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General abstract 
 

Although several anRviral strategies have been developed in the last decade, 

hepatotropic viruses are sRll a significant public health burden, with more than 300 

million people being affected worldwide. Hepatocytes, the primary cells of the liver, are 

the primary targets of hepatotropic viruses. Moreover, hepatotropic viruses, in 

parRcular hepaRRs B and C viruses, can persist causing chronic viral hepaRRs, where 

hepatocellular carcinoma is a common outcome. 

 

While research on the liver anRviral response has focused on immune cell involvement, 

less is known about the intrinsic anRviral acRvity of hepatocytes, the primary target of 

hepatotropic viruses. Development of anRviral strategies focusing on hepatocyte 

anRviral acRvity might, as shown by clinical trials using type III interferons, increase the 

efficacy of anRviral therapies. Therefore, studying and characterising the molecular 

mechanisms behind anRviral acRvity of hepatocytes can potenRally lead to development 

of new anRviral therapies. 

 

Pathogen detecRon and acRvaRon of innate anRviral acRvity is required for the clearance 

of the virus. In this case, evoluRonary conserved pathogen-associated molecular 

pa[erns (PAMPs) are recognised by germline encoded pa[ern recogniRon receptors 

(PRRs). Virus-derived RNA, which acts as a potent PRR in hepatotropic viral infecRons, is 

recognised by different PRRs, such as Toll-Like Receptor 3 (TLR3), ReRnoic Acid-inducible 

Gene I-like receptors (RLRs) and double-stranded RNA-acRvated protein kinase  (PKR). In 

our study, using human hepatoma cell lines and induced pluripotent stem cell (iPSC)-

derived hepatocytes as primary human hepatocyte models, we first aimed to idenRfy 

the PRRs acRvated by viral-like RNA. In this case, using double stranded RNA (dsRNA) 

such as polyinosinic:polycyRdylic acid (poly I:C) which mimics viral RNA, we observed 

that RLRs and PKR, but not TLR3, are the main receptors involved in recogniRon of 

immunogenic RNA by hepatocytes.  

 

Immune response-dependent metabolism has been extensively studied in immune cells. 

Whether cellular metabolism is involved in the innate anRviral response in hepatocytes, 
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which have demanding metabolic roles when compared to other cell types, is subject of 

this thesis. In our study, we observed that sRmulaRon with transfected dsRNA decreased 

mitochondrial respiraRon and increased reacRve oxygen species (ROS) producRon while 

inducing an anRviral state. ROS homeostasis, regulated by ROS producRon and 

anRoxidant enzymes, is crucial for modulaRng cell signaling and avoiding cell damage 

during viral infecRon. However, the molecular mechanisms through which anRoxidant 

enzymes are involved in the innate anRviral response are not fully understood. 

 

Therefore, we went on to explore how cellular anRoxidants involved in controlling ROS 

and oxidaRve stress might influence the anRviral acRvity of the hepatocyte. Analysing 

publicly available datasets, we idenRfied the anRoxidant enzyme peroxiredoxin 4 

(PRDX4) as a potenRal regulator of innate anRviral acRvity in hepatocytes. Decreasing 

PRDX4 expression resulted in increased IFN-mediated anRviral acRvity and pro-

inflammatory cytokine producRon following dsRNA sRmulaRon or hepatotropic viral 

infecRon in human hepaRc models. These results were confirmed in other cell types, 

suggesRng that the mechanism observed is conserved among different cell types. 

Cytoplasmic dsRNA acRvates RLRs and the downstream mitochondrial anRviral protein 

(MAVS), which aggregates and funcRons as a hub for the acRvaRon of transcripRonal 

factors involved in inducing the anRviral state. In this case, we observed that PRDX4 

silencing increased MAVS aggregaRon upon dsRNA sRmulaRon.  

 

Taken together, our results highlight and explore the inRmate link between innate 

anRviral acRvity and the cellular redox system in hepatocytes. We idenRfied a novel role 

for PRDX4 in modulaRng the innate anRviral response. The molecular mechanisms 

through which PRDX4 deficiency increase innate anRviral acRvity remain to be defined. 
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NADP:  NicoRnamide adenine dinucleoRde phosphate 

NAFLD:  Non-alcoholic fa[y liver disease 

NATCH: NAIP, CIITA, HET-E, and TP-1 

NEK7:  Never in mitosis gene a-related kinase 7 

NF-kB:  Nuclear factor kappa B 

NLR:  NOD-like receptor 

NLRA:  NLR family, acid domain containing 

NLRB:  NLR family, BIR domain containing 

NLRC:  NLR family, CARD domain containing 

NLRP:  NLR family, PYD domain containing 

NLRX:  NLR family, mitochondrial-addressing sequence containing 

NOD:  NucleoRde-binding oligomerisaRon domain 

NRF2:  Nuclear factor erythroid 2-related factor 2 

OAA:  OxaloaceRc acid 

OAS1:  2’-5’-Oligoadenylate synthase 1 

OMM:  Outer mitochondrial membrane 

OxPhos: OxidaRve phosphorylaRon 

PACT:  PKR acRvaRng protein 

PAMP:  Pathogen-associated molecular pa[ern 

PBS:  Phosphate buffered saline 
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PGE2:  Prostaglandin E2 

PHH:  Primary human hepatocyte 

PKR:  Protein kinase R 

PMSF:  Phenylmethanesulfonylfluoride 

Poly I:C: Polyinosine-polycyRdylic acid 

PRDX:  Peroxiredoxin 

PRR:  Pa[ern recogniRon receptor 

PYD:  Pyrin 

RAG2:  RecombinaRon acRvaRng gene 2 

RET:  Reverse electron transport 

RIG-I:  ReRnoic acid-inducible gene I 

RLR:  RIG-I-like receptor 

RNA:  Ribonucleic acid 

ROS:  ReacRve oxygen species 

RSV:  Respiratory syncyRal virus 

SARM:  Sterile a- and armadillo-moRf-containing protein 

SARS-CoV2: Severe acute respiratory syndrome coronavirus 2 

SDD-AGE: Semi-denaturaRng detergent agarose gel electrophoresis 

SDH:  Succinate dehydrogenase 

SDS:  Sodium dodecylsufate 

SDS-PAGE: SDS-polyacrylamide gel electrophoresis 

SEM:  Standard error of the mean 

shRNA:  Short hairpin RNA 

siRNA:  Small interfering RNA 

SIRT:  Sirtuin 

SLE:  Systemic lupus erythematosus 

SOD:  Superoxide dismutase 

ssRNA:  Single-stranded RNA 

STAT:  Signal transducer and acRvator of transcripRon 

STING:  SRmulator of interferon genes 

TBK1:  TANK-binding kinase 1 

TBS:  TRIS-buffered saline 
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TCA:  Tricarboxylic acid 

TEMED: N,N,N’,N’-Tetramethylethylenediamine 

TIR:  Toll-interleukin-1 receptor 

TLR:  Toll-like receptor 

TNF:  Tumor necrosis factor 

TRAF:  TNF receptor-associated factor 

TRAM:  TRIF-related adaptor molecule 

TRIF:  TIR-domain containing adaptor inducing interferon (IFN)-b 

TYK2:  Tyrosine kinase 2 

T-poly I:C: Transfected poly I:C 

USP18:  UbiquiRn specific pepRdase 18 

VSV:  Vesicular stomaRRs Indiana virus 

ZBP1:  Z-DNA binding protein 1 

ZIKV:  Zika virus 

3-hpRNA 5’ triphosphate hairpin-RNA 
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Chapter 1: General introduc(on 

 

Hepatocytes are targeted by different hepatotropic viruses, such as hepaRRs viruses 

(hepaRRs B and C viruses, HBV and HCV). Worldwide, more than 360 million people are 

affected by HBV and HCV. Although type I IFN- and direct acRng anRviral (DAAs)-based 

drugs have been developed, chronic hepatotropic infecRons are sRll a common 

outcome, increasing the risk of liver fibrosis, cirrhosis, and eventual hepatocellular 

carcinoma. Unravelling the cellular and molecular mechanisms behind hepaRc innate 

anRviral acRvity is required for developing more efficient and specific pharmacological 

strategies. 

 

While hepatocytes are responsible for metabolism homeostasis, they are also able to 

mount an innate anRviral response. Although immune acRviRes have been found to 

rewire cellular metabolism in myeloid and lymphoid cells, less is known in other cell 

types, such as hepatocytes. Given the fundamental metabolic role and anRviral response 

in hepatocytes, studying the link between the two acRviRes may shed light on new 

mechanisms which can provide tools for developing new therapeuRcal strategies. This 

introducRon will therefore focus first on innate anRviral response, before introducing the 

field of immunometabolism and its role in the hepaRc anRviral response. 

 

1.1 Innate immunity 

 

The immune system is responsible for protecRng the host from harmful pathogens, such 

as bacteria and viruses, and maintaining a homeostaRc balance. The immune response 

can be divided, based on differences in specificity, memory capacity, and kineRc, into 

innate and adapRve immunity. Innate immunity is the first line of defence against 

invading pathogens and sets the basis for a long lasRng adapRve immune response [1]. 

Innate immunity can be divided into two levels itself, physical and chemical barriers 

including epidermis, mucosal Rssues, anRmicrobial pepRdes, acidic pH, and proteins 

involved in the complement and coagulaRon systems; and a second level based on 

innate immune cells acRvity. Innate immune cells include myeloid cells such as monocyte 
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subsets, granulocytes, and lymphoid cells such as dendriRc cells and Natural Killer cells 

[2]. 

 

AcRvaRon of the innate immune system relies on the ability to idenRfy invading 

pathogens and host-derived molecular danger signals. This is possible due to the 

recogniRon of evoluRonary conserved pathogen-associated molecular pa[erns (PAMPs) 

and damage-associated molecular pa[erns (DAMPs), respecRvely, by pa[ern-

recogniRon receptors (PRRs). PAMPs are specific and highly conserved molecular 

structures, such as lipids, proteins, and nucleic acids, shared by the same type of 

pathogens. PAMPs are essenRal for pathogen survival and usually have molecular 

characterisRcs not found in host cells. Thus, providing the basics for recognising the 

“self” from the “not-self” by PRRs [3]. ConvenRonally, PRRs can be divided into five 

families based on their molecular structures: Toll-like receptors (TLRs), nucleoRde 

oligomerizaRon domain (NOD)-like receptors (NLRs), reRnoic acid-inducible gene-I (RIG-

I)-like receptors (RLRs), C-type lecRn receptors (CLRs), and absent in melanoma-2 

(AIM2)-like receptors (ALRs) [3]. PRRs are localized in different cellular compartments, in 

the cytosol or anchored to cellular membranes and facing the extracellular space or the 

endosome. Innate immune cells are considered the effector cells of innate immunity, 

due to a higher basal expression of different PRRs and their capacity to recognise and 

eliminate invading pathogens through phagocytosis. However, innate immune funcRons 

are not unique to innate immune cells. PRRs are germline encoded genes, thus they can 

be expressed by several cell types, such as epithelial cells, which have been shown to 

display mechanisms of pathogen defence [4].  

 

1.2 Pa>ern recogni?on receptors of innate an?viral immunity 

 

PAMPs recogniRon by PRRs results in signal transducRon and acRvaRon of different 

transcripRon factors (TFs), leading to producRon of a broad range of molecules involved 

in the defence mechanism, including proinflammatory cytokines, chemokines, and 

interferons. Nuclear factor kappa-light-chain-enhancer of acRvated B cells (NF-kB), 

interferon regulatory factor 3 and 7 (IRF3 and IRF7), and acRvator protein 1 (AP-1) are 
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the main transcripRon factors orchestraRng the innate anRviral immune response [5]. 

Different viral structures are recognised as PAMPs by PRRs. Among these, envelope 

glycoproteins and genomic material (nucleic acids, DNA and RNA) are the most 

characterised viral PAMPs (Table 1.1) [5].  

 

PRR Class of PRR Ligand Loca#on 

TLR2-TLR1/6 Toll-like receptor Glycoproteins [6, 7] Plasma membrane 

TLR3 Toll-like receptor dsRNA [8] Endosome 

TLR4 Toll-like receptor Glycoproteins [9, 10] Plasma membrane 

TLR7 Toll-like receptor ssRNA [11, 12] Endosome 

TLR8 Toll-like receptor ssRNA [11, 13] Endosome 

TLR9 Toll-like receptor Non methylated CpG DNA [14] Endosome 

RIG-I RIG-I-like receptor 5’- 3p hairpin RNA, dsRNA [15] Cytosol 

MDA5 RIG-I-like receptor dsRNA [16] Cytosol 

NOD2 NOD-like receptor ssRNA [17] Cytosol 

NLRP1 NOD-like receptor dsRNA [18] Cytosol 

NLRP6 NOD-like receptor dsRNA [19] Cytosol 

PKR Cytosolic receptor dsRNA [20] Cytosol 

AIM2 
AIM2-like 

receptor 
dsDNA [21] Cytosol 

IFI16 Cytosolic receptor DNA [22] Cytosol 

ZBP1 Cytosolic receptor DNA [23] Cytosol, nucleus 

DDX41 Cytosolic receptor DNA [24] Cytosol 

cGAS Cytosolic receptor DNA [25] Cytosol 

 

Table 1.1 PRRs ac(vated by virus-derived PAMPs. 

 
1.2.1 Toll-like receptors involved in the an6viral response 

 

Toll-like receptors (TLRs) were the first class of PRRs to be discovered [26–28]. The TLR 

family comprises 10 members in humans (TLR1 – TLR10) and 12 in mice (TLR1 – TLR9, 

TLR11 – TLR13). TLRs are membrane-bound receptors, with a N-terminal leucine-rich 

repeat-containing ectodomain, involved in PAMP recogniRon, a single transmembrane 
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helix, and a cytoplasmic C-terminal Toll-interleukin-1 receptor (IL1-R) homology (TIR) 

domain, involved in the downstream signaling [29]. TLRs form heterodimers (TLR2/TLR1 

and TLR2/TLR6) or homodimers (TLR3, TLR4, TLR5, TLR7, TLR8, TLR9, TLR10), and upon 

interacRon between the ectodomain and the specific PAMP, a conformaRonal change in 

the receptor bring near the two TIR domains, which can recruit adaptor proteins 

involved in the downstream signaling. To date, five adaptor proteins have been 

described to interact with TLRs and mediated the signaling transducRon: myeloid 

differenRaRon primary response protein 88 (MyD88), MyD88-adaptor-like (MAL, also 

known as TIRAP), TIR-domain-containing adaptor protein inducing IFN-b (TRIF, also 

known as TICAM1), TRIF-related adaptor molecule (TRAM, also known as TICAM2), and 

sterile a- and armadillo-moRf-containing protein (SARM) [30]. MyD88 is recruited by all 

TLRs, with excepRon for TLR3, which interacts with TRIF. TLR2 and TLR4 signaling depend 

on the recruitment of MyD88 by MAL. Endocytosed TLR4 can also signal dependently on 

TRAM and TRIF and MAL/MyD88-independently [30, 31]. SARM is a negaRve regulator 

of TRIF-dependent signaling, thus inhibiRng TLR3 and TLR4 pathways [32]. Except for 

SARM, the other four adaptor proteins interact with downstream kinases resulRng in 

acRvaRon of transcripRon factors, among others NF-kB and IRFs (Fig. 1.1). These 

transcripRon factors mediate the inducRon of IFNs, inflammatory cytokines, and 

chemokines needed for the immune response [30].  

 

Among the TLRs characterised to date, several are implicated in the anRviral immunity. 

TLR4 was the first PRR idenRfied and studied [27]. Although TLR4 is known as being the 

lipopolysaccharide (LPS) receptor, different studies have shown that it binds also viral 

glycoprotein [33]. For instance, severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) spike protein has been shown to bind TLR4 and acRvate a downstream immune 

response [34]. Also TLR2, anchored to the plasma membrane and forming heterodimers 

with TLR1 or TLR6, is involved in recognising viral PAMPs, such as the SARS-CoV-2 

envelope protein [35]. Whether the mechanism relies on TLR2-TLR1, TLR2-TLR6, or both 

heterodimers is sRll unclear. 

 

Four different TLRs, TLR3, TLR7, TLR8 and TLR9, are localised in the endosome and 

recognise viral geneRc material. TLR3 binds virus-derived double-stranded RNA (dsRNA) 
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[8]. While TLR7 and TLR8 recognise single-stranded RNA (ssRNA) [11], TLR9 engages with 

unmethylated CpG DNA, a PAMP specific for both bacteria and viruses [36]. Although 

both TLR7 and TLR8 are acRvated by ssRNA, differences between the two receptors have 

been reported. TLR7 acRvaRon is more effecRve in inducing type I IFNs compared to TLR8 

acRvaRon, while TLR8 selecRve agonists are more effecRve at inducing pro-inflammatory 

cytokines [37]. 

 

 

Figure 1.1 Overview of  TLRs involved in an(viral response structure and downstream 

transcrip(on factors.  

TLRs dimers change their structure upon liga@on with the cognate PAMP(s). This causes 

the ac@va@on of TIR domains which can interact with downstream adaptor proteins. 

Each adaptor, which contain a TIR domain as well, ul@mately leads to ac@va@on of 

specific transcrip@on factors. Figure adapted from [30]. 

 

1.2.2 Cytosolic PRRs involved in the an6viral response 

 

While TLRs are localized withing the endosome or facing to extracellular space, different 

PRRs are cytoplasmic and have a key-role in the innate anRviral response by their ligaRon 

with viral nucleic acids. 
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1.2.2.1 RIG-I like receptors 

 

RIG-I-like receptors (RLRs) are RNA sensors localised in the cytosol. This protein family 

includes three members: reRnoic acid-inducible gene I (RIG-I), melanoma 

differenRaRon-associated protein 5 (MDA5), and laboratory of geneRcs and physiology 

2 (LGP2) [38]. All RLRs contain a central DExD/H-Box RNA helicase domain and a carboxy 

terminal domain, which work together in detecRng immunosRmulatory RNAs. RIG-I and 

MDA5, but not LGP2, have also two amino terminal caspase acRvaRon and recruitment 

domains (CARDs) involved in the downstream signaling. LPG2 lacks the N-terminal CARD 

domain but it contains the central helicase and the C-termina domain. Thus, LPG2 is able 

to bind RNAs but it cannot acRvate the downstream signaling. LPG2 funcRon is sRll 

unclear. Studies have shown that LPG2 acts as feedback inhibitor of RIG-I signaling [39], 

in other studies LPG2 was described as promoRng MDA5 acRvaRon and downstream 

acRvaRon [40], and LPG2 knock-out mice were more suscepRble to certain RNA viruses 

[41]. 

 

Although RIG-I and MDA5 belong to the same family receptor and have shared 

characterisRcs, they also present structural and funcRonal differences. In its inacRve 

form, RIG-I has a closed conformaRon mediated by specific interacRons between the two 

CARD domains and the helicase region [42]. While MDA5 adopts a more open 

conformaRon in absence of RNA. Moreover, the two receptors recognise different viral 

RNA structures. The chemical properRes of RNAs able to acRvate RIG-I have been 

extensively studied. RIG-I is acRvated by RNA molecules bearing a triphosphate group at 

their 5’ end [43, 44], with the first nucleoRde being unmethylated at its 2’-O [45]. These 

characterisRcs allow interacRons between the immunosRmulatory RNA and RIG-I C-

terminal domain. Moreover, a double strand region of the RNA is needed for its 

interacRon with the RIG-I helicase domain, causing an interrupRon in CARD-helicase 

domains interacRon [42]. Less is known about the chemical characterisRcs needed by 

RNAs to acRvate MDA5. Nonetheless it has been shown that long dsRNA binds to MDA5 

and acRvate the anRviral response [46, 47]. 
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Upon RNA binding, RLRs undergo conformaRonal changes which expose their CARD 

domains. This allows homotypic CARD-CARD interacRons with the downstream 

mitochondrial anRviral signaling protein (MAVS), which serves as scaffold protein for RLR 

signaling transducRon. MAVS is anchored through its carboxy terminal domain to the 

mitochondrial membrane, although it has been found also at the mitochondrial 

associated membranes [48] (MAMs, membrane structures connecRng endoplasmic 

reRculum and mitochondria) and anchored to peroxisomes [49]. MAVS CARD domains 

oligomerizaRon, upon RLR interacRon, cause MAVS proteins to form prion-like 

aggregates. This MAVS aggregaRon step is essenRal for the RLR-mediated anRviral 

response [50]. MAVS aggregates are able to interact with the tumor necrosis factor 

receptor-related factor (TRAF) family members TRAF2, TRAF3, TRAF5, and TRAF6 [51], 

and inhibitor of NF-kB kinase (IKK) family members (IKKe, TBK1, and IKKa/b) forming the 

supramolecular complex known as “MAVS signalosome” [52]. Once recruited and 

interacRng with MAVS, TRAFs and IKKs proteins acRvate a signaling cascade causing the 

phosphorylaRon of the transcripRon factors IRF3, and NF-kB. AcRvaRon of these 

transcripRon factors induces an innate anRviral response with an increase in gene 

expression of type I and III interferons as well as pro-inflammatory cytokines (Fig. 1.2) 

[50, 52]. 
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Figure 1.2 RLRs and MAVS share the CARD domain. 

Domain architecture of RLRs and MAVS. The three members of the RLRs family contain a 

helicase domain involved in binding RNA, but only RIG-I and MDA5 have the CARD 

domain needed for their interac@on with MAVS and the further downstream ac@va@on 

of the an@viral response (A). RIG-I and MDA5 interact with MAVS through a CARD-CARD 

domain interac@on. Upon RNA binding, RIG-I and MDA5 oligomerize and interact with 

MAVS CARD, causing MAVS aggrega@on. MAVS aggregates form a signalosome plaYorm 

needed for the downstream signal transduc@on which culminates in NF-kB, IRF3, and 

IRF7 ac@va@on, responsible for expression of IFNs and cytokines involved in the an@viral 

response. Figure adapted from [38]. 

