms (to inhibit IFN induction signaling pathways) and their action method (Randall and 

Goodbourn, 2008). 

Herpesviruses are a large group of (ds)DNA viruses. A typical herpes virion is composed of the 

core, the capsid, the tegument and the envelope. Herpesviruses are a part of the Herpesvirales order 

and Herpesviridae family. HCMV belongs to the β subfamily, which has a relatively long replication, with 

a slow progression in culture. HCMV is a ubiquitous human pathogen, with a lifelong persistence, that 

targets epithelial cells, endothelial cells, fibroblasts and smooth muscle cells. The standard cell culture 

system for propagation of HCMV is fibroblasts (Costa, 2012). 

The HCMV deals extremely well with the host’s immune responses, in particular with cell 

mediated immunity, having an extensive repertoire of genes coding for different evasion mechanisms 

(Paijo et al., 2016). In contrast, the ASFV has evolved several genes coding for evasion mechanisms 

impacting on the IFN response, such as the genes I329L, DP148R, DP146L, A276R, and K205R, 

approached on this thesis. 

Using ASFV evasion mechanism genes in this assay with HCMV infection avoids the problem 

of selecting a transgene that simply repeats an “anti-IFN” strategy provided by the chosen virus, as 

mentioned above. 

Herpesviruses have been reported to activate TLRs, RLRs and DNA sensors. TLR2 senses 

glycoproteins of the viral envelope, upon viral entry. During the replication of herpesvirus, there is an 

accumulation of intracellular (ds)RNA that activates TLR3. β-herpesviruses particles contain viral 

mRNAs. Both these viral mRNAs and replication intermediates are agonists of TLR7. Intracellular RNA 

can also be recognized by RLRs, such as RIG-I and MDA-5. As a DNA virus, herpesviruses reportedly 

activate DAI, AIM2, IFI16 and other DNA sensors. Several reports show TLR2, DAI (in fibroblasts) and 

IFI16 activation upon HCMV infection and TLR9, TLR7, AIM2 and IFI16 activation upon MCMV infection. 

(Paludan et al., 2011) HCMV activates the adaptor protein STING by activating the mentioned DNA 

sensors. In human fibroblasts, it was shown that the IFI16-STING pathway is activated by HCMV. DAI 

and cGAS were also shown to be involved in the detection of HCMV DNA, upon infection, in human 

fibroblasts (Kim et al., 2017; Paijo et al., 2016). However, TLR-induced pathways have been shown to 

have more importance in innate immune cells and not in fibroblasts (DeFilippis et al., 2010). 
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In the ELISA assay, mock-infected cells were expected to show low results of IFN since the IFN 

response was not stimulated. In contrast, the other cells tested were infected with HCMV and so 

received a stimulus for the IFN response. Cells transduced with the empty plasmid and infected with 

HCMV provide the positive control as their IFN response was clearly stimulated. In the HFF-I329L and 

HFF-DP148R cells, on the other hand, the genes inserted into the cells' genome should inhibit the 

induction of the IFN production, as indeed was observed. 

The I329L protein is a typical type I transmembrane protein, which inhibits an important arm of 

the innate anti-virus immune response, the activation of TLR3 by viral (ds)RNA, and thus the production 

of type I IFN. The inhibition is achieved by two separate mechanisms: the extracellular domain inhibits 

interactions between TLR3 and its (ds)RNA ligand and the intracellular domain inhibits through direct 

interaction with the intracellular signaling intermediate TRIF.  Recent experiments have demonstrated 

that I329L inhibits stimulation of all the TLRs (Correia, unpublished; Correia et al., 2013b). Since HCMV 

activates TLRs upon infection, it is anticipated that the insertion of the I329L gene into the HFF cells' 

genome will inhibit the TLR signaling pathways activated by HCMV, leading to a decrease in the level 

of induction and expression of IFN. The results are consistent with what was expected. 