 

1.2.2.2 NOD-like receptors 

 

NucleoRde oligomerisaRon domain (NOD)-like receptors (NLRs) are a third class of PRR 

recognising PAMPs and DAMPs during pathogen infecRon or cellular stress. The human 

genome contains 22 genes encoding for NLRs. NLRs are formed by three domains, a 

central NATCH, a C-terminal leucin-rich repeat shared by almost all the NLRs, and a 

specific N-terminal effector domain. The central NATCH domain (also known as NOD 

domain) is common to all NLRs and consists in seven disRnct conserved moRfs, including 

an ATP/GTPase-specific P-loop, a Mg2+ binding site, and five specific moRfs. The C-

terminal leucin-rich repeat (LRR) domain is involved in ligand binding, while the N-

terminal domain is involved in the effector funcRons and enables interacRons with 

downstream signaling molecules [53]. NLRs can be divided into five subfamilies, based 

on the N-terminal domain, namely the acidic transacRvaRon domain (NLRAs), BIR 

(Baculovirus Inhibitor of apoptosis protein Repeat) domain (NLRBs), CARD domain 

(NLRCs), PYD (pyrin) domain (NLRPs), and mitochondrial-addressing domain (NLRX) [54].  

 

Several members of NLRs are involved in the innate anRviral response. For instance, 

NOD2 recognises respiratory syncyRal virus (RSV)-derived ssRNA and trigger a MAVS-

dependent anRviral response [17], while NLRP1 and NLRP6 have been shown to bind 

dsRNA and acRvate a downstream anRviral response [18, 19]. 



 27 

1.2.2.3 Protein kinase RNA-ac;vated 

 

Protein kinase RNA-acRvated, also known as Protein kinase R (PKR), is a cytosolic serine-

threonine kinase. PKR promoter contains an IFN-sRmulated response element (ISRE), 

thus PKR expression is enhanced during an IFN-mediated anRviral response [55]. PKR 

contains an N-terminal domain through which it binds dsRNA, and a kinase domain at 

its carboxy terminal [56]. Binding to dsRNA causes conformaRonal changes in PKR, which 

leads to homodimerizaRon and autophosphorylaRon [57]. AcRvated PKR, by 

phosphorylaRng and subsequently inhibiRng the iniRaRon factor of the translaRon 

(eIF2a), block the host protein translaRon, thus causing arrest of viral protein synthesis 

[57]. Moreover, PKR acRvates a NF-kB-dependent innate anRviral response [57], 

inducing expression of pro-inflammatory cytokines and interferons. Besides its role as a 

PRR, PKR can be acRvated by PKR acRvaRng protein (PACT) during cellular stress, such as 

endoplasmic reRculum stress and oxidaRve stress [58]. 

 

1.2.2.4 Cytosolic DNA receptors 

 

In eukaryoRc cells, DNA is confined in the nuclei and mitochondria. On the other hand, 

during infecRon or cellular stress it can be found in the cytosol, where it is recognised by 

cytosolic PRRs that acRvate a downstream immune response. In the last twenty years, 

several cytosolic DNA sensors have been discovered, among these, absent in melanoma 

2 (AIM2, belonging to the ALRs class of PRRs), interferon gamma inducible protein 16 

(IFI16), Z-DNA binding protein 1 (ZBP1), DEAD-Box Helicase 41 (DDX41), and cyclic GMP-

AMP synthase (cGAS) [59]. InteresRngly, many DNA sensors are important also for 

iniRaRng an anRviral response against RNA viruses, thus highlighRng the cross-talk 

among the various PRRs [60]. For instance the DNA sensor IFI16 has been shown to bind 

Influenza A virus RNA and cooperate with RIG-I in inducing an IFN-based anRviral 

response [61]. 
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1.2.3 Pa<ern recogni6on receptors in non-immune cells 
 

The mammalian immune system is based on hematopoieRc immune cells, which 

consRtute the main components of the innate and adapRve immunity. However immune 

funcRons are not restricted to immune cells, and other cell types exhibit mechanisms of 

pathogen defence [4, 62]. Among others, acRvaRon of PRRs in non-immune cells acts as 

an intrinsic immune mechanism acRvaRng expression of pro-inflammatory cytokines 

and interferons. Different non-immune cells, such as gut and lung epithelial cells, are 

able to acRvate PRR-mediated immune acRviRes upon pathogen infecRon [63, 64]. PRR 

expression is cell type specific, as shown by studies conducted in intesRnal epithelium 

[64], therefore specific cells are able to induce with a greater magnitude pro-

inflammatory cytokines and interferons when challenged by pathogens [4]. Cytosolic 

PRRs, in parRcular RLRs, seem to be expressed in most Rssues, conferring a first line of 

defence against viral pathogens [65–67]. 

 

1.3 Interferons in innate an?viral immunity 

 

The term cytokine refers to a broad range of small secreted proteins that act in an 

autocrine, paracrine, or endocrine manner. Cytokines group includes chemokines, 

interferons, interleukins, and tumor necrosis factors. Cytokines are produced by immune 

and non-immune cells. Cytokines act through binding to their cognate receptor, which 

triggers an intracellular signaling transducRon. During an anRviral response, acRvaRon 

of NF-kB, IRF3, and IRF7, induce the expression of different cytokines, such as pro-

inflammatory cytokines, chemokines involved in recruiRng immune cells, and 

interferons.  

 

Interferons were first described in 1957 by their ability to interfere with influenza A virus 

propagaRon [68], today much more is known about them. Interferons (IFNs) play a 

criRcal role in orchestraRng both innate and adapRve immune responses against 

bacteria, viruses, tumors and modulaRng inflammatory processes. IFNs are divided into 

three different families (type I, II, and III) based on their sequence homology and 

funcRonal acRviRes. Although at least 20 IFNs have been idenRfied to date, only three 
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cell surface receptors (one for each family of IFN) are known. Each class of IFN signals 

through a specific heterodimeric receptor and acRvates the downstream transducRon 

based on the Janus kinase signal transducer and acRvator of transcripRon (JAK-STAT) 

signaling pathway [69]. In human and mice, IFN I family includes 13 and 14, respecRvely, 

IFN-a subtypes, a single IFN-b, IFN-e, IFN-k, IFN-w (in humans), and IFN-z (in mice). Type 

II IFN family comprehends only interferon gamma (IFN-g), produced mainly by specific 

immune cells and acRng through the widely expressed IFN-g receptor (IFNgR) [70, 71]. 

Type III IFNs family is formed by 4 genes in human, IFNl1 (IL-29), IFNl2 (IL28-A), IFNl3 

(IL-28B), and IFNl4 which is a pseudogene in many populaRon and it has been associated 

with HCV clearance [72]. 

  

 
 

Figure 1.3 Overview of type I and III interferons induc(on and signaling. 

Viral infec@on induces ac@va@on of cytoplasmic and endosomal PRRs resul@ng in 

ac@va@on of the transcrip@on factors NF-kB, IRF3, and IRF7 and subsequent IFN-I and 

IFN-III produc@on. IFN-I binds to IFNAR1/IFNAR2 and IFN-III to IFNLR1/IL10Rb 

heterodimers and signal both in paracrine and autocrine manners through JAK/STAT 
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pathway to upregulate interferon s@mulated genes which act to protect the host against 

viral pathogens. 

 

1.3.1 Type I interferon 

 

IFN I signaling exerts anRproliferaRve and cytotoxic effects as well as modulates innate 

and adapRve immune responses. IFN I antagonizes a broad range of viruses, such as 

influenza virus and hepatotropic viruses (hepaRRs B virus; HBV, hepaRRs C virus; HCV, 

Dengue virus) [69, 73]. InhibiRon of type I IFN signaling is crucial for pathogens to 

successfully replicate within the host, thus it is not surprising that great majority of 

viruses developed different strategies to inhibit type I IFN signaling, such as HCV, which 

causes degradaRon of the key-component STAT3 [74]. 

 

Type I IFN receptor (IFNAR) is a dimeric cell surface receptor composed of the two 

subunits IFNAR1 and IFNAR2, present on all nucleated cell types [69]. IFNs I bind to the 

heterodimeric transmembrane IFNAR, which acRvate JAK1 and the tyrosine kinase 2 

(TYK2). Subsequently, JAK1 and TYK2 phosphorylate the transcripRon factors signal 

transducers and acRvator of transcripRon 1 (STAT1), STAT2, and STAT3. STAT1 and STAT2 

can dimerize and assemble with IFN-regulatory factor 9 (IRF9), forming the trimolecular 

complex called IFN-sRmulated gene factor 3 (ISGF3). In the nucleus, ISGF3 binds to IFN-

sRmulated response elements (ISREs) DNA sequences, thereby inducing the expression 

of hundreds of interferon-sRmulated genes (ISGs). ISG-encoded proteins are considered 

the effectors of the anRviral response (Fig. 1.3). These proteins restrain pathogens 

through several mechanisms, such as inhibiRon of viral transcripRon, translaRon and 

replicaRon, degradaRon of viral nucleic acids and alteraRon of the cellular metabolism 

in order to block viral propagaRon [75]. 

 

How 17 different human IFN I, signaling through the same receptor (IFNAR), are able to 

produce disRnct responses remains elusive [69]. Yet, studies show that a variety of 

factors, including ligand binding affinity, stability of the ternary receptor complex (IFN I 

– IFNAR), receptor expression, and posiRve or negaRve downstream regulaRon, might 

explain differences in IFN signaling [76][77].   
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1.3.2 Type III interferon family 

 

The third type of IFNs, IFNl, was discovered in 2003 by two separate groups [78][79]. 

IFN III receptor is comprised of IFNLR1 (also known IL28Ra) and IL10Rb. Similarly to IFN 

I signaling, also type III IFNs, by binding to their cognate receptors acRvate the JAK/STAT 

pathway, with the formaRon of ISGF3 complex, inducing expression of several ISGs. IFN 

III are induced upon infecRon by cells consRtuRng barrier surfaces, such as respiratory 

and gastrointesRnal tract epithelial cells, hepatocytes, and subsets of immune cells such 

as plasmacytoid dendriRc cells [80–82]. 

 

Whereas all nucleated cells respond to type I interferon by expressing the specific IFNAR 

receptor, type III interferons are produced by and target mainly mucosal epithelial cells, 

dendriRc cells [83], and hepatocytes [82]. InteresRngly, while type III IFN receptor is 

expressed by human hepatocytes, that is not the case in mice [84, 85].  

 

Although IFN I and III bind different receptors, the downstream signaling and induced 

genes coincide substanRally [82]. Transcriptome studies have shown that IFN I and IFN 

III signatures overlap [86]. In general, IFN I is more potent in inducing the anRviral 

response and IFN III-acRvated ISGs are a subset of those induced by IFN I.  

 

Nonetheless, substanRal differences between the two IFN types have emerged. From a 

signaling transducRon prospecRve, while IFN I uses JAK1 and TYK2 to acRvate ISGF3, in 

certain cell types (such as fibroblasts) IFN III signals also through JAK2 [87]. Whether this 

causes a difference in the kineRc or induced ISGs is not clear yet. Studies in primary cells, 

such as human vaginal epithelial cells, showed that a subset of ISGs (such as CXCL10, 

CXCL11, and IFIT3) were uniquely or more potently induced by IFN-l1 rather than IFN-b 

[88]. Also the kineRcs differs for the two IFN; IFN I-induced ISGs peak early and decline, 

while IFN III-induced ISGs occurs later and persist for a longer period [89–91]. These 

differences might be due to negaRve feed-back mechanisms; for instance the negaRve 
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regulatory ISG ubiquiRn specific pepRdase 18 (USP18) mainly inhibits IFN-a rather than 

IFN-l1 signaling [92]. 

 

PRRs cellular localizaRon has been demonstrated to be crucial in balancing type I and III 

IFNs. The RLR-dependent anRviral response relies on MAVS, which can be anchored to 

membranes of mitochondria, peroxisomes, and mitochondrial-associated membranes 

of the endoplasmic reRculum. It has been shown that upon viral or bacterial infecRon 

(e.g. Dengue virus and Listeria monocytogens), signal transducRon through 

mitochondria-anchored MAVS induces type I IFNs, while signal transducRon mediated 

by peroxisome-anchored MAVS induces type III IFNs. Moreover during epithelial cell 

differenRaRon and polarizaRon, an increase in IFN III response correlaRng with increase 

in peroxisome abundance has been observed, and cells derived from paRents with 

peroxisomal disorder display an aberrant anRviral response [87]. 

 

The two most striking differences between IFN I and IFN III signaling are the potency 

difference and compartmentalized cell responsiveness. These two characterisRcs 

highlight the paradigm in which IFN III serves as first-line of defence with a lower 

magnitude, less inflammatory, and specifically localised at anatomic barriers response. 

When the iniRal IFN III-mediated defence is breached, a more potent and inflammatory 

systemic type I IFN response is acRvated [82, 91, 93]. An explanatory example is the 

intesRnal tract, where epithelial cells present a high IFNLR and low IFNAR expression, in 

contrast to lamina propria expressing greater levels of IFNAR. Thus, the intesRnal 

epithelium relies on IFN III to restrict pathogen infecRon; when this is not possible and 

the pathogen reach the inner lamina propria, a systemic type I IFN-dependent response 

is acRvated [94]. 



 33 

 

Table 1.2 Comparison of type I and type III IFNs. 

Even though IFN-I and IFN-III have signaling and transcrip@onal similari@es, some 

features dis@nguish the two IFNs, among others: the majority of type I IFN genes lack 

introns, while type III IFN genes have 5 exons; type I IFN family (17 members in humans) 

is much larger compared to type III family (4 members in mice); they also bind dis@nct 

receptors. The expression of the two IFNs and their cognate receptors is differently 

distributed among the @ssues; IFNAR is ubiquitously expressed, while IFNLR is 

preferen@ally found on epithelial cells, hepatocytes, and dendri@c cells. Although the 

response induced by the two classes of IFN par@ally overlap, they present differences: (1) 

IFN-I-mediated response has a higher potency, a more rapid kine@c and is systemic, while 

IFN-III-mediated response has a lower potency, a slower kine@cs, and it is mainly 

observed at anatomic barriers. 

Type I IFN Type III IFN

Human !1, !2, !4, !5, !6,
!7, !8, !10, !13,
!14, !16, !17, !21,
β, e, k, w

Mouse !1, !2, !4, !5, !6,
!7, !9, !11, !12,
!13, !14, !15, !16,
!B, β, e, k, z

Human l1, l2, l3, l4

Mouse l2, l3

Members

Gene Single exon, intronless
Human Chr. 9
Murine Chr. 4

Multiple exons (5 exons)
Human Chr. 19
Murine Chr. 7

Receptor
characteristics

• High-affinity binding to
IFNAR2, then low-affinity
IFNAR1 is recruited to
form ternary complex

• Receptor is ubiquitously
expressed

• High-affinity binding to
IFNLR1, then low-affinity
IL10Rβ is recruited to
form ternary complex

• Receptor is preferentially
expressed on epithelial
cells, hepatocytes, and
some immune cells (e.g.
dendritic cells)

Response • High potency
• Rapid kinetics
• Systemic
• Inflammatory

• Lower potency
• Slower kinetics
• Anatomic barriers
• Less inflammatory
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1.4 Cellular metabolism in innate an?viral immunity 

 

In the early ‘30s of last century, biochemist Hans Krebs described the first metabolic cycle 

(urea cycle), while physiologist O[o Warburg observed increased glycolysis in tumour 

cells, process known as Warburg effect. Two decades later, among others, Warburg 

observed that acRvated leukocytes also have an increased glycolysis, similar to tumour 

cells [95]. In the last 25 years, seminal discoveries have highlighted the link between 

metabolism and immune response, iniRaRng the immunometabolism field [96–98].   

 

Immune response-acRvated metabolic changes are sRmulaRon-specific [96]. An 

informaRve example is macrophage acRvaRon by LPS or interleukin 4 (IL-4). LPS 

sRmulaRon induces macrophages towards a pro-inflammatory phenotype, while IL-4-

sRmulated macrophages have anR-inflammatory characterisRcs. These differences are 

observed also in their metabolism. LPS-sRmulated macrophages increase glycolysis [99] 

and break Krebs cycle in two places – ajer citrate [100] and ajer succinate [101], causing 

accumulaRon of these two metabolites. Citrate is used for fa[y acid synthesis, which in 

turn are used for membrane biogenesis, nitric oxide and prostaglandins generaRon as 

well as itaconic acid producRon, which has a bactericidal effect [102] and is involved in 

immunomodulaRng the response [103]. Succinate accumulaRon has a direct impact on 

cytokine producRon. This metabolite, as discussed in details below, leads to stabilizaRon 

of hypoxia inducible factor 1 alpha (HIF1a) and sustained producRon of IL-1b [101]. On 

the other hand, IL4-acRvated macrophages, known to have an anR-inflammatory 

phenotype, have intact Krebs cycle and funcRonal oxidaRve phosphorylaRon, coupled 

with an enhanced fa[y acid oxidaRon [100]. 

 

The cross-talk between host metabolism and viral infecRon can be analysed from 

different perspecRves: (1) metabolism involvement in anR-viral response, (2) virus 

control of cell metabolism for the subversion of the anRviral response, (3) metabolism 

and viral replicaRon [104]. Viruses require synthesis of lipid, proteins and nuclei acids by 

host cells in order to replicate and energy to drive viral parRcle assembly and release  

[104]. Thus, it is not surprising that viruses have developed different strategies to take 

control of the host metabolism. For instance, HCV increases cellular fa[y acid 
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biosynthesis needed for viral replicaRon [105]. Since the pathogen itself alters the host 

metabolism, deciphering metabolic changes due to innate anRviral acRvity presents 

major caveat. In this case, using syntheRc PAMPs that mimic viral infecRon by acRvaRng 

cognate PRRs can be informaRve about host metabolism. In this secRon we focus on 

glucose catabolism (glycolysis, Krebs cycle, and oxidaRve phosphorylaRon) and its role in 

the innate anRviral acRvity. 

 

1.4.1 Glycolysis in innate an6viral immunity 

 

Glucose catabolism starts with glycolysis. Briefly, this pathway consists of ten reacRons 

which convert glucose to pyruvate through a series of intermediate metabolites. 

Different studies have analysed the role of glycolysis during innate anRviral acRvity [106, 

107].Studies conducted on dendriRc cells showed that sRmulaRon with TLR3 (poly I:C), 

TLR7/TLR8 (R848), or TLR9 (CpG) agonists induced increase glycolysis, similarly to TLR4 

acRvaRon with LPS [106]. Whether this is the case also in non-immune cells has not been 

shown yet. 

 

RLR-dependent anRviral response has also been shown to alter glycolyRc flux. AcRvaRon 

of RLR signaling decreases levels of glycolyRc intermediates downstream of hexokinase-

2 (HK2). HK2 is normally associated with MAVS and voltage-dependent anion channel 

(VDAC) on the outer mitochondrial membrane. AcRvaRon of RLRs disrupts HK2-MAVS 

interacRon, decreasing HK2 acRvity and the downstream glucose consumpRon. 

Moreover the glycolyRc by-product lactate has been found to act as natural suppressor 

of MAVS acRvaRon. Lactate, but not other glycolyRc metabolites, was found to interact 

with MAVS transmembrane domain, inhibiRng MAVS aggregaRon. This interacRon is 

abolished during RLR acRvaRon (Fig. 1.4). The findings have implicaRons in in vivo 

models. FasRng (which causes decreased lactate levels) or pharmacological lactate 

reducRon showed an increased type I IFN and pro-inflammatory cytokines (such as IL-6) 

producRon upon vesicular stomaRRs Indiana virus (VSV). This resulted in lower viral 

Rtres in mice with decreased lactate levels compared to the control [107]. 
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Figure 1.4 Glycolysis-derived lactate suppresses RLR-MAVS-driven an(viral response. 

HK2 is localised on the outer mitochondrial membrane and interacts with MAVS in 

absence of viral RNA. Upon viral RNA exposure, ac@vated RLRs bind MAVS and decrease 

MAVS-HK2 ac@va@on, which diminish HK2 ac@vity therefore the glycoly@c flux and 

lactate produc@on. Lactate inhibits MAVS aggrega@on which is necessary for IFN-b 

expression. Thus, RLR ac@va@on by viral RNA promotes type I IFN response by decreasing 

lactate produc@on. Figure adapted from [108]. 

 

1.4.2 Mitochondria in innate an6viral immunity 

 

The mitochondrion is ojen described as the “powerhouse of eukaryoRc cells”, since 

Krebs cycle and oxidaRve phosphorylaRon take place in this organelle. With the 

development of the immunometabolism field, mitochondria have been rediscovered as 

important signaling organelles. Different findings have shown that mitochondria are key 

regulators of the innate immune response [109–113]. 
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Mitochondria are surrounded of two lipidic bilayers: an inner mitochondrial membrane 

(IMM) and an outer mitochondrial membrane (OMM), that define three compartments: 

the inner compartment also known as mitochondrial matrix, the IMM, and the 

intermembrane space delimited by the IMM and the OMM. The matrix contains the 

mitochondrial geneRc system, allowing replicaRon and transcripRon of the 

mitochondrial DNA, and the enzymes involved in Krebs cycle (also known as tricarboxylic 

acid cycle, TCA) and fa[y acid catabolism. The IMM delimits the mitochondrial matrix. 

The IMM forms numerous folds (cristae) that invaginate into the mitochondrial matrix 

and contains the machinery responsible for the oxidaRve phosphorylaRon. The IMM is 

permeable only to oxygen, carbon dioxide, and water. The outer mitochondrial 

membrane is permeable to different molecules. This is achieved by the lipid composiRon 

of the membrane and thanks to proteins – known as porins - that allow the translocaRon 

of molecules between the cytosolic and mitochondrial compartments [114, 115]. 

Mitochondria, together with the endoplasmic reRculum (ER), are responsible for cellular 

calcium homeostasis. The two organelles are physically interconnected by ER-derived 

membranes (known as mitochondrial-associated membranes, MAMs) that allow the 

translocaRon of different molecules, such as lipids and Ca2+. Mitochondria are able to 

store and release calcium ions (Ca2+), which regulate energy producRon and signaling 

events [116, 117].  

 

1.4.2.1 Krebs cycle and an;viral immunity 

 

The TCA cycle consRtute an epicentre in cellular metabolism, since various substrates 

can feed in. The TCA cycle begins with the condensaRon of acetyl-CoA, generated from 

fa[y acids, amino acids or pyruvate oxidaRon, with oxaloacetate (OAA) to generate the 

six-carbon molecule citrate, the first TCA metabolite. In the second step, citrate is 

converted into cis-aconitase and further isocitrate by the enzyme aconitase. Through 

two oxidaRve decarboxylaRons, isocitrate is converted in the five-carbon a-

ketoglutarate (a-KG, by ), which is subsequently used as substrate for the four-carbon 

succinyl-CoA, thus resulRng in the release of two molecules of CO2 and the reducRon of 

two  molecules of nicoRnamide adenine dinucleoRde (NAD+ reduced to NADH). Next, 

succinyl-CoA is converted into succinate, with the generaRon of guanosine-5’-



 38 

triphosphate (GTP), which can be converted into ATP. Succinate is oxidized to fumarate 

by succinate dehydrogenase, which is also part  of the OxPhos molecular machinery. This 

reacRon is coupled with transfer of two hydrogen atoms to FAD, producing FADH2. 

Fumarate is then converted into malate and further into OAA, which can combine with 

another acetyl-CoA molecule to form again citrate and renter into the cycle [118]. In this 

series of enzymaRc reacRons, the TCA cycle generated NADH and FADH2, which are the 

substrates of OxPhos as discussed below. Metabolites of the TCA cycle can be used as 

substrates for different anabolic pathways. For instance, citrate is exported to the cytosol 

where it is converted to OAA or acetyl-CoA that can be used for nucleoRde or lipid 

synthesis, respecRvely. Different metabolites can also be converted to enter into the TCA 

cycle. Pyruvate, which is converted to acetyl-CoA by pyruvate dehydrogenase, can also 

be decarboxylated into mitochondrial OAA by pyruvate decarboxylase. While 

glutaminolysis converts glutamine to glutamate and subsequently to a-KG. These two 

reacRon, pyruvate decarboxylaRon and glutaminolysis, are used to replenish the TCA 

cycle and keep it running when metabolites such as citrate are needed for cytosolic 

anabolic acRvity. These processes are also known as anaplerosis [118]. TCA metabolites 

have been shown to be involved in different aspects of cellular signaling. In specific, 

citrate, succinate and the isocitrate-derived itaconate are implicated in innate immunity 

and, to some extent in innate anRviral acRviRes [101, 104, 119, 120]. 
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Figure 1. 5 Tricarboxylic acid cycle. 

The TCA cycle takes place within mitochondria and its metabolites serve as source for 

synthesis of molecules required for viral replica@on. TCA metabolites have also different 

signaling proper@es as highlighted in the text. Figure adapted from [104]. 

 

Mitochondrial citrate can be transported to the cytosol. Here, it can be converted into 

acetyl-CoA and oxalacetate. Acetyl-CoA is not only the first substrate in fa[y acid 

synthesis – which is fundamental for viral replicaRon - but it is also uRlised for the 

producRon of prostaglandins and nitric oxide, involved in inflammaRon [119, 121]. 

Moreover, acetyl-CoA is needed by acetyltransferases to catalyse lysin residues 
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acetylaRon. Protein acetylaRon is a fundamental post translaRonal modificaRon (PTM) 

that regulates protein acRvity. For instance, acetylaRon of the NF-kB subunit RelA is 

needed for its acRvaRon and cytokine expression inducRon. Viruses have developed 

strategies to inhibit acetylaRon of host proteins involved in the anRviral response. In this 

specific case, human papilloma virus blocks NF-kB acRvaRon by inhibiRng RelA 

acetylaRon [122].  

 

Succinate is accumulated in LPS-sRmulated macrophages and it is a key player in 

mediaRng macrophage polarizaRon towards a proinflammatory phenotype [101]. 

Whether it is also crucial in anRviral acRviRes is sRll subject of debate. DendriRc cells 

have been shown to express the succinate receptor (SUCNR1), and upon sRmulaRon 

with TLR3 or TLR7 agonists, succinate synergisRcally increases TNF-a expression [123]. 

On the other hand, recent studies described a decrease in the anRviral response upon 

VSV infecRons in presence of exogenous succinate. In this case succinate was shown to 

inhibit MAVS aggregaRon [124]. Thus, succinate seems to regulate specific PRRs 

acRvaRon differently.  The molecular mechanism through which succinate modulates 

TLR3/TLR7 and RLR-dependent anRviral acRviRes is sRll object of research. 

 

Itaconate is produced in pro-inflammatory macrophages ajer acRvaRon with LPS [100]. 

This is due to upregulaRon of immune-responsive gene 1 (Irg1, also known as aconitase 

decarboxylase 1; Acod1) expression. This enzyme catalyse the conversion of TCA 

metabolite cis-aconitase to itaconate. Different studies showed the immunoregulatory 

funcRons of itaconate, such as inflammasome inhibitor by post-translaRonally modifying 

NLRP3 on a cysteine residue [125], and inhibitor of succinate dehydrogenase, which, as 

described below, is involved in LPS-induced macrophage acRvaRon. Irg1 and itaconate 

increase have also been documented during influenza viral infecRon in macrophages. In 

this case, a depleRon of itaconate by deleRon of Irg1 gene showed higher mortality and 

increased lung inflammaRon in in vivo model infecRon. This is probably due to anR-

inflammatory funcRons held by itaconate [126]. Although Irg1 expression has been 

extensively studied in macrophages, recent insights have shown that also other cell 

types are able to induce this enzyme and produce itaconate. This is the case for neurons 

infected with Zika virus (ZIKV). In neurons, ZIKV acRvates the nucleoRde sensor Z-DNA-
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binding protein 1 (ZBP1, also known as DNA-dependent acRvator of IFN-regulatory 

factors, DAI) and the kinases RIPK1 and RIPK3, components of virus-induced necroptoRc 

cell death signaling. However, acRvaRon of this signaling pathway by ZIKV does not 

induce cellular death. RIPK signaling acRvates Irg1 expression which catalyses itaconate 

synthesis. In this scenario, itaconate blocks succinate dehydrogenase acRvity, which 

supports ZIKV replicaRon. Thus itaconate is responsible for altering the cellular 

metabolism and protecRng against specific viral infecRons [127]. 

 

1.4.2.2 Oxida;ve phosphoryla;on in innate an;viral immunity 

 

OxidaRve phosphorylaRon is the last step in glucose catabolism (ajer glycolysis and 

Krebs cycle) and the main source of energy in eukaryoRc cells. OxPhos involves  electron 

flow along four enzymes (complex I – IV) collecRvely called electron transport chain 

(ETC). These enzymes are localised in the IMM, facing the mitochondrial matrix. Three 

of them (complex I, III, and IV) are proton (H+) pumps and couple their electron transport 

acRvity with translocaRon of H+ from the mitochondrial matrix to the mitochondrial 

intermembrane space. This causes an electrochemical gradient used by the complex V 

(also known as ATP synthase) to phosphorylate ADP into ATP [114][128]. Two electron 

carriers shu[le the electrons from one complex to the next. The first is coenzyme Q (also 

known as ubiquinone since is a ubiquitous quinone). Ubiquinone is hydrophobic and it 

diffuses rapidly within the inner mitochondrial membrane, it is involved in transporRng 

electrons from the two first complexes to the third. The second electron carrier is 

cytochrome C, which transports electrons form complex III to complex IV, the final 

component of the ETC. 

 

Complex I, also known as NADH dehydrogenase in the largest complex of the ETC. It 

receives two electrons from NADH and translocates four protons across the membrane 

into the IMM. Complex II, also known as succinate dehydrogenase, is involved in both, 

Krebs cycle and OxPhos. It mediates the oxidaRon of succinate to fumarate. The 

electrons derived from this reacRon are used for reducRon of FAD to FADH2, which 

subsequently is used for ubiquinone reducRon. Complex II is not a proton pump. 

Complex III, also known as cytochrome c oxidoreductase, receives electrons from 
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ubiquinone, which is oxidised to ubiquinol. This results in translocaRon of two protons 

in the IMM. The last enzyme of the ETC, also known as cytochrome c oxidase, accepts 

electrons from cytochrome c and delivers them to an oxygen molecule, converRng into 

two molecules of water. In this instance four protons are pumped to the IMM. Complexes 

I, III, and IV couple electron flux with translocaRon of protons across the IMM, creaRng 

an H+ electrochemical gradient also known as proton moRve force (Dp).  The proton 

moRve force consists of two parts; the chemical gradient due to difference in solute 

concentraRon across the IMM, and an electrical gradient due to difference in charge 

across the IMM (the electrical gradient is responsible for the mitochondrial membrane 

potenRal, MMP). This electrochemical gradient is used by the last enzyme of the OxPhos 

to generate ATP, the ATP synthase (or complex V). ATP synthase is consRtuted by two 

subunits, F0 and F1. F0 is embedded in the inner mitochondrial membrane and contains 

the proton channel of the complex, which allows the proton flow from the IMM to the 

mitochondrial matrix. F1 protrudes into the mitochondrial matrix and is  the catalyRc 

part of the complex [114]. 

 

Oxygen is the terminal electron acceptor of the ETC. However, electron leak from the 

ETC is not uncommon – during a steady-state 0.2 to 2% of electrons leak from the ETC 

and reduce oxygen [129]. AlteraRon in ETC acRvity causes an increase in electron leaking 

from ETC, thus an increase in reducRon of oxygen. In these circumstances, differently 

from its fully reducRon by complex IV to water, O2 is parRally reduced by accepRng one 

electron. This reacRon generates the superoxide radical anion (O2
•−) (Fig. 1.6). This highly 

reacRve molecule can non-specifically oxidise different macromolecules, such as 

carbohydrates, lipids, and proteins. Cells have evolved mechanisms to avoid superoxide-

induced damage; mitochondrial superoxide dismutases are a class of enzymes involved 

in catalysing the conversion of O2
•− to H2O2 (hydrogen peroxide). Hydrogen peroxide can 

be subsequently detoxified by different anRoxidant enzymes, such as catalases, which 

convert H2O2 into water. O2
•− and H2O2 are generically called reacRve oxygen species 

(ROS). This broad term comprehends a wide variety of oxygen-derived molecules which, 

because of their chemical properRes, are more reacRve than oxygen itself [130]. 
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Figure 1.6 Overview of the oxida(ve phosphoryla(on and superoxide genera(on by 

the electron transport chain. 

Complex I and III of the electron transport chain are the two main sources of O2
•− within 

the cell. O2
•− is converted into H2O2 by superoxide dismutases (SODs). H2O2 is then 

converted to H2O by different an@oxidant enzymes, such as catalases. 

 

GeneraRon of mitochondrial O2
•− depends on Dp, NADH/NAD+, coenzyme Q state (raRo 

between reduced and oxidised coenzyme Q), and O2 concentraRon. The two main 

sources of mROS are complex I and III  [129]. Although mROS can be produced through 

different mechanisms, one in parRcular – reverse electron transport (RET) - has been 

shown to be important in innate immunity and inflammaRon [111, 131]. In this case, 

succinate dehydrogenase acRvity, which causes overreducRon of coenzyme Q, in 

concomitance with increased mitochondrial membraned potenRal, lead to mROS 

producRon. In this instance, mitochondrial ROS stabilise the transcripRon factor HIF-1a, 

which induces expression of IL-1b and glycolyRc genes, promoRng a proinflammatory 

phenotype [111]. 
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OxPhos and mROS funcRons are criRcal also in innate anRviral acRvity. Surprisingly, 

macrophage sRmulaRon with TLR3, TLR7/8, or TLR9 agonists does not increase mROS 

[132], whereas RLR acRvaRon decreases OxPhos and upregulates mROS in different 

cellular models, such as macrophages and fibroblasts [133, 134]. The biochemical 

mechanism through which RLR acRvaRon inhibits Oxphos and increases mROS is sRll not 

clear. On the other hand, mROS enhance the RLR-mediated anRviral acRvity. 

Mitochondrial ROS lead to increased MAVS aggregaRon and enhanced interferon levels, 

while pharmacological depleRon of mROS decreases interferon-dependent anRviral 

response by blocking MAVS aggregaRon and downstream signaling acRvaRon [134]. 

 

Although mROS trigger host anRviral response, in vitro and in vivo studies show that 

increased mROS can favour replicaRon of specific viruses, such as hepatotropic viruses 

belonging to the Flaviviridae family (among others HCV, Dengue virus and West Nile 

virus) [115]. Flaviviruses are known to decrease mitochondrial membrane polarizaRon 

and increase mROS, thus inducing an oxidant environment. The flavivirus non-structural 

protein 5 (NS5) capping enzyme is necessary for viral replicaRon and oxidaRon of a 

conserved methionine residue (Met 219), which is increased by ROS, is necessary for its 

acRvity [135]. But the cross-talk between viral infecRon, mitochondrial acRvity, and 

mROS generaRon is much more complex. Viruses can benefit from ROS but excess levels 

of ROS can damage the viral proteins and nucleic acids as well as cause cell death, which, 

in certain instances can be disadvantageous for viral replicaRon itself. In this case, viruses 

have also developed strategies to limit mROS producRon [115]. From these 

observaRons, it is clear that the interplay between mitochondrial acRvity and viral 

infecRon is really complex. Nonetheless, understanding these mechanisms is crucial for 

the development of new anRviral strategies. 

 

1.5 The liver as a metabolic and immunological organ 

 

The liver mediates and regulates whole body metabolism, detoxifies harmful substances, 

and is constantly absorbing and processing nutrients carried by the portal vein from the 

gastro-intesRnal (GI) tract [136]. The liver funcRons as a hub metabolically connecRng 

various Rssues, including skeletal muscle, adipose, and nervous Rssue. These different 
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funcRons are mediated by hepatocytes, which account for almost 70% of the mass of 

the liver. Hepatocytes express nutrient transporters that enable uptake of glucose, 

amino acids, and fa[y acids as well as enzymes required for their metabolism. Diet-

derived glucose and amino acids reach the bloodstream in the GI tract and are 

transported to the liver through the portal vein circulatory system. During a fed state, 

excess glucose is condensed into glycogen and/or converted into fa[y acids by 

hepatocytes. Here, fa[y acids are esterified with glycerol-3-phosphate generaRng 

triacylglycerol (TAG). TAG molecules are stored within hepatocytes as lipid droplets (LDs) 

or can be secreted in the circulaRon as lipoprotein parRcles. Also diet derived aminoacids 

are metabolised within hepatocytes, where they can provide energy or be used to 

synthesize proteins, glucose, and/or other molecules. In a fasted state, glucose and TAGs 

are released from the liver into the circulaRon in order to be uRlised by extrahepaRc 

Rssues as sources of energy [137]. HepaRc metabolism is regulated by mulRple nutrient, 

hormonal, and neuronal signals. DysfuncRons in the hepaRc regulaRon causes or 

predisposes to metabolic diseases, including non-alcoholic fa[y liver disease (NAFLD) 

and type 2 diabetes [137]. 

 

The liver also has important roles in defence, being determinant in driving systemic 

inflammaRon. It is capable of mediaRng powerful local innate and adapRve immune 

responses against hepaRc infecRons and malignancy [138]. However, most anRgens in 

gut-derived blood originate from the diet or are products of GI microbiota and are not 

pathogenic. Thus, the liver maintains a unique tolerogenic environment while also 

remaining poised to respond to hepatotropic infecRons, inflammatory signals and 

malignancies. The unique immune cell repertoire of the liver, which includes diverse 

populaRons of liver resident macrophages [139, 140] and lymphoid populaRons, 

supplemented by circulaRng myeloid and lymphoid cells, is a key determinant of the 

tolerogenic hepaRc environment [141–144]. Hepatocytes play a key role in local hepaRc 

tolerance and defence as well, being able to modulate T cell acRvaRon [145–148]. 
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1.5.1 Acute phase response 

 

The acute phase response (APR) is a systemic reacRon to local or systemic disrupRon of 

organism homeostasis caused by infecRon, Rssue injury, neoplasia, or immunological 

disorders [149]. Innate immune cells, such as macrophages and neutrophils, are 

recruited at the damaged site and produce proinflammatory cytokines, among others IL-

1b, IL-6, and TNF-a. In response to PRR sRmulaRons, pro-inflammatory cytokines are 

released in the bloodstream and reach different organs responsible for the acute phase 

response. Proinflammatory cytokines responsible for the APR act mainly on: (1) the 

hypothalamic-pituitary-adrenal axis, causing fever and sickness behaviour, (2) bone 

barrow, increasing haematopoiesis, (3) hepatocytes, inducing expression of acute phase 

proteins (APPs) (Fig. 1.7) [149].  

 

IL-6 is the major mediator of the hepaRc APR [150]. Acute phase proteins include several 

proteins whose hepaRc synthesis and plasma concentraRon increases (posiRve acute 

phase proteins) or decreases (negaRve acute phase proteins) during the acute phase 

response. The changes in concentraRon vary, from a 50% increase in the case of 

ceruloplasmin (copper-carrying protein) to 1000-fold in the case of serum amyloid A and 

C-reacRve proteins (CRP) [151]. APPs are involved in different aspects of the acute phase 

response, from inflammaRon and eliminaRon of the pathogen (in the case of an 

infecRon), to resoluRon of inflammatory processes. For instance, CRP binds to bacterial 

phosphocholines, acRvaRng the complement system and phagocytoRc capacity of 

innate immune cells, while fibrinogen and haptoglobin are involved in the later stage of 

wound repair [151]. Although the mechanisms behind inducRon of APR and the APPs 

have been widely described, the metabolic requirements needed by hepatocytes to 

achieve such a rapid protein synthesis are sRll poorly understood. 
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Figure 1.7 The liver mediates pathogen-induced acute phase response. 

IL-1b, IL-6, and TNF-a produced at the site of infec@on or damage are released in the 

systemic circula@on. They reach the brain, bone marrow, and liver, which are the main 

mediators of systemic inflamma@on. Hepatocytes in the liver, detect IL-6 through its 

cognate IL-6 receptor. This interac@on leads to an increase in the expression of acute 

phase proteins (APPs). Opsonins, including C-reac@ve protein, coagula@on factors such 

as fibrinogen, and metal chelators such as ferri@n are among hundreds of APPs involved 

in the inflammatory response. 
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Protein Func(on Regula(on 

C3 Complement system PosiRve 

C4 Complement system PosiRve 

C9 Complement system PosiRve 

Factor B Complement system PosiRve 

C1-inhibitor Complement system PosiRve 

C4b-binding protein Complement system PosiRve 

Mannose binding lecRn Complement system PosiRve 

Fibrinogen CoagulaRon PosiRve 

Plasminogen CoagulaRon PosiRve 

Tissue plasminogen acRvator CoagulaRon PosiRve 

Urokinase CoagulaRon PosiRve 

Protein S CoagulaRon PosiRve 

VitronecRn CoagulaRon PosiRve 

a1-protease inhibitor AnRprotease PosiRve 

a1-anRchymotrypsin AnRprotease PosiRve 

PancreaRc secretory trypsin inhibitor AnRprotease PosiRve 

Ceruloplasmin Transport protein PosiRve 

Haptoglobin Transport protein PosiRve 

C-reacRve protein Opsonin PosiRve 

Serum amyloid A proteins Opsonin PosiRve 

FerriRn Iron chelant PosiRve 

Albumin Transport protein NegaRve 

Transferrin Iron transporter NegaRve 

Alpha-fetoprotein Transport protein NegaRve 

Insulin-like growth factor I Hormone NegaRve 

Factor XII CoagulaRon NegaRve 
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Table 1.3 Overview of the major acute phase proteins.  

Posi@ve acute phase proteins (APPs) are upregulated during the acute phase, while 

nega@ve APPs expression is downregulated. Table adapted from [151]. 

 

1.5.2 Viral sensing in hepatocytes 

 

Hepatocytes are targeted by many major pathogenic viruses including hepaRRs A-E, Zika, 

West Nile and Dengue virus. Although hepatocytes are not immune cells, they are 

capable of mounRng an anRviral response. This is possible since hepatocytes express 

PRRs that can recognise viral PAMPs (such as viral RNA) and acRvate the downstream 

signaling pathways which induce expression of IFNs and pro-inflammatory cytokines that 

acRvate local hepaRc immune populaRons. Even though basal expression of PRRs is 

much lower in hepatocytes compared to immune cells, such as macrophages (and the 

liver resident macrophages, Kupffer cells), hepatocytes are among the first cells 

encountering and detecRng hepatotropic viruses [66, 67, 152, 153]. Therefore acRvaRon 

of an innate anRviral response in hepatocytes is fundamental for controlling and clearing 

hepatotropic viral infecRons. Single nucleoRde polymorphisms in TLR3, RIG-I and the IFN 

signalling pathway have been associated with chronic hepatotropic infecRons, 

underscoring the importance of these pathways in control of hepaRc infecRons [72, 154]. 

 

Research on hepaRc cell lines, human and mouse primary hepatocytes showed that 

hepatocytes express several PRRs involved in the innate anRviral acRvity. Among the 

TLRs, TLR3, TLR7, and TLR8 were able to induce innate anRviral immunity upon 

sRmulaRon with specific agonists or hepatotropic infecRon. TLR3 agonist polyinosinic-

polycyRdilic acid (poly I:C) is able to acRvate IFN-b expression in primary mouse and 

human hepatocytes [155, 156]. According to literature, the human hepaRc cell lines 

HepG2 and Huh7 – widely used as human hepaRc model - express lower levels of TLR3 

when compared to primary human hepatocytes (PHH). Thus, while PHHs induce IFNs 

and ISGs expression upon poly I:C sRmulaRon, this is not the case for HepG2 and Huh7 

cells [157, 158]. 
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TLR7 expression has been detected in primary human hepatocytes and at lower levels in 

human hepaRc cell lines [159]. Moreover, TLR7 overexpression and acRvaRon in Huh7 

cells induces an IFN-mediated anRviral state, which, causing the upregulaRon of several 

ISGs, is protecRve against HCV infecRon [159]. Whether TLR7 is also acRvated in 

hepatocytes in viral infecRon scenarios has not been invesRgated yet. 