The DP148R protein interferes both in the induction of the IFN and in its impact. The induction 

pathway is inhibited by DP148R protein through MAVS (Correia, unpublished). The HCMV infection may 

activate the RIG-I and MDA-5 cytosolic receptors during viral replication, due to replication intermediate 

RNA nucleic acids present in the cytoplasm. Since both RIG-I and MDA-5 signal through MAVS, it is 

anticipated that the insertion of the DP148R gene into the HFF cells’ genome will inhibit the MAVS 

signaling pathways (through IRF-3 and NF-κB) activated by HCMV, thereby provoking a decrease in the 

induction and expression of IFN. The DP148R protein also manipulates the polyubiquitination system in 

order to induce degradation of STAT1, and thus inhibit signaling via both the type I and II IFN receptors 

(Correia et al., 2013a). Furthermore, fibroblasts mainly rely on autocrine feedback for an efficient IFN 

response, for example, when IFN interacts with cells, IRF-7 is expressed, which leads to a positive 

feedback loop that results in additional amplification of IFN-β (Hwang et al., 2009). Taking these facts 

into consideration, it is also expected that the insertion of the DP148R gene into the HFF cells’ genome 

will also inhibit the impact of IFN-β, which will reduce the expression of IRF-7 and consequently 

decrease the induction of IFN-β, resulting in lower expression of IFN-β and more efficient virus 

replication in these cells. The results are consistent with what was expected. 

Finally, although genomic DNA is the principal trigger for the host innate immune response to 

herpes virus (Paludan et al., 2011), the RNA-mediated activation of the IFN signaling pathways, via both 

endosomal and cytosolic compartments, plays a bigger role in the  amplification of the IFN response 

(after viral replication is initiated and viral replication intermediates start to be produced). 

Having confirmed that the IFN-β response of both HFF-I329L and HFF-DP148R transduced 

cells is inhibited, it was expected that HFF-pSIN culture supernatants would have lower virus 

concentrations when compared to the HFF-I329L and HFF-DP148R culture supernatants. The results 

were as expected, as can be seen in Figure 9. The results obtained also show that HCMV is clearly not 

able to evade IFN response completely, even though it has many genes coding for evasion mechanisms. 
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IFN-β may be essential in triggering the production of type I IFNs in non-hematopoietic tissues, 

such as fibroblasts (Erlandsson et al., 1998). Thus, since the IFN-β response is impaired in these 

transduced cells, the IFN-α response is impaired as well, resulting in a diminished type I IFN response. 

Type I IFNs, through their impact signaling pathway, are responsible for triggering transcription of ISGs, 

establishing an antiviral state on the secreting and neighboring cells. Without an IFN response, without 

expression of ISGs and, consequently, without the antiviral state, the cells become more susceptible to 

the invading virus, having fewer countermeasures available. Cells with a diminished/deficient IFN 

response reportedly were more susceptible to viral infection, less capable of restricting virus spread and 

consequently led to higher viral titers (Hwang et al., 1995; Nice et al., 2016; Stewart et al., 2014). Indeed 

the same occurred in these experiments.  
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6. CONCLUSIONS AND FUTURE PERSPECTIVES 

Viruses are obligate intracellular parasites and so they depend on host machinery for 

replication. The co-evolution of virus and host has led to the evolution of the immune system by the host 

and of evasion strategies by the virus. Several viruses, including ASFV and HCMV, have multiple 

evasion genes encoding for proteins that interfere with the immune system of the host, including some 

evasion genes directly inhibiting the induction and/or the impact of IFN. Based on this, the hypothesis 

that cells expressing viral evasion genes for inhibition of IFN signaling pathways, having a diminished 

IFN response, will produce more virus has been proposed. In practice, if the hypothesis is confirmed, 

this strategy can be used for more efficient viral vaccine production.  

Optimized strategies for viral production are needed not only to produce new viral vaccines but 

also to improve the process of the existing ones and possibly to produce viral vectors as well. 

In this project, the proposed objective was accomplished, and the hypothesis was tested using 

the described strategy. Additionally, the results supported the original hypothesis. The strategy 

employed in this project may have application in the production of live viral vaccines through higher 

yields of virus in such transgenic cell lines. The only extra step would be to prepare the transduced cell 

lines, which can then be kept for a long time using a master cell stock. 