 

Among the different cytosolic PRRs, RLRs and PKR are expressed in both PHHs and 

human hepaRc cell lines and their acRvaRon induces an IFN-mediated anRviral response 

[155, 157, 160]. Although RIG-I and MDA5 share structural and funcRonal features, they 

differ in their interacRon  with viral RNA [65, 161]. RIG-I preferenRally interacts with the 

5’-triphosphate group of dsRNA, while MDA5 has a greater affinity for longer dsRNA 

structures. In the context of hepatotropic viral infecRons, RIG-I recognises the 5’ region 

of HBV-derived pre-genomic RNA [162], or the polyuridine moRf of the HCV genome at 

3’ untranslated region [163]. MDA5 has also been shown to be criRcal in inducing an 

innate anRviral response upon HBV or HCV infecRons and to bind the specific regions of 

viral RNA [164]. In order to achieve persistent infecRon, viruses  are able to subvert host 

anR-viral acRvity. Hepatotropic viruses can block the TLR3 and RLR signalling pathways 

by several mechanisms, including degradaRon of adaptor proteins such as MAVS (Fig. 

1.8) [74, 165–168].  

 

PRR Expression Experimental model Reference 

TLR3 
PHHs, iPSC-derived 

hepatocytes 
poly I:C [157, 169] 

TLR7 PHHs, Huh7 cell line HCV infecRon [159] 

TLR8 Huh7 cell line HCV infecRon [170] 

RIG-I 
PHHs, Huh7 and 

HepG2 cell lines 

Transfected poly I:C, HCV, 

HBV infecRon 
[162, 163] 

MDA5 Huh7 HCV infecRon [164] 

PKR Huh7 poly I:C [171] 

 

Table 1.4 Major pacern recogni(on receptors expressed by human hepatocytes 
involved in recogni(on of RNA-derived PAMPs. 
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While different PRRs have shown to be expressed in primary human hepatocytes and 

hepaRc cell lines (the studies were carried out mainly in Huh7 cells), only RLRs, and in 

parRcular RIG-I, have been extensively studied, defining their molecular interacRon with 

hepatotropic virus-derived RNA and their funcRon in inducing an IFN-based anRviral 

acRvity. It is also worth noRng that PRRs expression levels varies between PHHs and 

hepaRc cell lines [157, 158]. Endosomal PRRs (specifically TLR3, TLR7, and TLR8) seem to 

be almost absent in human hepaRc cell lines, while their expression level is higher in 

PHHs [157, 159]. On the other hand, cytoplasmic PRRs (RLRs and PKR) have comparable 

levels of expression between hepaRc cell lines and PHHs [66, 67]. 

 

1.5.3 Liver metabolism and an6viral response 

 

Although immunometabolism has been extensively studied in immune cells, li[le is 

known in non-immune cells. Recent research has begun to unravel the interconnecRon 

between cellular metabolism and innate anRviral acRvity in hepatocytes [172–175]. In 

this secRon we highlight the major findings in immunometabolism in hepatocytes, 

focusing on the interplay between glycolysis and innate anRviral response. 

 

Hepatocytes regulate blood glycemia by balancing the uptake and release of glucose 

[176]. This process occurs through the hepaRc regulaRon of glycolysis, gluconeogenesis 

(de novo glucose synthesis), glycogen synthesis (glycogenesis) and hydrolysis 

(glycogenolysis), as well as other secondary pathways [177]. Hepatocytes provide 

glucose to maintain euglycemia and fuel glucose-dependent cell types, such as neurons 

and red blood cells [178]. HepaRc glucose metabolism is regulated by several 

mechanisms, including balancing of hormones such as insulin, glucagon, and 

corRcosteroids [177]. Blood glucose enters the hepatocyte through facilitated transport 

by the glucose transporters (GLUT), with GLUT2 being the most expressed glucose 

transporter in hepatocytes [179]. Glucose is phosphorylated to become glucose-6-

phosphate (G6P) which serves as substrate for glycogenesis or glycolysis. In this second 

case, the last glycolyRc metabolite, pyruvate can be channelled into the mitochondria or 

used as substrate for lactate producRon. 
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As described previously, lactate negaRvely modulates RLR-dependent anRviral acRvity 

by inhibiRng MAVS [107]. This mechanism is exploited by HBV for its immune escape 

[180]. HBV enhances the formaRon of a ternary complex composed of HK2, Voltage-

dependent anion channel 1 (VDAC1) and MAVS. The complex prevents the RLR-MAVS 

interacRon and increases HK2 enzymaRc acRvity. As glycolysis is upregulated, lactate 

levels are also increased and act as an inhibitory post-translaRon modifier of MAVS, 

blunRng the anRviral response [107]. Pharmacologically decreased glycolysis showed 

enhanced anRviral response and decreased HBV virus Rtres [175]. Moreover, increased 

glycolysis due to HBV infecRon is also fundamental for upregulaRon of the pentose 

phosphate pathway needed for viral nucleic acid and protein synthesis [181, 182].  

 

Also other hepatotropic viruses – such as HCV and Dengue virus - are able to rig the host 

metabolism [183]. The HCV non-structural protein 5A increases hepaRc HK2 acRvity and 

subsequent lactate producRon (Fig. 1.8) [184]. Whether the mechanism is used for 

immune escape as described during HBV infecRon or exclusively to increase the 

metabolites needed for the viral replicaRon has not been clarified yet. 

 



 53 

 
 

Figure 1.8 Hepatotropic viruses subvert the host an(viral ac(vity by blocking RLR, 

TLR3, and IFN signaling in human hepatocytes. 

Among the different PRRs involved in recogni@on of pathogen-derived RNA, RLR and 

TLR3 are cri@cal in hepatocytes. Viruses, such as HCV and HBV have evolved mechanisms 

to suppress and evade these pathways. Endosomal TLR3 ac@vates downstream 

signalling through TRIF which can be inhibited by HCV NS4B (non-structural protein 4B). 

RIG-I and MDA-5 dependent responses can be blunted by the degrada@on of MAVS by 

the two HCV proteases NS3A and NS4B. Glucose metabolism is linked to the RLR 

response; lactate and hexokinase 2 (HK2) inhibit MAVS aggrega@on and disrupt 

downstream signalling. This mechanism is exploited by HBV, which increases lactate 

levels and HK2 ac@vity in order to disrupt the an@viral response. The IFN-based an@viral 

response is further blocked by hepatotropic viruses that inhibit protein-protein 

interac@ons; HBV polymerase blocks the TBK1 - IKKe interac@on. Other suppression 

strategies employed by viruses such as HCV include the ubiqui@na@on and subsequent 

degrada@on of signalling proteins such as STAT3, which limits IFN-I signalling.  
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1.6 Thesis ra?onale, hypothesis, and objec?ves 

 

Innate anRviral acRvity is iniRated by recogniRon of evoluRonary conserved pathogen-

associated molecular pa[erns (PAMPs) by host germline encoded pa[ern recogniRon 

receptors (PRRs). Thus, cells expressing PRRs are able to mount an innate anRviral 

response when in contact with PAMPs, such as viral RNA. Innate immune acRvity involves 

significant changes in cellular metabolism. This phenomenon has been extensively 

described in immune cells. Whether non-immune cells also alter their metabolism upon 

acRvaRon of innate anRviral acRvity is the focus of this study. Hepatocytes, which 

present a unique metabolism, express different PRRs and are able to mount an 

interferon-based innate anRviral response. How innate anRviral response alters cellular 

metabolism in hepatocytes is sRll unclear. Here we hypothesise that innate anRviral 

acRvity in hepatocytes causes major alteraRons in glycolysis and mitochondrial 

metabolism. 

 

1.6.1 Overall objec6ve 

 

To determine the metabolic changes caused by innate anRviral response in human 

hepatocytes. 

 

1.6.2 Aims 

 

• To idenRfy the PRRs acRvated in iniRaRon of innate anRviral acRvity upon 

sRmulaRon with viral-like PAMPs in different human hepaRc models. 

 

• To determine whether innate anRviral acRvity alters glucose and mitochondrial 

metabolism in human hepatocytes. 

 

• To determine whether metabolic alteraRons impact innate anRviral acRvity in 

human hepatocytes. 
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• To invesRgate potenRal mechanisms behind metabolic alteraRons during the 

anRviral acRvity in human hepatocytes. 
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Chapter 2. Materials and methods 
 
2.1 Materials 
 

Target gene Forward primer (5’ - 3’) Reverse primer (5’ - 3’) 

Hs_Ifnb1 AAACTCATGAGCAGTCTGCA AGGAGATCTTCAGTTTCGGAGG 

Hs_Cxcl10 CCTGCAAGCCAATTTTGTCCA TGTGGTCCATCCTTGGAAGC 

Hs_Isg15 TTTGCCAGTACAGGAGCTTGTG GGGTGATCTGCGCCTTCA 

Hs_Mx1 GGTGGTGGTCCCCAGTAATG ACCACGTCCACAACCTTGTCT 

Hs_Il29 TCCAAGCCCACCACAACTG TGAGTGACTCTTCCAAGGCGT 

Hs_Tnf TGGCCCAGGCAGTCAGATCA GTAGGAGACGGCGATGCGGC 

Hs_Mavs GTGCCTACTAGCATGGTGCTC GACCCAAGGCCCCTATTCT 

Hs_Prdx1 CCACGGAGATCATTGCTTTCA AGGTGTATTGACCCATGCTAGAT 

Hs_Prdx2 CGAGCATGGGGAAGTTTGTC GGCACAAGCTCACTATCCGT 

Hs_Prdx4 AGAGGAGTGCCACTTCTACG GGAAATCTTCGCTTTGCTTAGGT 

Hs_Prdx6 GACTCATGGGGCATTCTCTTC CAAGCTCCCGATTCCTATCATC 

Hs_Gsto1 GAACGGCTGGAAGCAATGAAG TGCCATCCACAGTTTCAGTTT 

Hs_Gstp1 CCCTACACCGTGGTCTATTTCC CAGGAGGCTTTGAGTGAGC 

Hs_Rplpo ACTTGCTGAAAAGGTCAAGGC CCAAATCCCATATCCTCGTCCG 

Hs_Beta acRn ATTGGCAATGAGCGGTTC TGAAGGTAGTTTCGTGGATGC 

Mm_Prdx4 TCCTGTTGCGGACCGAATC CCACCAGCGTAGAAGTGGC 

Mm_Ef1a GCAAAAACGACCCACCAATG GGCCTTGGTTCAGGATA 

Dengue NS4A ATCCTCCTATGGTACGCACAAA CTCCAGTATTATTGAAGCTGCTATCC 

 

Table 2.1 Forward and reverse primer sequences of target genes. 

Hs = Homo sapiens, Mm = Mus musculus. 
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Target gene Sense strand (5’ - 3’) An(sense strand (5’ - 3’) 

Prdx1 GGGCAGAAGAAUUUAAGAA UUCUUAAAUUCUUCUGCCC 

Prdx2 AGGUGAAGCUGUCGGACUA UAGUCCGACAGCUUCACCU 

Prdx4 CUGGAAAGCUGAAGUAUUU AAAUACUUCAGCUUUCCAG 

Prdx6 CAGAAUUUGCCAAGAGGAA UUCCUCUUGGCAAAUUCUG 

Gsto1 GAGAAAGACUGGCAAGGUU AACCUUGCCAGUCUUUCUC 

Gstp1 CAUCAAUGGCAACGGGAAA UUUCCCGUUGCCAUUGAUG 

Control UGGUUUACAUGUCGACUAA UUAGUCGACAUGUAAACCA 

 
Table 2.2 Sense and an(sense strand sequences of siRNAs used to knock down target 

genes. 

 

 

Target gene 21 bp sense (5’ – 3’) 21 bp anRsense (5’ – 3’) 

MAVS  GACCTTGGGCAAGGGATTTAT ATAAATCCCTTGCCCAAGGTC 

GFP (control) GCAAGCTGACCCTGAAGTTCAT ATGAACTTCAGGGTCAGCTTGC 

 

Table 2.3 Sense and an(sense strand sequences used for len(viral silencing with 
shRNAs.  
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Buffer Composi(on 

10X phosphate buffer saline (PBS) 800 g NaCl 

20 g KCl 

144 Na2HPO4  (sodium phosphate 

monobasic) 

24 g KH2PO4 (potassium phosphate) 

Adjust to 10 L in deionized H2O, pH 7.4 

10X tris-buffered saline (TBS) 1.37 M NaCl 

250 mM Tris 

27 mM KCl pH 7.5 

10X running buffer – SDS PAGE 250 mM Tris 

1.9 M Glycine 

35 mM SDS 

1X running buffer SDD-AGE 1X TAE 

0.1% SDS 

10X transfer buffer – Western blot 250 mM Tris 

1.9 M Glycine 

1X transfer buffer - Western blot 10 % (v/v) 10X transfer buffer 

20 % (v/v) Methanol 

Washing buffer - Western blot  TBS/0.1 % (v/v) Tween-20 

Washing buffer - ELISA 1X PBS/0.1 % (v/v) Tween-20 

RIPA buffer 150 mM NaCl 

5 mM EDTA, pH 8.0 

50 mM TRIS, pH 8.0 

1% NP-40 (IGEPAL CA-630) 

0.5% sodium deoxycholate 

0.1% SDS 
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3X loading buffer – SDS PAGE 30 % (v/v) Glycerol 

6 % (w/v) SDS 

0.3 % (w/v) Bromophenol blue 

187.5 mM Tris pH 6.8 

150 mM DTT added freshly 

Sample buffer mitochondrial isolaRon 10 mM TRIS-HCl pH 7.5 

10 mM KCl 

1.5 mM MgCl2 

0.25 mM D-mannitol 

1X loading buffer SDD AGE 0.5% TAE 

10% glycerol 

2% SDS 

0.025% bromophenol blue 

1X running buffer SDD AGE 1X TAE, 0.1% SDS 

Co-immunoprecipitaRon lysis buffer 50 mM HEPES pH 7.5 

200 mM NaCl 

1 mM EDTA 

10% (v/v) glycerol 

1% (v/v) NP-40 (IGEPAL) 

10 µl/ml AproRnin 

1 mM PMSF 

1 mM sodium orthovanadate 

 

Table 2.4 Buffers used. 
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Reagent Supplier Cat. number 

AceRc acid Sigma-Aldrich A6283 

Acrylamide NaRonal diagnosRcs EC-890 

Agarose Sigma-Aldrich A9539-500G 

Ammonium persulfate 
(APS) Thermo-Fisher ScienRfic 17874 

AproRnin Sigma-Aldrich A6279 

Bovine serum albumin 
(BSA), Cohn fracRon V Avantor 422371X 

Bromophenol blue Sigma-Aldrich B8026 

Chloroform Sigma-Aldrich C2432 

Dithiothreitol (DTT) Sigma-Aldrich 1019777701 

D-mannitol Sigma-Aldrich M1902 

EthylenediaminetetraaceRc 
acid (EDTA) Sigma-Aldrich E5134 

Formaldehyde Sigma-Aldrich F8775-500ML 

Glycerol Sigma-Aldrich G5516 

Glycine Thermo-Fisher ScienRfic BP381-1 

Halt protease phosphatase 
inhibitor cocktail 100X Thermo-Fisher ScienRfic 10137963 

Hexadimethrine bromide Sigma-Aldrich H9268 

High-Capacity cDNA 
Reverse TranscripRon Kit Applied Biosystems 4368814 

Isopropanol Thermo-Fisher ScienRfic BP2618-500 

Marvel Original Dried 
Skimmed Milk Marvel N/A 

Methanol TCD stores MET001 

MitoSOX Red Thermo-Fisher ScienRfic M36008 

Paraformaldehyde Alfa aesar J19943 
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PowerUp™ SYBR™ Green 
Master Mix Applied Biosystems A25742 

NP-40 (IGEPAL9 Sigma-Aldrich I3021 

Phenylmethylsulphonyl 
fluoride (PMSF) Sigma-Aldrich T8830 

Potassium chloride (KCl) Sigma-Aldrich P9541 

Protein G Sepharose CyRva  17061801 

PVDF membrane Bio-Rad 1620177 

Sodium chlroride (NaCl) Thermo-Fisher ScienRfic S3014 

Sodium deoxycholate Sigma-Aldrich D6750 

Sodium dodecyl sulphate Sigma-Aldrich L4390 

Sodium orthovanadate Sigma-Aldrich S6508 

Spectra™ MulRcolor Broad 
Range Protein Ladder Thermo-Fisher ScienRfic 26623 

SYBR™ Safe DNA Gel Stain Invitrogen S33102 

Sulfuric Acid Sigma-Aldrich 07208 

TMRM Thermo-Fisher ScienRfic T668 

Tris base Thermo-Fisher ScienRfic BP152-1 

Tris hydrochloride Sigma-Aldrich T5941 

Triton X Sigma-Aldrich X100-500ML 

TRIzol™ Reagent Invitrogen 15596018 

Tween-20 Sigma-Aldrich P1379-500ML 

Wizard® SV Gel and PCR 
Clean-Up System Promega A9281 

1-Step Ultra TMB-ELISA Thermo-Fisher ScienRfic 34029 

 
Table 2.5 General reagents used. 
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Reagent Supplier Cat. number 

AnRmycin A Sigma-Aldrich A8674 

BlasRcidin Invivogen Ant-bl-1 

DisRlled, sterile, nuclease-free water Gibco 10977-035 

Dimethyl Sulfoxide (DMSO) Sigma-Aldrich D2660-100ML 

DMEM Gibco 61965059 

Ethanol Honeywell E7023-500ML 

Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) Sigma-Aldrich C2920 

Foetal Bovine Serum (FBS) Gibco 10270106 

Human interferon beta  PBL 11415-1 

Hepes buffer Gibco 15630056 

Lipofectamine 2000 Invitrogen 11668019 

Lipofectamine RNAiMax Invitrogen 13778030 

Oligomycin Sigma-Aldrich 495455 

N-acetyl cysteine Sigma-Aldrich A7250 

Normocin Invivogen ant-nr-1 

OpR-MEM reduced serum medium Gibco 31985062 

Penicillin-Streptomycin Gibco 15070-063 

Phosphate buffered saline (PBS)  Gibco 14190094 

Poly(I:C) Invivogen tlrl-pic 

Puromycin dihydrochloride Gibco A1113803 

Rotenone Sigma-Aldrich R-8875 

Trypsin-EDTA soluRon Sigma-Aldrich t3924-500ml 

Zeocin Invivogen Ant-zn-1 

5’ triphosphate hairpin RNA Invivogen Tlr-hprna-100 
 

Table 2.6 Cell culture reagents. 
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Cell line Supplier Cat. number 

HepG2 cell line ATCC ATCC-HB8065 

Huh7 cell line Kind gij from Dr. Hante  

HEK-Blue type I IFN cells Invivogen, kind gij from Prof. Bowie Hkb-ifnab 

HEK293T cells Kind gij from Prof. Bowie  

 

Table 2. 7 Cell lines used as experimental models. 

 

 

Reagent Supplier Cat. number 

Human IFN-b ELISA BioTechne DY814-05 

Human IL-29 ELISA BioTechne DY7246 

AnR-human b acRn Sigma-Aldrich A5136 

AnR-cMyC Merck M5546 

AnR-human GAPDH Santa Cruz Biotechnology sc-47724 

AnR-human MAVS Cell signalling Technology 3993 

AnR-human PRDX4 Abcam Ab59542 

 

Table 2. 8 ELISA and an(bodies used in the thesis.  
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2.2 Methods 

 

2.2.1 Cell culture 

 

Cell culture was carried out according to strict standard operaRng procedures (SOPs) 

generated in the O’Farrelly lab based on best pracRce guidelines [185]. Cell culture was 

carried out in sterile condiRons using laminar air flow hoods and sterile or autoclaved 

materials and reagents. HepG2, Huh7, and HEK293T cells were grown in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% (v/v) foetal bovine serum 

(FBS), 100 Units/mL penicillin, and 100 μg/mL streptomycin. HEK-blue IFN-α/β were 

grown in DMEM supplemented with 10% (v/v) heat inacRvated FBS, 50  U/mL penicillin, 

50 μg/mL streptomycin, and 100 μg/mL normocin. For the test medium 30 μg/mL 

blasRcidin and 100 μg/mL zeocin were added to the growth medium. 

 

2.2.2 Differen6a6on of iPSC-derived hepatocytes  

 

iPSCs were differenRated into iPSC-derived hepatocytes according to an established 

protocol [186]. The human embryonic stem cell line H9 (WA09, WiCell) and induced 

pluripotent stem cells obtained from skin biopsies were differenRated into iPSC-derived 

hepatocytes through 4 different stages (Stemnovate), pluripotent stem cells, definiRve 

endoderm, hepaRc progenitors, and hepatocyte-like cells (HLCs) (Stemnovate). Stem 

cells were cultured on Lamina 521 (5 µg/ml) (Biolamina) in mTESR unRl reaching 80% 

confluency. One day prior to differenRaRon, cells were seeded and treated overnight 

with 10 µM Rock Inhibitor. The endoderm stage was induced by RPMI 1x supplements 

with 2% B27, 100 ng/ml AcRvin A, and 50 ng/ml Wnt3A for 3 days. Subsequently, for the 

Hepatoblast differenRaRon, cells were cultured in KO DMEM, serum replacement, 0.5% 

Glutamax, 1% non-essenRal amino acids, 0.2% b-mercaptoethanol, and 1% DMSO for 5 

days and it was renewed every second day. For the differenRaRon in hepatocyte-like 

cells, cells were cultured for further 10 days in HepatoZYME containing 1% Glutamax, 20 

ng/ml Hepatocyte Growth Factor, 10 ng/ml oncostaRn, and 10 µM hydrocorRsone. 

Media was renewed every second day. Cells were collected on the last day of each stage 
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and stained for specific markers in order to confirm the differenRaRon process. 

Expression of the transcripRonal factors FOX2A and GATA4 were used as markers for the 

definiRve endoderm stage. HepaRc progenitors were posiRve for alpha-fetoprotein (AFP) 

and hepaRc nuclear factor 4-alpha (HNF4A) Albumin and E-cadherin were used to 

confirm the mature hepatocyte-like cell stage. 

 

2.2.3 Cell viability and enumera6on of cells 

 

In order to count cells and assess cell viability, Trypan blue exclusion dye was used. 

Briefly, cells were diluted in Trypan blue at 1:20. Carefully, 10µl of the cell/Trypan blue 

soluRon was mounted to a Neubauer Haemocytometer and visualised using a 

fluorescence microscope. The numbers of cells in four grid secRons were counted and 

an average for the number of cells in a 0.1mm x 1mm x 1mm secRon was calculated. 

Cells touching the top and right borders of each grid secRon were not counted to avoid 

counRng the same cells twice. The average number of cells in one secRon is mulRplied 

by 104 then by the diluRon factor to give the number of cells per ml. Dead cells were 

unable to exclude the Trypan blue and therefore easily excluded in order to obtain a 

viable cell count. 

 

2.2.4 Cell pla6ng and s6mula6on 

Cells were allowed to grow to 70-80 % confluency before being either being split or 

plated out. In order to plate or split the cells, the medium was removed and cells were 

washed  with PBS. Trypsin-EDTA was added and the flask was incubated for 10 minutes 

at 37°C. Cells were subsequently centrifuged at 400 g for 5 minutes and resuspended in 

2 ml of media, before either being counted or split into new T75 flasks. Cells were plated 

in 6, 12, 24 or 96 well-plate. Cells were left for overnight to adhere. Before adding the 

stimulation, cells were replaced with fresh media. 

2.2.5 DNA and RNA transfec6on 

Small interfering RNA, high molecular poly I:C, 5’ triphosphate hairpin RNA (3p-hRNA), 

and DNA were transfected using Lipofectamine 2000. 1 µL of Lipofectamine was used 
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for every µL of DNA/RNA. The mix was prepared starting from 2 tubes, the first one 

containing 1 µL of Lipofectamine each mL of media in 50 µL of serum-free media 

(OptiMem) and the second one containing the RNA in 50 µL of serum-free media. The 2 

tubes were left for 5 minutes at room temperature. After, the content of the second 

tube was transferred into the first tube and it was left for at least 20 min to form the 

complex RNA-Lipofectamine. The RNA-lipofectamine was subsequently added to the 

cells with fresh media.  

In order to achieve the knock-down of target genes, cells were transfected with 20 µM 

of the specific siRNA. Cells were left between 48 and 72h in order to achieve the 

downregulation, which was confirmed either by qPCR or western blot. 

2.2.6 RNA extrac6on 

 

Total RNA was extracted using a phenol-chloroform extracRon protocol. The growth 

media was removed and 0.5 or 1 mL of TriZol was added every well in a 24 or 12 well 

plate respecRvely. The content was collected in a 1.5 mL Eppendorf, 200 µL of chloroform 

per 1 mL of TriZol was added. The mix was shacked for 15 seconds, then incubated for 

2-3 minutes at room temperature. The samples were then centrifuged for 15 minutes at 

12.000 g 4°C. At this point, the samples had separated into 3 phases: an upper aqueous 

phase containing RNA, an interphase containing DNA and an organic phase containing 

proteins and lipids. 400 µL of the upper phase for each mL of TriZol used (200 µl if starRng 

with 500 µl of TriZol) were transferred into a new tube containing 500 μL of 

isopropanol/2-propanol. Samples were then vortexed for 30 seconds and incubated at -

20°C for 30 mins. Ajer incubaRon, samples were centrifuged at 12.000 g for 10 mins at 

4°C. The supernatant was discarded without disturbing the white gel-like RNA pellet. This 

was resuspended in 1mL of 75% ethanol, prepared with nuclease-free water. The 

samples were centrifuged at 8.000 x g for 10 minutes at 4°C. The supernatant was 

removed and a second ethanol wash performed. The remaining pellet was air dried for 

7 minutes to evaporate residual ethanol before being dissolved in 35μL nuclease-free 

water. Samples were then incubated at 56°C for 5 mins to dissolve RNA and stored at -

80°C. RNA quanRty was determined by measurement of absorbance at 260nm using a 
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NanoDrop spectrophotometer. Absorbance 260/280 nm and 260/230 nm raRos were 

checked to assess presence of non-nucleic acid contaminants. RNA quality was evaluated 

by 1.5% agarose gel electrophoresis with SYBR SAFE staining, where the presence of 28S 

and 18S ribosomal RNAs as discrete bands, with minimal smearing indicaRve of RNA 

degradaRon, or high molecular weight products, indicaRve of DNA contaminaRon, was 

assessed. In case of genomic DNA contaminaRon, the sample was discarded. 

 

2.2.7 cDNA synthesis 

 

1000 ng of RNA per samples was reverse transcribed into cDNA using High-Capacity 

cDNA Reverse TranscripRon Kit by Termo Fisher ScienRfic according to manufacturer’s 

instrucRon. 1000 ng of RNA was added to the master mix to complete the mixture given 

in table 2.1, dH2O was added to reach a final volume of 20 µL.  

 

Reagent Volume per sample 

10X RT Buffer 2 µL 

10X Random Primers  2 µL 

25X dNTPs 0.8 µL 

MulRscribe reverse transcriptase enzyme 1 µL 

 

Table 2.9 complementary DNA (cDNA) synthesis buffer composi(on. 

 

2.2.8 Quan6ta6ve PCR 

 

PowerUp SYBR Green Master Mix and StepOnePlus Real-time PCR System with StepOne 

Software v2.3 was used for experiments. A 10 μL reaction volume contained 8 μL pre-

made qPCR master mix, primers, nuclease-free water, and 2 μL of cDNA. A non-template 

control was included in each gene assay to detect molecular contamination. All reactions 

were carried out in triplicate. The thermocycling program was: 20 sec at 95°C, 40 cycles 

of 95°C for 30 sec and annealing temperature of 60° for 30 sec, then 95°C for 15 sec, 

60°C for 1 min and finally 95°C for 15 sec. Relative expression (2-DDCT) was calculated 
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from the cycle threshold (CT) values for each sample and gene of interest. RPLPO was 

used as housekeeper gene in order to calculate the relative expression. DCT value of 

each gene of interest was calculated according to the following formula: 

Δ𝐶𝑇(𝑔𝑒𝑛𝑒	𝑜𝑓	𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡) = 𝐶𝑇(𝑔𝑒𝑛𝑒	𝑜𝑓	𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡) − 𝐶𝑇	(ℎ𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝𝑖𝑛𝑔	𝑔𝑒𝑛𝑒) 

Then DDCT is determined by the difference between the single DCTs, treated against 

the internal experimental control. And subsequently using the formula 2-DDCT it is 

possible to calculate the fold change of the gene of interest relative to its expression in 

the control condition 

2.2.9 Type I IFN Reporter HEK293 assay 

Hek-Blue IFN-a/b cells were a kind gift from Prof. Andrew Bowie’s lab. The cells were 

cultured for at least 3 passages after thawing in non-selective media (DMEM + 10% FBS, 

50 U/mL penicillin, 50 mg/mL streptomycin, and 100 mg/ml normocin). The test media 

was made up of DMEM, 10% heat-inactivated FBS, 50 U/mL penicillin, 50 mg/mL 

streptomycin, 100 mg/ml Normocin, 30 mg/mL blasticidin, and 100 mg/mL zeocin. The 

cells are specifically designed to monitor the activation of JAK-STAT pathway induced by 

type I Interferon. The cells express a secreted embryonic alkaline phosphatase (SEAP) 

under the control of the ISG54 promoter, which is an ISG. Upon activation of the JAK-

STAT pathway by the presence of type I IFN in the media, SEAP is expressed. IFN levels 

can be quantitively determined by incubation with QUANTI-blue solution, which 

contains the SEAP substrate.  

20 mL of each sample was added into a flat-bottom 96 well plate in triplicate. A titration 

curve using a starting concentration of 1000 IU/mL of IFN-b a serial dilution 1:2 was done 

in triplicate for each plate in order to determine the type I IFN contained in each sample. 

The range was from 0 IU/mL which was made from test media up to 1000 IU/mL. In each 

well 180 mL of a HEK-blue suspension (280.000 cells/mL, circa 50.000 cells/well) was 

added and the plate was incubated overnight at 37°C, 5% CO2. The following day 20 mL 

of the HEK-blue conditioned media was transferred into a flat-bottom 96 well plate and 

180 mL of QUANTI-blue was added to each well. The plate was incubated at 37°C for 
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15/30 min and the plate was read at 620 nm wavelength. From this, the levels of type I 

IFN secreted by stimulated cells could be determined.  

2.2.10 ELISA 

All ELISAs were carried out according to the manufacturer’s instructions. ELISA plates 

were coated overnight at room temperature with capture antibody (accordingly diluted 

in PBS, 50 µl/well). The next day, after blocking for 1h at room temperature (1% bovine 

serum albumin, BSA in PBS, 50 µl/well), diluted cell supernatants (diluted 1:5 in PBS 1% 

BSA, 50 µl/well) and specific cytokine standard curve were added to each plate in 

technical duplicate for an overnight at +4°C. The next day, detection antibody 

(accordingly diluted in PBS 1% BSA, 50 µl/well) was added for 2h at room temperature. 

Streptavidin-HRP solution (diluted according to the manufacturer’s instructions in PBS 

1% BSA, 50 µl/well) was added for 20 min, before the last step, consisting in addition of 

the substrate TMB and stopping solution (1 M H2SO4, 25 µl/well). Between each passage 

ELISA plates were washed 4 times in washing buffer (PBS + 0.1% Tween-20). Absorbance 

at 450 nm was quantified using a plate reader. Corrected absorbance values were 

calculated by subtracting the background absorbance (540 nm). Cytokine 

concentrations were subsequently obtained by extrapolation from a standard curve 

plotted in Excel. 

2.2.11 Western blot 

 

2.2.11.1 Cell lysis and protein denatura;on 

Supernatants were collected, cells were washed twice with warmed PBS and detached 

by treatment with trypsin for 10 minutes.  

2.2.11.2 SDS-PAGE 

Cell lysis and protein solubilization was achieved incubating cell pellets with RIPA buffer 

supplemented with protease and phosphatase inhibitors for 30 to 60 min in ice. 

Subsequently the samples were centrifuged at 12.000 g for 15 min 4°C. The supernatant 

obtained was transferred in new labelled tubes and protein content was determined by 
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BCA assay. 20 µg of protein for each sample were mixed with SDS-PAGE loading buffer 

3X, boiled at 95°C for 5 min and subsequently loaded in the gel. 

SDS polyacrylamide gel electrophoresis was used to resolve proteins by molecular 

weight. 20 µg of proteins were mixed with the 6X loading buffer containing SDS and the 

reducing agent DTT, to achieve a final concentration of 1% SDS. Samples were boiled at 

95°C for 10 mins prior to loading into a 5% stacking gel. The percentage resolving gel 

depended on the molecular weight of the given protein. Gel compositions are given in 

table 2.10. The Bio-Rad gel running system was used, whereby the gels were secured in 

electrodes which were placed into a tetra cell and covered with SDS-PAGE running 

buffer. Samples were passed through the stacking at 80V, once reached resolving gel, 

samples were run at 100 V using the molecular weight marker as a reference. 

Reagents for two 

gels 

8 % 

resolving gel 

12 % resolving 

gel 

15 % resolving 

gel 
Stacking gel 

ultrapure water 9.3 ml 6.6 ml 4.6 ml 5.5 ml 

30 % acrylamide 5.3 ml 8 ml 10 ml 1.3 ml 

1.5 M Tris pH 8.8 5 ml 5 ml 5 ml - 

1 M Tris pH 6.8 - - - 1 ml 

10 % SDS 200 μl 200 μl 200 μl 80 μl 

10 % APS 200 μl 200 μl 200 μl 80 μl 

TEMED 12 μl 8 μl 8 μl 8 μl 

 

Table 2.10 Resolving and stacking gel composi(on. 

2.2.11.3 MAVS aggrega;on assay 

Cellular pellets were resuspended in mitochondrial isolation buffer (as described in 

Table 2.4) supplemented with protease and phosphatase inhibitors. Cells were lysed on 

ice by passing through a 20G needle for at least 5 minutes and not more than 10 min, in 

ice. The cell extract was centrifuged 1.000 g for 5 min 4°C. The supernatant obtained 

was transferred to a new pre-chilled tube and centrifuged at 10.000 g for 10 min 4°C. 

The supernatant was transferred to a new tube, containing the cytoplasmatic fraction. 
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While the pellet is the mitochondria-enriched fraction, it was resuspended in 50 µL of 

buffer A and its protein content is determined by BCA assay. The samples can be stored 

at -80°C. For each sample, 30 µg of protein was mixed with 4X of the loading buffer and 

loaded on a vertical 1.5% agarose gel (1.5% agarose in 1X TAE). After electrophoresis in 

the running buffer (1x TAE + 0.1% SDS) for 40 min at 100 V on ice, the proteins were 

transferred on PVDF membrane as described below. 

2.2.11.4 Electrophore;c transfer of proteins 

The Bio-Rad wet transfer system was used for the electrophoretic transfer of proteins. 

A gel and membrane sandwich was assembled: a sponge soaked in buffer was placed 

onto the cathode side of the sandwich cassette, followed by 2 soaked pieces of 

rectangular filter paper, the gel, a PVDF membrane (activated in methanol for 30 

second), 2 pieces of filter paper and a sponge. The cassette was closed and firmly 

wedged into the transfer cell, which was filled with transfer buffer. The transfer was run 

in an ice box at 200 mA per box for 2.5 hrs, or at 40 mA overnight.  

2.2.11.5 Incuba;on with an;body and protein visualisa;on 

Following transfer, the PVDF membrane was removed from the transfer cell and 

incubated in milk powder (5% in TBST) for 1 hour to prevent non-specific antibody 

binding to the membrane. The membrane was then washed three times for 10 mins 

each in TBST and incubated in primary antibody (diluted in TBST + 5% BSA and 0.05% 

sodium azide) rolling overnight at 4°C. The following morning, the membrane was 

washed three times for 10 mins each in TBST. Prior to visualisation, the membrane was 

soaked in WesternBright ECL Spray for 2 min. Protein visualisation took place on a 

ChemiDoc MP Imaging System, and both chemiluminescent and white light images were 

taken. 
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2.2.12 Co-immunoprecipita6on 

 

HEK293T cells were seeded in 15 cm petri dishes ( 3 x 106 cells/dish, in 20 ml medium) 

for overnight. The next day cells were transfected with 10 µg/dish for 24h. The following 

day cells were treated accordingly to the experimental design (in our case with 

transfected poly I:C 1 µg/ml or lipofectamine as vehicle control for 6h). Media was 

removed and cells were harvested in PBS, and centrifuged for 5 min at 400 g 4°C and PBS 

was discarded. The cell pellets were lysed in 400 µl of co-immunoprecipitaRon lysis 

buffer for 30 min on ice ( aproRnin, PMSF, and sodium orthovanadate were added 

freshly). During the cell lysis, the soluRon containing the primary anRbody and the 

protein G-sepharose beads are prepared. In this case, an equal amount of protein G-

sepharose beads and Co-IP lysis buffer are added to an eppendorf (e.g. 600 µl), 

consRtuRng the 50% protein G mixture. This soluRon can be stored in the fridge for at 

least one month. Ajer the lysis, the samples were centrifuged for 10 min at 16.000 g. 

The pellet is composed of membranes and cell debris. 340 µl of lysate is added to 30 µl 

of 50% protein G mixture, with 2 µg of primary anRbody (in our case cMyc since we 

overexpressed cMyc-tagged PRDX4) and lej to roll overnight at 4°C. For the input, 50 µl 

of lysate is added to 30 µl of 3X loading buffer, boiled for 5 minutes at 95°C and stored 

at -20°C. The next day, the tubes lej to roll overnight, are centrifuged at 1000 g for 3 

min. The pellet is composed of the protein G sepharose complexed with the primary 

anRbody. The pellet is washed at least 3 Rmes with Co-IP lysis buffer, adding each Rme 

500 µl of the buffer and centrifuging for 3 minutes 1000 g at 4°C. Ajer the final wash, all 

supernatant is removed using a long Rp, the pellet is resuspended in 30 µl of 3X sample 

buffer and boiled at 95°C for 5 minutes. The samples are then frozen or analysed by SDS-

PAGE in parallel with the input samples. 

 

2.2.13 Gene silencing using pLKO.1 len6viral system 

 

pLKO.1 is a replicaRon incompetent lenRviral vector used for expression of short-hairpin 

RNAs. pLKO.1 was introduced into the cells by a lenRviral system. Once introduced, the 

puromycin resistant marker encoded in pLKO.1 was used for stable selecRon. 
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2.2.13.1 Cloning oligos into pLKO.1 

Using the RNAi consortium library [187], 21-mers DNA oligos for cloning into pLKO.1 

were chosen. The oligos were first resuspended at a final concentration of 20 µM and 

were incubated for 10 minutes at 70° with the following mix: 

• 5 µl forward oligo 

• 5 µl reverse oligo 

• 5 µl 10X NEB buffer 

• 35 µl ddH2O 

The mix was left to reach room temperature overnight. The next day, the pLKO.1 

plasmid was digested with AgeI Mix: 

• 6 µg of pLKO.1 vector 

• 5 µl 10X NEB buffer 

• 1 µl AgeI 

• ddH2O to reach a final volume of 50 µl 

The mix was incubated at 37°C for 2h. And it was subsequently digested with EcoRI: 

• 30 µl of pLKO.1 vector previously digested with AgeI 

• 5 µl 10X NEB buffer 

• 1 µl EcoRI 

• 14 µl ddH2O 

The mix was incubated at 37°C for 2h. At this point, the digested DNA was run on a 0.8 

% agarose gel and the 7 kilobases band was cut out and purified from the agarose gel. 

The AgeI and EcoRI digested pLKO.1 vector was used for ligation with the annealed 

oligos. A standard T4 ligation was used: 

• 2 µl of annealed oligos 

• 20 ng of digested pLKO.1 vector 

• 2 µl 10X NEB T4 DNA ligase buffer 
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• 1 µl NEB T4 DNA ligase 

• ddH2O to reach a final volume of 20 µl 

The mix was incubated for an overnight at 16°C. 2µl of the ligation mix was used to 

transform DH5a cells which were plated on an agar LB plate. Colonies were selected 

with 100 µg/ml of ampicillin overnight at 37°C. 3 different colonies were chosen and 

amplified by growing in 100 µg/ml ampicillin LB (100 ml) at 37°C in agitation overnight. 

Bacteria were pelleted and plasmids were recovered through maxiprep. Plasmids were 

sequenced in order to ensure the correct ligation of the oligos into the pLKO.1 plasmid. 

2.2.13.2 Producing len;viral par;cles 

 

HEK293T cells were plated in 10 cm2 plates (3 x 10^6 cells/plate) and lej overnight at 

37°C 5% CO2 to a[ach. The next day, HEK293T cells were transfected with 1 µg of pLKO.1 

plasmid containing the oligos, 750 ng of psPAX2 packaging plasmid, and 250 ng pMD2.G 

envelope plasmid. The following day supernatants were collected and centrifuged at 300 

G for 5 minutes to get rid of cell debris. The cleared supernatant was kept at 4°C. The 

cells were topped with fresh media (DMEM + 10% FBS + 1% pen/strep) and lej for 24h 

at 37°C 5% CO2. The following day, supernatants were collected, centrifuged at 300 G for 

5 minutes to get rid of the cell debris and pulled together with the supernatant collected 

the previous days. Supernatants were filtered through a 0.45 µm, aliquoted and frozen 

at -80°C. 

 

2.2.13.3 Infec;ng target cells with the len;virus 

 

Cells were plated in a 6 well plate and lej to a[ach overnight at 37°C 5% CO2. The next 

day 1 ml of fresh media (containing  a final concentraRon of 8 µg/ml hexadimethrine 

bromide)  and 1 ml of lenRviral parRcles were added to the cells. The plate was 

centrifuged at 500 G for 40 minutes in order to spin down the lenRviral parRcles and 

help the infecRon. Cells were lej for 48h at 37°C 5% CO2. Media was replaced and fresh 

media containing puromycin (5 µg/ml of puromycin for selecRon in Huh7 cells, 10 µg/ml 

for selecRon in HepG2 cells) was used for the selecRon. One well was non transfected 
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with the lenRvirus and was used as negaRve control for the selecRon since cells were not 

resistant to puromycin. Ajer 48h of incubaRon with puromycin, cells were expanded and 

kept in selecRve media. The knock-down efficiency was by western blot.  

 

2.2.14 Real 6me cell metabolic analysis with Seahorse XF 96 

Mito Stress test was used to determine the OCR and ECAR levels of HepG2 and Huh7 

cells. 20.000 or 10.000 cells/well (HepG2 and Huh7 respectively) were plated in a 

Seahorse 96 well plate and let overnight at 24h at 37°C, 5% CO2. The next day cells were 

stimulated for 4 or 24h with transfected poly I:C (1 µg/ml for HepG2 and 5 µg/ml for 

Huh7 cells). After the stimulation, media was removed and SeahorseXF media was 

added to the cells (phenol-free DMEM + 10 mM glucose, 2 mM glutamine, and 1 mM 

pyruvate). The plate was incubated in a 37°C, no-CO2 incubator for 1h before the assay. 