This thesis focuses only on this strategy to more efficiently produce viral vaccines but there are 

other vaccine approaches. Live viral vaccines are not the cheapest to produce, they raise more safety 

concerns than other types of vaccines and some can revert to the pathogenic form. Moreover genetically 

engineering cell lines is time-consuming and its use may create regulatory problems for vaccine 

manufacturers (Stewart et al., 2014). 

Subunit vaccines are cheaper to produce than live vaccines. However, the elicited immune 

response is generally not as strong, booster shots and larger doses are required and, most importantly, 

the cellular immune response is not stimulated. 

One intriguing possibility is to chemically inhibit the IFN response in cells, for vaccine 

production. The cost might be higher because of the medium supplementation with IFN inhibitor, but 

that might be compensated if the virus titers were high enough. This approach would also be more 

flexible in the cell line used but the harvested virus stocks would contain the inhibitor, imposing the 

necessity of extra purification of the virus (Stewart et al., 2014).  Another option to improve virus yields 

could be possibly employing the same strategy described in this thesis but using a viral evasion gene 

inhibiting the DNA sensing pathways, either alone or in combination with one of the used genes (I329L 

or DP148R). 

In the future, the project will continue by testing the other viral “anti-IFN” genes that have already 

been cloned into the transfer vector (see Table 2) A276R, DP146L, K205R, ORF36, and ORF36Δ. It 

would be particularly interesting to compare the impact of transgenically expressed full length, 

ectodomain, and endodomain of I329L on the IFN response. Also, given that ORF36 and ORF36Δ are 

from a herpesvirus, the system in which the hypothesis would be tested would be different. Here, instead 
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of human cells transduced with ASFV evasion genes, infected with HCMV, the test system would be 

porcine cells with KSHV genes, ORF36 and ORF36Δ, infected with ASFV.  

In addition, it would be interesting to transduce a cell with more than one viral evasion gene to 

check if the IFN-β would be further inhibited and if the virus titer would further increase. Once the optimal 

viral evasion gene or combination of viral evasion genes were found, the assays could also be performed 

using attenuated viruses so that further increased virus titers can be checked and that a step is given in 

the direction of being closer to the intended practical application.  

Finally, this work may also have relevance for the construction of the very urgently needed 

vaccine for ASFV. A considerable amount of work has been put into this objective, but with disappointing 

results. A variety of “anti-IFN” gene deletion mutant virus vaccines have been constructed and tested in 

pigs (Reis et al., 2017). The cost of the vaccination trial is enormous, in the range of 40 000 – 70 000 € 

(Dixon, personal communication). Comparison of ASFV genes which are candidates for deletion mutant 

virus construction, through preliminary testing in the system developed here, might provide a more 

economical and rational basis for deciding which is the most appropriate gene to select for construction 

and testing of an attenuated, gene deletion mutant virus vaccine. 

  



36 

 

7. REFERENCES 

 

Christensen, M.H., and Paludan, S.R. (2017). Viral evasion of DNA-stimulated innate immune 
responses. Cell Mol Immunol. 14(1), 4-13. Published online 2016/03/14 DOI: 10.1038/cmi.2016.06. 

Correia, S., Ventura, S., Goodbourn, S., and Parkhouse, R., 2013a. African swine fever virus include 
multiple mechanisms for the manipulation of interferon responses, Cytokine. p. 256. 

Correia, S., Ventura, S., and Parkhouse, R.M. (2013b). Identification and utility of innate immune system 
evasion mechanisms of ASFV. Virus Res. 173(1), 87-100. Published online 2012/11/16 DOI: 
10.1016/j.virusres.2012.10.013. 

Costa, H., 2012. Mechanism of Interleukin-8 induction by Human Cytomegalovirus UL76 protein, 

Biology. Universidade Nova de Lisboa, Oeiras. 

De Andrea, M., Ravera, R., Gioia, D., Gariglio, M., and Landolfo, S. (2002). The interferon system: an 

overview. Eur J Paediatr Neurol. 6 Suppl A, A41-46; discussion A55-48. 

de Oliveira, V.L., Almeida, S.C., Soares, H.R., Crespo, A., Marshall-Clarke, S., and Parkhouse, R.M. 