Oligomycin (final concentration in the well 2μM), FCCP (final concentration 1 μM) , and 

Rotenone/Antimycin A (final concentration 1 μM each) were used to determine the 

different parameters as shown in figure 2.1. The measurements obtained were 

normalized by number of cells through crystal violet assay. After the assay, media was 

removed, cells were washed with PBS and fixed with 50 µl/well of paraformaldehyde 

2% (diluted in PBS) for 20 min. Each well was washed twice with PBS and 50 µl of 0.1% 

crystal violet was added for 30 min. Subsequently, wells were washed at least 3 times 

to remove excess of crystal violet and let to dry overnight. The following day 50 µl of 1% 

Triton X was added to each well for at least 30 min. The solution from each well of the 

Seahorse plate was pipetted into a corresponding 96 well plate and the absorbances 

were read at 595 nm. The obtained values were obtained to normalise the readings from 

the Seahorse XF and thus took in account possible variations due to the stimulations. 
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Figure 2.1 Mitochondrial stress test using Seahorse XF. 

Example of a Mitochondrial stress test (Mitostress test) with a guide for the calculaRons 

to determine the different parameters. 
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2.2.15 Confocal microscopy 
 

Cells were plated on IBIDI 35 µ dishes with a glass bo[om of 170 µm height. Cells let to 

adhere overnight. The net day cells were sRmulated accordingly and subsequently 

stained as described below. Dishes were imaged on Leica SP8 STED microscope using the 

oil immersion 63x/NA1.4 objecRve. 

 

2.2.15.1 TMRM staining 

 

Ajer sRmulaRon, cells were washed twice with 37°C warm PBS. Subsequently cells were 

incubated for 20 minutes with TMRM 200 nM and 1 µg/ml of Hoechst 33342 (for nuclear 

staining) in PBS with calcium and magnesium. Ajer the staining, cells were washed at 

least twice in PBS and fresh media containing 5 nM TMRM was added before imaging. 

The excitaRon and emission wavelength used were 560 nm and 600 nm respecRvely. 

 

2.2.15.2 MitoSOX red staining 

 

Ajer sRmulaRon, cells were washed three Rmes with 37°C warm PBS. Subsequently cells 

were incubated for 20 minutes with MitoSOX red 2.5 µM and 1 µg/ml of Hoechst 33342 

(for nuclear staining) in PBS with calcium and magnesium. Ajer the staining, cells were 

washed at least twice in PBS and fresh media was added before imaging. The excitaRon 

and emission wavelength used were 510 nm and 580 nm respecRvely. 

 

2.2.15.3 Analysis with Cell profiler 

 

Following imaging acquisiRon, data was analysed using a pipeline in Cell Profiler. The red 

colour was first converted into a grey scale output image based on the intensity of TMRM 

or MitoSOX red staining. Mitochondria were idenRfied by the sojware se�ng the 

minimum and maximum diameter of objects in the range of 5 to 100 pixels. 

Subsequently the values were calculated by the sojware and used for measuring 

mitochondrial perimeter and area (for TMRM staining). While intensity of the signal was 
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used for determining mitochondrial polarizaRon (TMRM staining) or mitochondrial 

superoxide relaRve producRon (MitoSOX red). 

 

2.2.16 Dengue virus produc6on, quan6fica6on, and infec6on 

 

Confluent monolayers of Aedes Albopictus mosquitos cells (C6/36) were infected with 

dengue virus serotype 2 strain New Guinea C (DENV NGC) at a mulRplicity of infecRon 

(MOI) of 0.05. The cells were incubated with the virus for 1h in a minimal volume of 

serum free DMEM, at 28°C 5% CO2. Ajer incubaRon, cells were washed once with PBS 

and DMEM with 2% FBS was added. Ajer 7 days, cell media was collected, centrifuged 

at 500 g for 5 min. Supernatant was subsequently collected and centrifuged at 2000 g 

for 8 minutes through an Amicon Ultra-15 centrifuge Filter Unit. The supernatant 

containing the virus was further concentrated by ultracentrifugaRon in a sucrose 

gradient ( 20% sucrose). The supernatant was ultracentrifuged for 2 hours at 134.000 g, 

10°C in a Sorvall WX 100 ultracentrifuge with brake set to 1. The pellet obtained was 

resuspended in DMEM supplemented with 0.1% BSA, aliquoted and stored at -80°C. Viral 

Rtres were determined by infecRng Vero monkey kidney cells with a 10-fold serial 

diluRon and analysed by fluorescence acRvated cell sorRng (FACS) 24h post infecRon. 

Viral Rtres were expressed in IU/ml (infecRon units). Dengue virus producRon and 

quanRficaRon were done by Dr. Enrico Palermo at Pasteur InsRtute, Rome. 

 

For viral infecRon experiments, before infecRon cells were collected from a spare well 

and counted in order to calculate the amount of µl needed from the viral stock. Cells 

were incubated with virus containing DMEM without FBS or pen/strep for 1h at 37°C. 

Huh7 were infected at a MOI of 5. Ajer 1h of infecRon, medium was discarded, and cells 

were incubated with complete medium (DMEM + 10% FBS + 1% pen/strep) for 24h. 

 

2.2.17 In vivo viral infec6on with LCMV strain 13 

 

Wild type and IFNAR1 knock out C57BL/6J mice were obtained from The Jackson 

Laboratory. Mice were bred and maintained under specific pathogen-free (SPF) 
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condiRons at the InsRtute for Molecular Biotechnology of the Austrian Academy of 

Sciences, Vienna, Austria. Male mice 8 to 12 weeks old were used within the 

experiments.  

 

LymphocyRc choriomeningiRs virus (LCMV) was grown in BHK-21 cells (baby hamster 

kidney cells) and Rtre was determined in a focus forming assay using Vero cells. Mice 

were intravenously infected with 2 x 106 focus forming units (FFU) of LCMV. Viral 

infecRon was carried by Dr. Henrique Colaço. Livers were collected, snap frozen in liquid 

nitrogen and stored at -80°C. Subsequently, RNA from liver samples were obtained using 

TriZol RNA extracRon and RT-qPCR was performed by Zsofia Keszei at Centre for 

Molecular Medicine (Vienna, Austria). 

 

2.2.18 Sta6s6cal analysis 

 

Data were expressed as mean ± standard error of mean (S.E.M.). GraphPad Prism v9 was 

used for staRsRcal analysis. Data were tested for normality to assess whether parametric 

tests could be applied or not with Shapiro-Wilk test. Then, different tests were applied 

depending on the experimental design and if the samples were paired or unpaired. P 

values were calculated using two-tailed Student’s t test for pairwise comparisons of 

variables and one-way analysis of variance (ANOVA) for mulRple comparison of 

variables. Sidak’s (parametric) or Dunne[’s (non-parametric) mulRple comparison test 

were used as a post-test when performing ANOVA. In each figure the number of 

independent experiments is indicated with n = number of biological replicates. 
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Chapter 3: Innate an(viral response in iPSC-derived hepatocytes 

and human hepa(c cell lines 

 

3.1 Abstract 

 
Hepatocytes are targeted by hepatotropic viruses which trigger anRviral acRvity. This is 

possible since hepatocytes are equipped with different receptors enabling the detecRon 

of pathogens and acRvaRon of the specific pathways. PRRs such as TLRs and RLRs are 

expressed by hepatocytes and are criRcal for mounRng anRviral responses. 

 

Because of the difficulty and elevated costs in obtaining and culturing ex vivo human 

primary hepatocytes, surrogates systems based on human hepatoma cell lines are 

widely used. Whether cell lines such as HepG2 and Huh7 reflect the primary hepatocyte 

funcRon, such as the complex cellular metabolism, is sRll topic of discussion. iPSC-

derived hepatocytes are also used in order to study how hepatocytes respond to viral 

pathogens. In this chapter we sought to determine which PRRs are used by HepG2, 

Huh7, and iPSC-derived hepatocytes when sRmulated by viral-like RNA ligands dsRNA 

poly I:C and 5’-triphosphate short-hairpin RNA. 

 

3.2 Introduc?on 

 
Hepatocytes have widely been studied for their crucial role in modulaRng the whole-

body metabolism [137]. Diet derived macronutrients (carbohydrates, lipids, and amino 

acids) are absorbed in the GI tract and reach the liver, where they are up taken and 

processed by hepatocytes. Therefore, the different macromolecules are stored and used 

by hepatocytes or redistributed to extrahepaRc Rssues. This process is Rghtly regulated 

by hormonal and neuronal signals. 

 

Hepatocytes are also target of several pathogenic viruses, among others hepaRRs A-E. 

Different PRRs are expressed by hepatocytes conferring the ability to mount an anRviral 

acRvity when sRmulated with the cognate agonists. More specifically RLRs, TLR3, and 
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PKR have been described to be fundamental in mounRng an innate anRviral response to 

hepatotropic viruses, such as HCV, by binding viral derived immunosRmulatory RNA 

[163, 188, 189].  

 
3.2.1 iPSC-derived hepatocytes as a new model for studying hepa6c an6viral response 

 

Different human hepatoma cell lines have been used to study liver funcRon and 

metabolism in vitro. Among these HepG2 and Huh7 are the two most common cell lines 

[190]. HepG2 is a hepatoblastoma-derived cell line from a 15-years old male [191], while 

Huh7 is a hepatocellular carcinoma derived from a 57-years old Japanese male [192]. 

These two cell lines have been extensively used for viral infecRon models [190]. In 

parRcular Huh7 cells, and its subclonal line Huh7.5 (which carries a mutaRon on DDX58, 

the RIG-I encoding gene [193]), has been used by different groups as a model for HCV 

infecRon [194–196]. Although the two cell lines are sRll extensively used, since they are 

cancer cells, they carry limitaRons in mimicking the complex hepaRc metabolism. They 

present increased glycolysis, decreased oxygen consumpRon, and downregulated 

cytochrome P450s expression when compared to PHHs [190, 197]. New human hepaRc 

cellular models have been developed. Among these, iPSC-derived hepatocytes (also 

indicated as hepatocyte-like cells, HLCs) have been shown to be efficient models for 

hepaRc drug metabolism [198], hepaRc steatosis [199], and viral infecRon [200, 201]. 

This in vitro model can potenRally recapitulate PHHs innate immune response more 

accurately than hepaRc cell lines, which present decreased expression in specific TLRs, 

such as TLR3, when compared to PHHs [157]. 

 

3.3 Hypothesis 

 

iPSC-derived hepatocytes, HepG2, and Huh7 cell lines are able to mount an innate 

anRviral response. SRmulaRon with immunogenic RNA-based ligands increases the 

expression of type I and III interferons as well as pro-inflammatory cytokines and ISGs, 

which are the ulRmate effectors of the anRviral acRvity. 
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3.4 Aims 

 

• To determine whether the two cell lines, HepG2 and Huh7 cells, respond to viral 

ligand sRmulaRon by increasing type I and III IFNs, pro-inflammatory cytokines, 

and ISGs 

 

• To idenRfy which are the main PRRs involved in mounRng the anRviral response 

in the two cell lines. 

 

• To determine whether iPSC-derived hepatocytes upregulate the genes involved 

in the anRviral acRvity (interferons and pro-inflammatory genes) upon 

immunogenic RNA ligands sRmulaRon. 
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3.5 Results 

 

3.5.1 HepG2 cells ac6vate cytoplasmic PRRs to detect viral-like RNA 

 

In order to determine whether HepG2 respond to viral-like RNA ligands, cells were 

sRmulated for 4 and 24h, mimicking an early response (4h) and a later response (24h). 

Non-transfected poly I:C was used as TLR3 agonist, transfected poly I:C (T-poly I:C) as 

MDA5 or PKR ligand, and 5’ triphosphate hairpin RNA (3p-hp RNA) as RIG-I ligand. 

Expression of IFNB1 (Fig. 3.1 A) and CXCL10 (Fig. 3.1 B) were increased ajer 4h of 

sRmulaRon upon T-poly I:C and 3p-hpRNA, with a dose dependent effect. Transfected 

poly I:C showed a stronger effect when compared to 3p-hpRNA, while CXCL10 expression 

had a greater inducRon compared to IFNB1. At a 24h sRmulaRon we observed an 

increase in ISG15 (Fig. 3.1 C) and MX1 (Fig. 3.1 D), as well as an upregulaRon of type I 

IFN levels (Fig. 3.1 E) upon T-poly I:C and 3p-hpRNA sRmulaRons, recapitulaRng the 

pa[ern observed at 4h. While the TLR3 ligand, non-transfected poly I:C, did not induce 

expression of IFNB1, CXCL10, or ISGs. The results obtained highlight that HepG2 cells 

mount an innate anRviral response against viral-like RNA through cytoplasmic PRRs, 

rather than the endosome-located TLR3. 
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Figure 3.1 Cytoplasmic PRR ac(va(on induces an(viral ac(vity in HepG2 cells. 

HepG2 cells were s@mulated with poly I:C, transfected poly I:C (T-poly I:C) and transfected 

3p-hpRNA for 4h and 24h. IFNB1 (A) and CXCL10 (B) gene expression were measured by 

RT-qPCR aier 4h of s@mula@on while ISG15 (C) and MX1 (D) gene expression were 

measured by RT-qPCR aier 24h of s@mula@on. Supernatants were collected and type I 

IFN supernatant level was assessed by HEK-Blue assay (E). Data are mean ± S.E.M. of 

three independent experiments, p value were calculated using paired one-way ANOVA. 
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3.5.2 HepG2 cells mount a MAVS-dependent response upon 5’-triphosphate hairpin 

RNA s6mula6on 

 

As shown in figure 3.1, HepG2 are able to mount an anRviral response upon the 

transfected 3p-hpRNA sRmulaRon, which according to literature is a RIG-I specific ligand 

[43, 202]. We sought to confirm that the response is dependent on the RLR-MAVS 

pathway. In order to achieve this, we silenced MAVS through a lenRviral system (Fig. 3.2 

A). MAVS knock-down resulted in a loss of gene expression of type I and III IFNs (IFNB1 

and IFNL1), as well as pro-inflammatory cytokines (CXCL10 and TNF)  at 4h (Fig. 3.3) upon 

transfected 5’-triphosphate hairpin RNA sRmulaRon. IFN-b and IL-29 proteins in the 

supernatants  were also decreased upon a 24h sRmulaRon (Fig. 3.4). Thus, 

demonstraRng that transfected 5’-triphosphate hairpin RNA acRvates a MAVS-

dependent anRviral response. 

 

3.5.3 HepG2 cells upregulate IFN-b upon transfected poly I:C s6mula6on independently 

on MAVS 

 

We aimed to idenRfy whether transfected poly I:C, similarly to 3p-hpRNA, acRvates a 

MAVS-dependent response in HepG2. Using MAVS KD HepG2 we did not detect any 

decrease in IFNB1 expression (Fig. 3.5 A), while type III IFNs IFNL1 expression was 

decreased (Fig. 3.5 B). Furthermore, pro-inflammatory cytokine (CXCL10 and TNF) gene 

expression was not significantly decreased in MAVS knock-down cells upon transfected 

poly I:C (Fig. 3.5 C and D).  

 

Similarly to what was observed for IFNB1 gene expression, also IFN-b protein levels were 

not affected by MAVS silencing at 24h (Fig. 3.6 A). While IL-29 (IFNL1) protein levels were 

decreased in MAVS knock-down HepG2 cells sRmulated with transfected poly I:C (Fig. 

3.6 B). These results indicate that transfected poly I:C elicits a MAVS-dependent type III 

IFN upregulaRon, but not MAVS-dependent IFN-b upregulaRon. 
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Figure 3.2 MAVS knock-down in HepG2 cells through the pLKO.1 len(viral system. 

Representa@ve immunoblot of MAVS silencing using the pLKO.1 len@viral system as 

described in material and methods (A). Rela@ve quan@fica@on of the protein level of 

MAVS through densitometry analysis (B). Data are mean ± S.E.M. of 5 independent 

experiments. 
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Figure 3.3 HepG2 cells induce type I and III interferon gene expression in a MAVS-

dependent response upon 3p-hpRNA s(mula(on. 

ShCtr and shMAVS HepG2 cells were s@mulated with 100 ng/ml of transfected 3p-hp RNA 

for 4h. IFNB1 (A), IFNL1 (B), CXCL10 (C), and TNF (D) expression was measured  by RT-

qPCR. Data are mean ± S.E.M. of three independent experiments, p value were calculated 

using paired t-test. 
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Figure 3.4 HepG2 cells induce type I and III interferon protein expression in a MAVS-
dependent response upon 3p-hpRNA s(mula(on. 

ShCtr and shMAVS HepG2 cells were s@mulated with 100 ng/ml of transfected 3p-hp RNA 

for 24h. IFN-b (A) and IL-29 (B) protein levels were measured  by ELISA. Data are mean ± 

S.E.M. of five independent experiments, p value were calculated using paired t-test. 
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Figure 3.5 HepG2 cells upregulate IFNB1 gene expression in a MAVS independent 

manner upon transfected poly I:C s(mula(on. 

ShCtr and shMAVS HepG2 cells were s@mulated with 1 µg/ml of transfected poly I:C (T-

poly I:C) for 4h. IFNB1 (A), IFNL1 (B), CXCL10 (C), and TNF (D) expression was measured 

by RT-qPCR. Data are mean ± S.E.M. three independent experiments, p value were 

calculated using paired t-test.  
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Figure 3.6 HepG2 cells induce IFN-b  protein expression in a MAVS-independent manner 

upon transfected poly I:C. 

ShCtr and shMAVS HepG2 cells were s@mulated with 1 µg/ml of transfected poly I:C (T-

poly I:C) for 24h. IFN-b (A) and IL-29 (B) protein levels were measured  by ELISA. Data are 

mean ± S.E.M. of five independent experiments, p value were calculated using paired t-

test. 
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3.5.4 PKR is required for moun6ng an innate an6viral response in HepG2 upon RNA-

based immunogenic ligands 

 

Since T-poly I:C induces IFNB1 MAVS-independently, we considered the implicaRon of 

other cytoplasmic PRRs. Among these, the interferon-sRmulated genes PKR has been 

shown to act as a sensor for viral RNA [203]. Using the selecRve PKR inhibitor C16, we 

observed a dose-dependent decrease in type I and III interferon expression - IFNB1 (Fig. 

3.7 A) and IFNL1 (Fig. 3.7 C) expression was downregulated upon 4h sRmulaRon with T-

poly I:C. The same pa[ern was also observed for pro-inflammatory cytokines CXCL10 

and TNF (Fig. 3.8 A and C), which were dose-dependent downregulated upon pre-

treatment with C16. 

 

We further sought whether also the short hairpin RNA 3p-hpRNA acRvates a PKR-

dependent inducRon of anRviral genes as well. We noRced that 3p-hpRNA-induced gene 

expression of IFNs and pro-inflammatory genes was dose-dependent reduced by PKR 

pre-treatment. In this case we observed excepRons for IFNB1 and TNF, which were not 

decreased by the PKR inhibitor (Fig. 3.7 B and Fig. 3.8 D). 

 

The experiments carried out in HepG2 cells highlight a phenomena of redundancy. 

Transfected poly I:C induces both a MAVS-dependent and independent anRviral 

response in HepG2 as well as a PKR-dependent anRviral response. Moreover, we 

observed a lack of redundancy in IFNB1 inducRon, which seemed to be specifically PKR 

but not MAVS-dependent. On the other hand, IFNL1 was dependent on both MAVS and 

PKR, highlighRng a possible redundancy effect of the two signaling pathways. Further 

studies inhibiRng both MAVS and PKR-dependent anRviral response would also be 

informaRve to determine a potenRal synergisRc effect. 
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Figure 3.7 PKR is required for inducing type I and III interferon expression upon RNA-

based immunogenic ligands in HepG2 cells. 

HepG2 cells were pre-treated for 1h with the PKR inhibitor C16 and then s@mulated with 

T-poly I:C or 3p-hpRNA for 4h. Gene expression of IFNB1 (A and B) and IFNL1 (C and D) 

were analysed by RT-qPCR. Data are mean ± S.E.M. of four independent experiments, p 

value were calculated using paired one-way ANOVA. 
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Figure 3.8 PKR is required for inducing pro-inflammatory cytokines expression upon 

RNA-based immunogenic ligands in HepG2 cells. 

HepG2 cells were pre-treated for 1h with the PKR inhibitor C16 and then s@mulated with 

T-poly I:C or 3p-hpRNA for 4h. Gene expression of CXCL10 (A and B) and TNF (C and D) 

were analysed by RT-qPCR. Data are mean ± S.E.M. of four independent experiments, p 

value were calculated using paired one-way ANOVA. 
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3.5.5 Huh7 cells respond to cytoplasmic viral-like RNA PAMPs 

 

We sRmulated Huh7 cells with poly I:C as TLR3 ligand, transfected poly I:C (T-poly I:C), 

and 5’ triphosphate hairpin RNA (3p-hp RNA) as cytoplasmic PRRs agonists. Ajer a 24h 

sRmulaRon, type I IFN level in the supernatants was measured. We observed that, 

similarly to HepG2 cells (Fig. 3.1), Huh7 increase type I IFN expression upon sRmulaRon 

with 3p-hpRNA and T-poly I:C (Fig. 3.9). The results showed that also Huh7 rely on 

cytoplasmic PRRs. Surprisingly Huh7 cells were responsive at higher concentraRons of T-

poly I:C and 3p-hpRNA compared to HepG2 cells. 

 

3.5.6 Huh7 cells ac6vate a MAVS-dependent response upon dsRNA s6mula6on 

 

We silenced MAVS expression in Huh7 cells using the same lenRviral system used for 

HepG2 cells (Fig. 3.10 A) and sRmulated the cells with transfected poly I:C or 5’-

triphosphate hairpin RNA for 6h. We observed that neither long dsRNA poly I:C or short 

5’-triphospahte hairpin RNA did not acRvate MAVS-dependent pathway since IFNB1 and 

IFNL1 expression were not altered in the MAVS KD cells (Fig. 3.10 B and C).  

 

We further measured IFN-b and IL-29 protein levels ajer 24h sRmulaRon with 

transfected poly I:C or 5’-triphosphate hairpin RNA. We observed that both IFN-b and IL-

29 protein levels were reduced in MAVS KD Huh7 cells upon transfected poly I:C 

sRmulaRon (Fig. 3.11 A and B). These results demonstrate that poly I:C-induced IFNs 

expression is MAVS-dependent at a later phase (such as 24h). 

 

InteresRngly, we could not detect an increase in the IFN-b and IL-29 (IFNL1) protein levels 

upon the 5’-triphosphate hairpin RNA 3p-hpRNA. This was a surprising result since we 

observed an increase of 500-fold changes in IFNL1 gene expression upon 5’-triphosphate 

hairpin RNA sRmulaRon at 6h. Moreover, in a previous experiment (Fig. 3.9), we 

observed an increase in type I IFN secreRon upon 5’-triphosphate hairpin RNA. This 

might also be due to a greater sensiRvity of HEK-blue assay compared to IFN-b ELISA.  
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Figure 3.9 Huh7 cells upregulate type I IFN expression upon cytoplasmic PRRs 

ac(va(on. 

Huh7 were s@mulated for 24h with poly I:C, transfected 3p-hpRNA and transfected poly 

I:C (T-poly I:C). Supernatants were collected and type I IFN content was measured by HEK-

Blue assay. Data are mean ± S.E.M. of five independent experiments, p value were 

calculated using paired one-way ANOVA. 
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Figure 3.10 Huh7 cells ac(vate a MAVS-dependent response upon short hairpin RNA 

s(mula(on. 

Representa@ve immunoblot of MAVS silencing in Huh7 cells using the pLKO.1 len@viral 

system as described in material and methods (A). ShCtr and shMAVS Huh7 cells were 

s@mulated with 5 µg/ml of transfected poly I:C (T-poly I:C) or 500 ng/ml of 5’ 

triphosphate hairpin RNA (3p-hpRNA) for 6h. IFNB1 (B) and IFNL1 (C) expression was 

measured by RT-qPCR. Data are mean ± S.E.M. of three independent experiments, p value 

were calculated using paired one-way ANOVA. 
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Figure 3.11 Huh7 cells ac(vate a MAVS-dependent an(viral response upon 

transfected poly I:C s(mula(on at 24h. 

ShControl and shMAVS Huh7 cells were s@mulated with 5 µg/ml of transfected poly I:C 

(T-poly I:C) or 500 ng/ml of 5’ triphosphate hairpin RNA (3p-hpRNA) for 24h. IFN-b and 

IL-29 protein levels were measured ELISA. Data are mean ± S.E.M. of three independent 

experiments, p value were calculated using paired t-test. 

Untre
at

ed

Lip
ofe

ct
am

in
e

T-
poly 

I:C

3p
-h

pRNA

Untre
at

ed

Lip
ofe

ct
am

in
e

T-
poly 

I:C

3p
-h

pRNA
0

100

200

300

400

IF
N

-β
 (p

g/
m

l)

0.0416
shControl
shMAVS

Untre
at

ed

Lip
ofe

ct
am

in
e

T-
poly 

I:C

3p
-h

pRNA

Untre
at

ed

Lip
ofe

ct
am

in
e

T-
poly 

I:C

3p
-h

pRNA
0

1000

2000

3000

4000

5000

IL
-2

9 
(p

g/
m

L)

0.0292

A

B



 98 

3.5.7 Huh7 cells ac6vate PKR upon RNA-based immunogenic ligands 

 

Since we observed that transfected poly I:C acRvates an early (6h sRmulaRon) MAVS-

independent anRviral response in Huh7 cells (Fig. 3.10), we hypothesised that PKR might 

be involved in the response. We blocked PKR acRvaRon using the specific PKR inhibitor 

C16, and we noRced a decrease in IFNB1 and IFNL1 expression in transfected poly I:C 

and 3p-hpRNA sRmulaRons (Fig. 3.12). At 24h we observed the same trend, with a dose 

dependent decrease of IFN-b and IL-29 protein levels by blocking PKR acRvaRon (Fig. 

3.13). 
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Figure 3.12 Huh7 cells ac(vate PKR upon RNA-based immunogenic ligands. 

Huh7 cells were pre-treated for 1h with the PKR inhibitor C16 and then s@mulated with 

5 µg/ml of transfected poly I:C (T-poly I:C) or 500 ng/ml of 5’ triphosphate hairpin RNA 

(3p-hpRNA) for 6h. Gene expression of IFNL1 (A and B) and IFNL1 (C and D) were analysed 

by RT-qPCR at 6h aier s@mula@on. Data are mean ± S.E.M. of three independent 

experiments, p value were calculated using paired one-way ANOVA. 
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Figure 3.13 PKR inhibi(on abrogates IFN-b and IL-29 produc(on in Huh7 cells. 

Huh7 cells were pre-treated for 1h with the PKR inhibitor C16 and then s@mulated with 

5 µg/ml of transfected poly I:C (T-poly I:C) 24h. IFN-b (A) and IL-29 (B) protein levels were 

measured by ELISA aier 24h s@mula@on. Data are mean ± S.E.M. of three independent 

experiments, p value were calculated using paired one-way ANOVA. 
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3.5.8 Hepatocyte-like cells produce significant type III interferon, relying on cytoplasmic 

PRRs for the detec6on of dsRNA 

 

The third surrogate model used for our studies is the iPSC-derived hepatocytes. Induced 

pluripotent stem cells were differenRated throughout 4 different stages, pluripotent 

stem cells, definiRve endoderm , hepaRc progenitors, and hepatocyte-like cells (HLCs) 

(Fig. 3.14)[186]. Induced pluripotent stem cells were differenRated through 3 different 

stages, definiRve endoderm, hepaRc progenitors, and hepatocyte-like cells (HLCs) [186]. 

The differenRaRon process took on average 16 ± 1 days. Cell in the definiRve endoderm 

stage were stained for FOX2A and GATA4. Cells in the hepaRc progenitor stage were 

stained for alpha-fetoprotein (AFP) and hepaRc nuclear factor 4-alpha (HNF4A). For the 

last stage, mature hepatocyte-like cells were stained for albumin and E-cadherin. At 

every stage, cells were counterstained with DAPI for nuclear DNA. 

 

We sought to determine whether HLCs were able to mount an innate anRviral response 

upon sRmulaRons with RNA-based viral-like ligands. HLCs were sRmulated with TLR3 

(non-transfected poly I:C), RIG-I (5’ triphosphate hairpin RNA), MDA5 and PKR 

(transfected poly I:C) agonists for 24h. Upon sRmulaRon with poly I:C, the ligand for 

TLR3, minimal interferon, either type I or III, was observed. However, sRmulaRon with 

transfected 5’ triphosphate hairpin RNA (3-hpRNA) and transfected poly I:C (T-poly I:C), 

acRvaRng RIG-I, MDA5 and PKR respecRvely, induced a significant producRon of the 

interferons IFNB1 and IFNL1 (Fig. 3.15). Surprisingly, we observed increased IFNL1 

expression (Fig. 3.15 A) but not at a protein level (Fig. 3.15 D) upon sRmulaRon with the 

vehicle lipofectamine. In this case, we hypothesise that the increased IFNL1 expression 

might be due to a slight increase in cellular stress which does not affect the protein 

levels. 
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Figure 3.14 Differen(a(on of iPSCs into hepatocyte-like cells.  

iPSC (induced pluripotent stem cells)  were differen@ated into hepatocyte-like cells (HCLs) 

through three different stages. Cells were stained for every differen@a@on stage. (A and 

B) At the defini@ve endoderm, cells were stained for FOX2A and GATA4. (C and D) At the 

FOX2A DAPI Merged

A

HNF4A DAPI Merged

D

E-cadherin DAPI Merged

E

GATA4 DAPI Merged

B

AFP DAPI Merged

C

MergedAlbumin DAPI

F

Definitive 
endoderm

Hepatoblast

Hepatocyte-
like cell

iPSC
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hepatoblast stage, cells were stained for alpha-fetoprotein (AFP) and hepa@c nuclear 

factor 4-a. (E and F) At the last stage, the hepatocytes-like cells (HLCs) were stained for 

E-cadherin and albumin. Cells were counterstained with DAPI for nuclear DNA. 

 

 

 
 

Figure 3.15 Transfected double stranded RNA induces expression of IFNs, pro-

inflammatory cytokines and ISGs.  

Hepatocyte-like cells were s@mulated for 24h with non-transfected poly I:C (25 mg/ml), 

transfected 5’-triphosphate hairpin RNA (3p-hpRNA) (1 mg/ml), and transfected poly I:C 

(T-poly I:C) (5 mg/ml). Lipofectamine was used as vehicle control for the transfec@on. 

Rela@ve gene expression of IFNs (IFNB1 and IFNL1, A), pro-inflammatory cytokines 

(CXCL10 and TNF, B), ISGs (ISG15 and MX1, C) were determined by RT-qPCR.  IL-29 (IFNL1, 

D) protein levels were measured by ELISA. Data are mean ±  S.E.M. of two independent 

experiments from one donor. 
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3.5.9 Time-course study analysis reveals early induc6on in IFNL1 expression upon dsRNA 
s6mula6on in HLCs 
 

We further performed a Rme course-study with transfected poly I:C sRmulaRon. We 

observed an early inducRon at 4h, with an increase in IFNB1 and IFNL1 (Fig. 3.16 A). At 

the later Rme points, 8 and 24h ajer sRmulaRon, we observed a further increase in their 

expression (Fig. 3.16 C and E). These results matched the IFN-b and IL-29 supernatants 

protein levels, which peaked at 24h ajer sRmulaRon (Fig. 3.16 B, D, and F).  

 

We further analysed the gene expression of ISGs and pro-inflammatory cytokines. In this 

case we also observed a rapid increase in CXCL10 and ISG15 expression already at 4h. 

While both seem to reach the peak in their expression at 24h (Fig. 3.17). 
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Figure 3.16 IFNB1 and IFNL1 are upregulated upon transfected poly I:C s(mula(on in 

iPSC-derived hepatocytes.  

Hepatocyte-like cells were s@mulated for 4 , 8, and 24h transfected poly I:C (T-poly I:C) (5 

mg/ml), lipofectamine was used as vehicle control for the transfec@on. (A, C, E) IFNB1 

and IFNL1 rela@ve gene expression were determined by RT-qPCR. (B, D, F) IFN-b and IL-

29 (IFNL1) protein levels were determined by ELISA. Data are mean ± S.E.M. of seven 

independent experiments from three different donors, p values were calculated using 

unpaired one-way ANOVA.  
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Figure 3.17 ISG15 and CXCL10 expression are upregulated by transfected poly I:C 

s(mula(on in iPSC-derived hepatocytes.  

Hepatocyte-like cells were s@mulated for 4 , 8, and 24h transfected poly I:C (T-poly I:C) (5 

µg/ml), lipofectamine was used as vehicle control for the transfec@on. (A) CXCL10 

rela@ve gene expression was determined by RT-qPCR. (B) ISG15 rela@ve gene expression 

was determined by RT-qPCR. Data are mean ± S.E.M. of seven independent experiments 

from three different donors, p values were calculated using unpaired one-way ANOVA.  
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3.6 Discussion 

 

Innate immunity relies on PRRs and their ability to recognise evoluRonary conserved 

pathogen-associated molecular pa[erns, such as viral DNA and RNA. Every nucleated 

cell has an intrinsic defence potenRal depending on their ability to detect invading 

pathogens via PRRs and acRvaRng the downstream signaling. In the present study we 

aimed to confirm that hepatocytes are able to mount an anRviral innate immune 

response upon sRmulaRon with viral RNA-based PAMPs. 

 

We uRlised three hepaRc cellular models, HepG2 cells, Huh7 cells, and human iPSC-

derived hepatocytes. In accordance with literature, we observed that HepG2 and Huh7 

cells do not respond to poly I:C, which acts as TLR3 agonist [157]. While iPSC-derived 

hepatocytes showed a slight upregulaRon of MX1 and ISG15 expression, as well as IL-29 

protein (encoded by IFNL1 gene) level upon non-transfected poly I:C. This might be due 

to an increased expression of TLR3 or adaptor proteins of the signalling pathway in iPSC-

derived hepatocytes compared to HepG2 and Huh7 cell lines, similar to what has been 

observed for PHHs. Although the three different iPSC-derived hepatocyte lines showed 

significant inducRon of IFNs, pro-inflammatory cytokines, and ISGs, we also observed 

intra- and inter-cell line variability in the expression of anRviral genes. Whether this due 

to differenRal levels of PRRs or proteins involved in the anRviral signaling has not been 

invesRgated yet. 

 

We observed inducRon of IFNs and pro-inflammatory cytokines upon transfecRon of 

poly I:C or 5’ triphosphate hairpin RNA (3p-hpRNA) in the three cellular models. Thus, 

demonstraRng that cytoplasmic PRRs are the main receptors involved in a RNA-

dependent innate anRviral response. We also noRced that Huh7 cells induced gene 

expression of IFNs and pro-inflammatory cytokines at higher concentraRons of poly I:C 

and 3p-hpRNA compared to HepG2 cells. The difference in the responsiveness between 

the two cell lines might be due to various factors. We hypothesise that this is due to 

either different transfecRon efficiencies or basal levels in the expression of the PRRs 

(RLRs and PKR) or adaptor proteins involved in the anRviral signaling pathways. Further 

experiments determining the transfecRon efficiency, for instance using labelled poly I:C, 
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or measuring the PRRs protein levels in the two cell lines might explain the differences 

observed. 

 

Although TNF expression was induced in HepG2 cells by sRmulaRon with  either 5’-

triphosphate hairpin RNA or poly I:C, we could not observe any increase in TNF protein 

levels, which were undetectable using a commercial ELISA kit. Moreover, there is no 

evidence in the literature indicaRng the expression of TNF by hepatocytes [66, 67]. Here 

we used TNF expression as a read-out for the inducRon of pro-inflammatory cytokines, 

but expression of other genes, such as CXCL10, might be a more robust read-out, since 

CXCL10 is highly expressed by hepatocytes when sRmulated with dsRNA as shown in our 

results and in literature [162]. 

 

We invesRgated which are the PRRs parRcipaRng in IFNs and pro-inflammatory inducRon 

upon dsRNA sRmulaRon. Transfected poly I:C acts as ligand for different PRRs, such as 

MDA5 and PKR [16, 204], and recently it has been shown to be recognised by NLRP1 and 

hepaRc NLRP6 acRvaRng the downstream specific inflammasomes [18, 19]. In this study, 

we first sought to determine whether HepG2 and Huh7 cells recognise T-poly I:C through 

RLRs and mediates a MAVS-dependent response. Using MAVS KD HepG2 cells, we 

observed that transfected poly I:C induces IFNB1 expression independently on MAVS. 

While type III IFN expression (IFNL1) was MAVS-dependent. Thus, demonstraRng that 

type I and III IFNs are differently regulated in HepG2 cells.  

 

We conducted similar experiments in the Huh7 cell line. In this case, we observed that 

transfected poly I:C induces gene expression of IFNs independently on MAVS. 

Surprisingly, at a later phase of the response (24h) IFN-b and IL-29 protein levels were 

ablated upon MAVS knock-down, suggesRng that a MAVS-dependent response might be 

induced at a la[er phase of the response. 

 

We used also a second dsRNA ligand, a 5’ triphosphate hairpin RNA (3p-hpRNA) 

sequence derived from Influenza A virus, known to act as a RIG-I agonist. In this case, 

both cell lines induced IFNs and pro-inflammatory cytokines dependently on MAVS as in 

accordance with the literature. 
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Since transfected poly I:C only parRally induced a MAVS-dependent anRviral acRvity, we 

hypothesized that the other cytoplasmic receptor, PKR, might be involved. By 

pharmacologically inhibiRon of PKR acRvaRon, we observed in both the cell lines that 

IFNs and pro-inflammatory cytokines expression was downregulated upon transfected 

poly I:C. Furthermore, we observed the same pa[ern also upon 5’triphosphate hairpin 

RNA sRmulaRon. The PKR inhibitor C16 has been widely used for studying PKR funcRon 

and acRvity [205–207]. However, there is a lack of in vivo studies to completely rule out 

off target effects. Recent computaRonal analysis showed that C16 might also inhibit the 

fibroblast growth factor receptor 2 (FGFR2) kinase [208]. Therefore, blocking PKR 

acRvaRon using another approach, such as silencing PKR, would help us to confirm the 

results observed. 

 

Although poly I:C is a syntheRc dsRNA sequence not derived from a viral sequence, it has 

been widely used as an immunosRmulant since it acts as an RNA PAMP, acRvaRng TLR3 

and cytoplasmic PRRs (among others MDA5 and PKR) [8, 16, 20]. In this chapter, and in 

significant parts of the work presented in this thesis, we used poly I:C rather than 

hepatotropic viruses. Hepatotropic viruses, such as HBV and HCV, are known to induce 

TLR3, PKR, and MDA5-dependent anRviral responses similarly to poly I:C [162–164]. 

Using poly I:C has allowed us to idenRfy the major PRRs acRvated by dsRNA in the human 

hepaRc cellular models used in our study and to exclude confounding factors caused by 

virus-specific immune evasion strategies [188, 209]. Nonetheless, future studies using 

hepatotropic viral models (such as HBV or HCV) are needed to confirm our observaRons. 

 

CollecRvely, our results demonstrate that HepG2 and Huh7 cell lines rely on cytoplasmic 

PRRs when sRmulated with RNA-based PAMPs. The two immunogenic dsRNAs 

(transfected poly I:C and 3p-hpRNA) used as PAMPs acRvate both MAVS-dependent and 

PKR-dependent anRviral acRviRes. Therefore, it is not possible, using the two syntheRc 

PAMPs, to selecRvely induce a MAVS-dependent or a PKR-dependent anRviral response. 

Thus, highlighRng the complexity and the cross-talk between the different PRRs involved 

in the innate anRviral response [60]. 
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Since transfected poly I:C showed a greater inducRon in IFNs and pro-inflammatory 

cytokines, we used this ligand for the major part of the work presented in this thesis. 

 

We used IFNB1 and IFNL1 gene expression and protein secreRon as readouts for the 

inducRon of the innate anRviral response. We consistently observed in all three models 

that IFNL1 inducRon was stronger than IFNB1. Further invesRgaRons focused on type III 

IFN-dependent anRviral response might their role in the inducRon of an anRviral state in 

human hepatocytes. 
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Chapter 4: Viral sensing alters mitochondrial respira(on in human 

hepa(c HepG2 and Huh7 cells 

 

4.1 Abstract 

 

The cellular funcRon of hepatocytes is influenced by their disRnct metabolic signature –  

including homeostaRc regulaRon of glucose, fa[y acids and ammonia. However, 

alteraRons of hepaRc metabolism upon anRviral signalling caused by viral infecRon 

remain elusive. Furthermore, the consequences of PRR-induced shijs in hepaRc 

metabolism are greatly unexplored and are focus of this thesis. 

 

In this chapter, using transfected poly I:C as a syntheRc viral PAMP sRmulant, we sought 

to determine major metabolic changes in HepG2 and Huh7 human hepaRc cell lines. 

Upon examinaRon, we observed decreased oxygen consumpRon and mitochondrial 

membrane polarizaRon, with a concomitant increase in the generaRon of mitochondrial 

reacRve oxygen species. Moreover, using an anRoxidant agent we could modulate the 

innate anRviral response by decreasing expression of IFNs and pro-inflammatory 

cytokines. CollecRvely, the results of this chapter demonstrate that the innate anRviral 

response in hepatocytes is accompanied by changes in the cellular oxidaRve state which 

influences the anRviral potenRal when manipulated. 

 

4.2 Introduc?on 

 

On acRvaRon, immune cells possess the ability to rapidly alter their cellular metabolism. 

This phenomenon causes major changes in levels of intracellular metabolites which have 

moonlighRng roles as regulators of cellular funcRon. An informaRve example includes 

LPS/Interferon-g acRvated macrophages fracturing their convenRonal Krebs cycle, 

leading to an accumulaRon of citrate and succinate and resulRng in the subsequent 

upregulaRon of compensatory glycolysis. Citrate is used as  a substrate in fa[y acid 

synthesis, which is indispensable for membrane biogenesis, needed by anRgen-
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presenRng cells (such as dendriRc cells). Succinate has been shown to have pro-

inflammatory effects, leading to the stabilisaRon of transcripRon factor, hypoxia-

inducible factor-1a (HIF-1a), thus inducing IL-1b [101, 111]. Whilst the field of 

immunometabolism has primarily focused on immune cells, parRcularly myeloid cells, 

less is known about cellular metabolism and how it is altered during anR-viral acRvity in 

non-immune cells, such as hepatocytes. As previously highlighted, hepatocytes possess 

unique metabolic acRvity, being criRcal regulators of glucose, fa[y acids and ammonia 

homeostasis. Several studies have shown how hepatotropic viruses alter hepaRc 

metabolism in order to achieve persistent infecRon. For instance, glycolysis and fa[y acid 

biosynthesis are upregulated during hepaRRs C infecRon in order to increase ATP and 

fa[y acid cellular contents required for viral replicaRon [210]. These mechanisms might 

partly explain the increased incidence of diabetes in chronically infected HCV paRents 

[211]. 