(2011). A novel TLR3 inhibitor encoded by African swine fever virus (ASFV). Arch Virol. 156(4), 597-
609. Published online 2011/01/04 DOI: 10.1007/s00705-010-0894-7. 

DeFilippis, V.R., Alvarado, D., Sali, T., Rothenburg, S., and Früh, K. (2010). Human cytomegalovirus 
induces the interferon response via the DNA sensor ZBP1. J Virol. 84(1), 585-598. DOI: 
10.1128/JVI.01748-09. 

Erlandsson, L., Blumenthal, R., Eloranta, M.L., Engel, H., Alm, G., Weiss, S., and Leanderson, T. (1998). 

Interferon-beta is required for interferon-alpha production in mouse fibroblasts. Curr Biol. 8(4), 223-226. 

Fensterl, V., and Sen, G.C. (2009). Interferons and viral infections. Biofactors. 35(1), 14-20. DOI: 

10.1002/biof.6. 

García-Sastre, A. (2017). Ten Strategies of Interferon Evasion by Viruses. Cell Host Microbe. 22(2), 

176-184. DOI: 10.1016/j.chom.2017.07.012. 

Hwang, S., Kim, K.S., Flano, E., Wu, T.T., Tong, L.M., Park, A.N., Song, M.J., Sanchez, D.J., O'Connell, 

R.M., Cheng, G., et al. (2009). Conserved herpesviral kinase promotes viral persistence by inhibiting 
the IRF-3-mediated type I interferon response. Cell Host Microbe. 5(2), 166-178. DOI: 
10.1016/j.chom.2008.12.013. 

Hwang, S.Y., Hertzog, P.J., Holland, K.A., Sumarsono, S.H., Tymms, M.J., Hamilton, J.A., Whitty, G., 

Bertoncello, I., and Kola, I. (1995). A null mutation in the gene encoding a type I interferon receptor 
component eliminates antiproliferative and antiviral responses to interferons alpha and beta and alters 
macrophage responses. Proc Natl Acad Sci U S A. 92(24), 11284-11288. 

Invitrogen, pcDNA3: restriction map and sequence. 

http://www2.kumc.edu/soalab/LabLinks/vectors/pcdna3.htm. Acessed on April 2018. 

Kim, J.E., Kim, Y.E., Stinski, M.F., Ahn, J.H., and Song, Y.J. (2017). Human Cytomegalovirus IE2 86 

kDa Protein Induces STING Degradation and Inhibits cGAMP-Mediated IFN-β Induction. Front 
Microbiol. 8, 1854. Published online 2017/09/26 DOI: 10.3389/fmicb.2017.01854. 

Moser, M., and Leo, O. (2010). Key concepts in immunology. Vaccine. 28 Suppl 3, C2-13. DOI: 
10.1016/j.vaccine.2010.07.022. 

Murray, P., Rosenthal, K., Kobayashi, G., and Pfaller, M. (2002). Medical Microbiology (Mosby). 

Nice, T.J., Osborne, L.C., Tomov, V.T., Artis, D., Wherry, E.J., and Virgin, H.W. (2016). Type I Interferon 

Receptor Deficiency in Dendritic Cells Facilitates Systemic Murine Norovirus Persistence Despite 
Enhanced Adaptive Immunity. PLoS Pathog. 12(6), e1005684. Published online 2016/06/21 DOI: 
10.1371/journal.ppat.1005684. 

Oeckinghaus, A., and Ghosh, S. (2009). The NF-kappaB family of transcription factors and its regulation. 

Cold Spring Harb Perspect Biol. 1(4), a000034. DOI: 10.1101/cshperspect.a000034. 

Paijo, J., Döring, M., Spanier, J., Grabski, E., Nooruzzaman, M., Schmidt, T., Witte, G., Messerle, M., 

Hornung, V., Kaever, V., et al. (2016). cGAS Senses Human Cytomegalovirus and Induces Type I 

http://www2.kumc.edu/soalab/LabLinks/vectors/pcdna3.htm


37 

 

Interferon Responses in Human Monocyte-Derived Cells. PLoS Pathog. 12(4), e1005546. Published 
online 2016/04/08 DOI: 10.1371/journal.ppat.1005546. 

Paludan, S.R., Bowie, A.G., Horan, K.A., and Fitzgerald, K.A. (2011). Recognition of herpesviruses by 

the innate immune system. Nat Rev Immunol. 11(2), 143-154. DOI: 10.1038/nri2937. 

Portugal, R., Coelho, J., Höper, D., Little, N.S., Smithson, C., Upton, C., Martins, C., Leitão, A., and Keil, 

G.M. (2015). Related strains of African swine fever virus with different virulence: genome comparison 
and analysis. J Gen Virol. 96(Pt 2), 408-419. Published online 2014/11/18 DOI: 10.1099/vir.0.070508-
0. 

Randall, R.E., and Goodbourn, S. (2008). Interferons and viruses: an interplay between induction, 

signalling, antiviral responses and virus countermeasures. J Gen Virol. 89(Pt 1), 1-47. DOI: 
10.1099/vir.0.83391-0. 

Reis, A.L., 2008. Cloning, immunogenicity and functional analysis of African Swine Fever virus 
serological immunodeterminants  Veterenary sciences. Universidade Técnica de Lisboa, Lisboa. 

Reis, A.L., Goatley, L.C., Jabbar, T., Sanchez-Cordon, P.J., Netherton, C.L., Chapman, D.A.G., and 
Dixon, L.K. (2017). Deletion of the African Swine Fever Virus Gene DP148R Does Not Reduce Virus 
Replication in Culture but Reduces Virus Virulence in Pigs and Induces High Levels of Protection against 
Challenge. J Virol. 91(24). Published online 2017/11/30 DOI: 10.1128/JVI.01428-17. 

Rueckert, C., and Guzmán, C.A. (2012). Vaccines: from empirical development to rational design. PLoS 
Pathog. 8(11), e1003001. Published online 2012/11/08 DOI: 10.1371/journal.ppat.1003001. 

Stewart, C.E., Randall, R.E., and Adamson, C.S. (2014). Inhibitors of the interferon response enhance 
virus replication in vitro. PLoS One. 9(11), e112014. Published online 2014/11/12 DOI: 
10.1371/journal.pone.0112014. 

Uniprot, Protein MGF 360-18R - African swine fever virus. http://www.uniprot.org/uniprot/Q65211. 

Acessed on May 2018. 

Uniprot, Transmembrane protein I329L precursor - African swine fever virus. 

http://www.uniprot.org/uniprot/P27945. Acessed on May 2018. 

Zepp, F. (2010). Principles of vaccine design-Lessons from nature. Vaccine. 28 Suppl 3, C14-24. DOI: 

10.1016/j.vaccine.2010.07.020. 

 

  

http://www.uniprot.org/uniprot/Q65211
http://www.uniprot.org/uniprot/P27945


38 

 

8. SUPPLEMENTARY INFORMATION 

8.1. pcDNA3 vector map 

 

Figure 10 - pcDNA3 vector map, including restriction enzymes. Figure extracted from (Invitrogen). 
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8.2. Schematic representation of plasmids 

8.2.1. pcDNA3-DP146L 

 

Figure 11 - Schematic representation of pcDNA3-DP146L plasmid. 

8.2.2. pcDNA3-ORF36 

 

Figure 12 - Schematic representation of pcDNA3-ORF36 plasmid. 

8.2.3. pcDNA3-K205R 

 

Figure 13 - Schematic representation of pcDNA3-K205R plasmid. 

8.2.4. pcDNA3-A276R 

 

Figure 14 - Schematic representation of pcDNA3-A276R plasmid. 

8.2.5. pcDNA3-I329L 

 

Figure 15 - Schematic representation of pcDNA3-I329L plasmid. 

8.2.6. pcDNA3-DP148R 

 

Figure 16 - Schematic representation of pcDNA3-DP148R plasmid. 
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8.3. Standard line/equation for ELISA 

 

Figure 17 - Standard line and the respective equation for the analysis of the results from ELISA. 

y = 57,964x + 566,2
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