 

4.2.1  Type I IFN signalling alters hepa6c metabolism 

 

Recent studies are beginning to invesRgate mechanisms by which hepatocytes induce 

metabolic alteraRons while mounRng a type I IFN-dependent anRviral response. In a 

murine model of chronic viral hepaRRs, the effects of type I interferons on hepaRc amino 

acid metabolism, such as urea cycle break-down has been inspected. Type I IFN-

signalling dependent accumulaRon of urea cycle metabolite ornithine suppresses viral 

specific CD8 T cell responses, amelioraRng liver pathology [173]. Moreover, type I 

interferon signalling also caused an imbalance in the cellular oxidaRve stress, due to 

decreased anRoxidant proteins superoxide dismutase 1 (SOD1) expression [172], 

perhaps explaining type I IFN-induced cellular damage and consequent hepaRc fibrosis 

during chronic viral infecRons. Decreased expression of SOD1 has also been observed in 

chronically infected HCV paRents, potenRally explaining the increase of hepaRc fibrosis 

development in infected individuals [212, 213]. Yet, how hepatocytes alter their 

metabolism in response to acRvaRon of PRRs responsible for viral PAMPs recogniRon is 

sRll not fully invesRgated. 
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4.2.2 Mitochondrial dynamics in an6viral immunity 

 

Mitochondria are dynamic organelles which can divide (fission) or fuse (fusion) with each 

other, forming smaller or more elongated structures respecRvely (Fig. 4.1). 

Mitochondrial fusion and fission are mostly regulated by GTPases localised in the outer 

mitochondrial membrane [214]. Mitochondrial fission is essenRal for mitochondrial 

biogenesis in dividing cells, while mitochondrial fusion has been found criRcal for cellular 

energeRc homeostasis since mitochondria become more elongated when the cell relies 

on oxidaRve phosphorylaRon [215]. 

 

Autophagy is a fundamental cellular mechanism that provides eliminaRon of 

macromolecules, including nucleic acids, fa[y acids, proteins, and organelles to promote 

homeostasis, differenRaRon, and cell survival [216]. Also mitochondria can be removed 

through an autophagic process called mitophagy. Mitophagy has been showed to be 

inRmately linked to mitochondrial fusion and fission, and serve as quality control 

mechanisms for preserving mitochondria and cellular homeostasis [217, 218]. For 

instance, it has been shown that irreversible mitochondrial damage by photoirradiaRon 

of hepatocytes caused mitochondrial fission and selecRve segregaRon of damaged 

mitochondria which were eliminated by mitophagy [219]. DysregulaRons in 

mitochondrial dynamic and mitophagy cause accumulaRon of dysfuncRonal 

mitochondria, which are at the basis of different pathologies. For instance, mutaRons in 

Parkin and PINK1, two proteins involved in mitophagy, lead to early-onset autosomal 

recessive Parkinson’s disease [220, 221].  
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Figure 4.1 Mitochondria are dynamic organelles. 

Mitochondria change their structure by diving (fission) or by fusing. These two opposing 

mechanisms are @ghtly regulated by GTPases such as mitofusins, which promote 

mitochondrial fusion, or dynamin-related protein 1 (Drp1) and mitochondrial fission 1 

(Fis1), which promote mitochondrial fission. 

 
Since mitochondria are involved in innate anRviral acRvity, it is not surprising that 

mitophagy and mitochondrial dynamics influence the outcome of anRviral responses 

[222]. MAVS, the key player in RLR-dependent anRviral acRvity, is anchored through its 

transmembrane domain to mitochondria and is involved in mitochondrial dynamics. 

Although RLR acRvaRon has been shown to promote mitochondrial elongaRon, the 

downstream signaling has been shown to be blocked by proteins involved in 

mitochondrial elongaRon, such as mitofusin 2 [223, 224]. Whether this is a negaRve 

feed-back loop mechanism has not been fully clarified.   

 

InhibiRon of mitophagy has been shown to cause accumulaRon of dysfuncRonal 

mitochondria and increased producRon of reacRve oxygen species, which boost MAVS 

acRvaRon, downstream IFNs and pro-inflammatory cytokines expression [133]. MAVS 

has been also shown to regulate mitophagy. Surprisingly, acRvated MAVS promotes 

mitophagy; it limits accumulaRon of dysfuncRonal mitochondria and ROS, therefore 

limiRng MAVS-acRvaRon itself through a negaRve feed-back loop [225]. This process is 

essenRal for mitochondria homeostasis and regulaRon of the anRviral response. 

 

Earlier results presented in this thesis demonstrated that the hepaRc cell lines HepG2 

and Huh7, as well as iPSC-derived hepatocytes respond to transfected poly I:C and 5’-

triphosphate hairpin RNA, which act as agonists of cytoplasmic PRRs (PKR and RLRs), by 

inducing expression of IFNs, pro-inflammatory cytokines, and ISGs. In this chapter, using 

this syntheRc dsRNA poly I:C, we sought to determine whether mounRng of an innate 

anRviral response alters cellular metabolism of hepatocytes, and more specifically 

mitochondrial acRvity of HepG2 and Huh7 cells. 
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4.3 Chapter hypothesis 

 

Double-stranded RNA-induced acRvaRon of innate anRviral acRvity alters the cellular 

metabolism of HepG2 and Huh7 hepaRc cell lines. 

 

4.4 Chapter aims 

 

• To determine whether dsRNA-induced anRviral acRvity affects glucose 

metabolism in HepG2 and Huh7 cells. 

 

• To determine how dsRNA sRmulaRon affects the mitochondrial respiraRon and 

cellular oxidaRve stress. 
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4.5 Results 

 

4.5.1 dsRNA-dependent an6viral ac6vity alters the mitochondrial membrane poten6al 

and respira6on in HepG2 cells 

 

In order to determine whether acRvaRon of the innate anRviral response alters the 

cellular metabolism in our hepaRc models, we measured the oxygen consumpRon and 

acidificaRon rate of HepG2 cells upon transfected poly I:C sRmulaRon. In the previous 

chapter we observed that upon sRmulaRon with transfected poly I:C for 4h, HepG2 cells 

upregulate gene expression of IFNB1 and CXCL10. Therefore, we hypothesised that this 

early transcripRonal response may be a direct consequence of altered central carbon 

metabolism needed to amplify the producRon of anRviral proteins. We sRmulated 

HepG2 cells for 4h and we measured in real Rme the cellular metabolic profile through 

mitochondrial stress test. However, we could not detect any change in oxygen 

consumpRon rate (OCR) (Fig. 4.2 A) or extracellular acidificaRon rate (ECAR) (Fig. 4.2 B) 

between the vehicle (lipofectamine) and the transfected poly I:C sRmulaRon. 

 

We further tested the cellular metabolism of HepG2 cells ajer 24h sRmulaRon with 

transfected poly I:C. In this case, we observed a decrease in the oxygen consumpRon 

rate (OCR) (Fig. 4.3 A) without any significant change in the acidificaRon rate (Fig. 4.3 B). 

A reducRon in basal (Fig. 4.3 C)  and maximal respiraRon (Fig. 4.3 D), as well as ATP 

producRon (Fig. 4.3 E) was demonstrated at 24h upon sRmulaRon. These results 

highlight an anRviral induced alteraRon in cellular metabolism, with a decrease in 

mitochondrial-dependent respiraRon. 
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Figure 4.2 HepG2 cells do not alter their cellular respira(on upon a short-(me period 

s(mula(on with dsRNA. 

HepG2 cells were s@mulated for 4h with transfected poly I:C (T-poly I:C) or the vehicle 

(lipofectamine). Oxygen consump@on rate (OCR) and extracellular acidifica@on rate 

(ECAR) were measured by Seahorse. Graphs are representa@ve of three independent 

experiments.  
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Figure 4.3 Mitochondrial respira(on is decreased in HepG2 cells a_er 24h s(mula(on 

with transfected poly I:C. 

HepG2 cells were s@mulated for 24h with transfected poly I:C (T-poly I:C) or the vehicle 

(lipofectamine). Oxygen consump@on rate (OCR) (A) and extracellular acidifica@on rate 

(ECAR) (B) were measured by Seahorse. Basal respira@on (C), maximal respira@on (D), 

and ATP produc@on (E) were calculated according to protocol. Images A and B are 

representa@ve of two independent experiments, n = technical replicates from two 

independent experiments. 

 

4.5.2 HepG2 cells alter the mitochondrial structure and polariza6on upon transfected 

poly I:C s6mula6on 

 

By observing decreased cellular oxygen consumpRon in response to transfected poly I:C 

sRmulaRon, we hypothesised that modificaRon of mitochondrial acRvity may play a 

central role in the anRviral response of HepG2 cells. Using a specific dye, tetramethyl 

rhodamine, methyl ester (TMRM), we measured the mitochondrial membrane potenRal 

(MMP) and mitochondrial structure. TMRM accumulates in the mitochondrial 

intermembrane space, with fluorescent intensity dependant on mitochondrial 

polarizaRon. The greater the mitochondrial polarizaRon (i.e. the more negaRvely 

charged the mitochondrial intermembrane space), the greater the fluorescent intensity 

of TMRM. Since TMRM stains mitochondrial membrane, other parameters such as 

mitochondrial area and perimeter can be measured. By quanRfying mitochondrial 

perimeter and area, we used the mathemaRcal formula showed in figure 4.4 B to 

determine the form factor, which indicates a raRo between perimeter and area of the 

mitochondria. The raRo between the major and minor axes of the mitochondrial 

structures led us to measure the aspect raRo (Fig. 4.4 C). These two parameters (form 

factor and aspect raRo) are used as indicaRve measurements of the mitochondrial 

structure. A decrease in these two measures indicates that structurally, mitochondria 

are becoming shorter and more rounded (a process known as mitochondrial fission). 

While during mitochondrial fusion, when the organelle becomes more elongated, form 

factor and aspect raRo are increased (Fig. 4.4 A) [218]. 
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Figure 4.4. Calcula(ons of mitochondrial shape parameters. 

Mitochondrial shape can be determined by calcula@ng the two parameters form factor 

and aspect ra@o. These two measures can be extrapolated by the two formulas B and C 

respec@vely. Increase in form factor and aspect ra@o evidences a fusion process, with 

mitochondria being more elongated. Decrease of form factor and aspect ra@o can be 

seen in mitochondria ongoing through a fission process (A). 
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We could not detect any change in the mitochondrial membrane polarizaRon at 4h 

sRmulaRon with transfected poly I:C (Fig. 4.5 A). At this short duraRon of sRmulaRon, we 

observed a slight increase in the form factor, without any significant change in the aspect 

raRo (Fig. 4.5 B and C), thus indicaRng that the mitochondrial architecture might be 

affected even at a short Rme period sRmulaRon without any drasRc change in the 

mitochondrial polarizaRon. 

 

Ajer 24h sRmulaRon with transfected poly I:C, the mitochondrial membrane potenRal 

was reduced (Fig. 4.5 D), in concordance with the data obtained through the Seahorse 

assay, where we observed a decrease in the mitochondrial respiraRon. Thus, meaning 

that the mitochondrial acRvity and respiraRon is reduced. We also detected an increase 

in form factor and aspect raRo (Fig. 4.5 E and F). These results might indicate increased 

mitochondrial fusion process in concomitance with a decrease of mitochondrial 

respiraRon.   
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Figure 4.5 Mitochondrial structure and polariza(on are altered in response to 

transfected poly I:C in HepG2 cells. 

HepG2 cells were s@mulated for 4h or 24h with transfected poly I:C (T-poly I:C) or vehicle 

(lipofectamine) and stained with TMRM. Fluorescence intensi@es, form factor and aspect 

ra@o were determined by analysis with the soiware Cell Profiler. Data are mean ± SEM, 

n = technical replicates from three independent experiments. Images G and H are 

representa@ve of three experiments. 

 

4.5.3 Transfected poly I:C s6mula6on decreases oxygen consump6on rate in Huh7 cells 

 

We next sought to determine whether this decrease in oxygen consumpRon rate and 

mitochondrial membrane polarizaRon is cell line specific or if it is a conserved 

mechanism observable in other hepaRc cell lines. We used Huh7 cells  as a second 

hepaRc model and sRmulated with transfected poly I:C for 24h.  We observed a decrease 

in the oxygen consumpRon rate and a slight decrease in the acidificaRon rate (Fig. 4.6 A 

and B). Maximal respiraRon and ATP producRon were significantly reduced (Fig. 4.6 D 

and E). Overall, the data obtained is in concordance with the results observed in HepG2 

cells. Conclusively, this indicates that prolonged sRmulaRon with transfected poly I:C 

decreases the cellular oxygen consumpRon rate of the two hepaRc cell lines used. It is 

worth noRng that lipofectamine (vehicle) affected the cellular metabolism, with a slight 

increase in the OCR and ECAR, thus highlighRng the importance of using proper controls 

during transfected poly I:C sRmulaRon. 
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Figure 4.6 Transfected poly I:C s(mula(on decreases oxygen consump(on rate in Huh7 

cells. 

Huh7 cells were s@mulated for 24h with transfected poly I:C (T-poly I:C) or the vehicle 

(lipofectamine). Oxygen consump@on rate (OCR) (A) and extracellular acidifica@on rate 

(ECAR) (B) were measured by Seahorse. Basal respira@on (C), maximal respira@on (D), 

and ATP produc@on (E) were calculated according to protocol. Images A and B are 

representa@ve of two independent experiments, n = technical replicates from two 

independent experiments. 

 

4.5.4 Transfected poly I:C decreases mitochondrial membrane polariza6on and boosts 

mitochondrial reac6ve oxygen species in Huh7 cells 

 

We further analysed the mitochondrial membrane potenRal and structure of Huh7 cells 

sRmulated with transfected poly I:C at 4 and 24h. Similarly to what we observed in 

HepG2 cells, 24h ajer sRmulaRon, mitochondrial membrane polarizaRon, form factor, 

and aspect raRo  were decreased (Fig. 4.7 D-F). These results indicate decreased 

mitochondrial acRvity with changes in mitochondrial shape, becoming shorter and less 

elongated through the fission process. These results show that, similarly to HepG2 

hepaRc cells, mitochondrial membrane polarizaRon of Huh7 is also decreased upon a 

prolonged sRmulaRon (24h) with transfected poly I:C. InteresRngly, dispariRes in 

mitochondrial shape between the two hepaRc cell lines was recorded. Mitochondria 

within HepG2 cells presented structurally as more fused and elongated (increase in form 

factor and aspect raRo) when compared to those of Huh7, appearing smaller and more 

suited for fission.  Since we observed a decrease in the oxygen consumpRon rate and 

concomitant mitochondrial membrane polarizaRon in Huh7 cells, we hypothesised that 

transfected poly I:C might affect the oxidaRve state of the cells. We measured 

mitochondrial ROS levels ajer 4h of sRmulaRon (Fig. 4.8 A), and at later Rme-point (24h) 

(Fig. 4.8 B), when a decrease in mitochondrial respiraRon is observed. We observed that 

at both Rme points transfected poly I:C slightly increased mitochondrial ROS levels in 

Huh7 cells.  
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Figure 4.7 Transfected poly I:C s(mula(on decreases mitochondrial membrane 

polariza(on in Huh7 cells. 

Huh7 cells were s@mulated for 24h with transfected poly I:C (T-poly I:C) or vehicle 

(lipofectamine) and stained with TMRM. Fluorescence intensi@es, form factor and aspect 

ra@o were determined by analysis with the soiware Cell Profiler. Data are mean ± SEM, 

n = technical replicates from three independent experiments. Images D and E are 

representa@ve of three independent experiments. 
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Figure 4.8 S(mula(on with transfected poly I:C increases mitochondrial reac(ve 

oxygen species in Huh7 cells. 

Huh7 cells were s@mulated for 4h (A) or 24h (B) with transfected poly I:C (T-poly I:C) or 

vehicle (lipofectamine) and stained with MitoSOX red. Fluorescence intensity was 

determined by analysis with the soiware Cell Profiler. Data are mean ± SEM, n = 

technical replicates from three independent experiments. Images D and E are 

representa@ve of three independent experiments. 
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4.5.5 ROS scavenger N-acetyl cysteine ablates the dsRNA-induced an6viral ac6vity in 

HepG2 and Huh7 cells 

 

Since we observed that transfected poly I:C sRmulaRon alters the cellular oxidaRve 

equilibrium, we next hypothesised that manipulaRon of the ROS levels might affect the 

anRviral response. Therefore, we used N-acetyl cysteine (NAC), which is converted in 

cells to reduced glutathione, a natural ROS scavenger. Pre-treatment with N-acetyl 

cysteine decreased in a dose-dependent manner IFNL1, CXCL10  and TNF gene 

expression at 4h (fig. 4.9 A-C), while at 24h type I IFN protein level was reduced in HepG2 

cells (Fig. 4.9 D). This observaRon also remained true for Huh7 cells, where type I IFN 

and IL-29 protein levels were decreased by NAC pre-treatment prior to transfected poly 

I:C sRmulaRon (Fig. 4.10 A and B). 
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Figure 4.9 ROS scavenger N-acetyl cysteine ablates the dsRNA-induced an(viral 

response in HepG2 cells. 

HepG2 were s@mulated for 1h with N-acetyl cysteine (NAC) 5 or 10 nM and subsequently 

s@mulated with transfected poly I:C (T-poly I:C, 1µg/ml) for 4h. Gene expression of IFNL1 

(A), CXCL10 (B) and TNF (C) was determined by RT-qPCR. Type I IFN Huh7 (F) levels (D) 

were determined by HEK-blue assay. Data are mean ± S.E.M. of five (A to C) and four 

independent experiments, p value were calculated using paired one-way ANOVA. 
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Figure 4.10 ROS scavenger N-acetyl cysteine ablates the dsRNA-induced type I and III 

interferon secre(on. 

Huh7 cells were s@mulated for 1h with N-acetyl cysteine (NAC) 5 or 10 nM and 

subsequently s@mulated with transfected poly I:C (T-poly I:C, 5 µg/ml) for 24h. Type I IFN 

(A) and IL-29 protein levels (B) were determined by HEK-blue assay and ELISA 

respec@vely. Data are mean ± S.E.M. of three independent experiments, p value were 

calculated using paired one-way ANOVA. 
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4.6 Discussion 

 

Unravelling the metabolic features and acRvity of immune cells expands our knowledge 

of how the immune system funcRons and provides novel therapeuRc targets and 

strategies [96]. Since PRRs are not exclusively expressed on immune cells, understanding 

how cellular metabolism of other cell types (such as epithelial cells and hepatocytes) is 

linked with innate immune responses would offer addiRonal advantages in developing 

new therapies, parRcularly against viruses that infect them. 

 

The previous chapter and results of other researchers have shown that hepatocytes 

express PRRs and are capable of detecRng and responding to viral ligands. In this chapter 

we aimed to determine whether the two hepaRc cell lines, Huh7 and HepG2 used as 

human hepaRc models, alter their metabolism upon sRmulaRon with transfected dsRNA 

(poly I:C), an acRvaRng ligand of cytoplasmic PRRs PKR and RLRs (as shown in the 

previous chapter). We demonstrated that in both cell lines, the anRviral response 

induced a decrease in the oxygen consumpRon rate 24h ajer sRmulaRon. Surprisingly 

we did not observe any strong effect on the extracellular acidificaRon rate (ECAR) upon 

sRmulaRon with poly I:C in neither the two cell lines in contrast to what has been 

described in other cellular models [107]. In this case we speculate that the absence on 

variaRon in ECAR might be due to two different factors. Either hepatocytes have a unique 

metabolism different from other cell types and the hepaRc glycolysis is not affected by 

poly I:C sRmulaRon, or since the two hepaRc cellular models used in the study, being 

cancer cells and due to Warburg effect, have an enhanced glycolysis which is not 

perturbated by the sRmulaRon. Further studies using primary human hepatocytes or iPS-

derived hepatocytes would help us to unravel which is the case. 

 

We further focused on the mitochondrial acRvity during the dsRNA sensing. Using a 

specific dye (TMRM) we noRced a decrease in the membrane mitochondrial polarizaRon 

ajer 24h sRmulaRon. While we could detect similar changes  at earlier Rme points such 

as 4h upon sRmulaRon. Whether this phenotype is due to PRRs acRvaRon or to a 

paracrine/autocrine effect by type I, type III IFNs, or pro-inflammatory cytokines (such 
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as TNF) signalling is object of further invesRgaRons. Employment of IFNAR1 and IFNLR1 

KO cells could highlight the possible mechanism behind our observaRons. 

 

The decreased mitochondrial acRvity and respiraRon might be at the basis of a defence 

mechanism; by downregulaRng the cellular metabolism, also the viral pathogen might 

strive in replicaRng withing the cell, therefore limiRng the infecRon. 

 

AlteraRons in mitochondrial organisaRon upon poly I:C transfecRon were also noted, 

with those of HepG2 cells displaying a more elongated structure compared to more 

rounded mitochondria of Huh7 cells. Further research is required to delineate whether 

these opposing observaRons are a product of variability between the two cell lines or 

the possibility of differenRal anRviral induced mitochondrial acRvity. 

 

Since we observed downregulaRon of the mitochondrial respiraRon upon transfected 

poly I:C sRmulaRon, we hypothesised that cells might have altered mitochondrial 

metabolism. We sought to determine whether an increase in the oxidaRve stress, such 

as an increase in reacRve oxygen species, was observable upon dsRNA sRmulaRon. 

ReacRve oxygen species (ROS) comprehend species derived from molecular oxygen (O2) 

that are more reacRve than O2 itself [130]. This group of molecules are produced in 

different cellular compartments and are involved in several cellular funcRons as it will be 

discussed in further detail in chapter 5. Using a specific mitochondrial dye (MitoSOX red), 

we observed an increase in mitochondrial ROS (mROS) upon transfected poly I:C 

sRmulaRon at both an early Rme point (4h) as well as at a later stage (24h). 

 

We further aimed to determine whether a manipulaRon of ROS levels would affect the 

anRviral response. In order to achieve this we used N-acetyl cysteine (NAC), a molecule 

consumed by cells for the generaRon of the major anRoxidant, glutathione. By pre-

treaRng HepG2 and Huh7 cells with NAC, we observed decreased expression of type I 

and III IFNs, as well as pro-inflammatory cytokines  upon transfected poly I:C sRmulaRon. 

Further research using specific mitochondrial ROS scavengers and mitochondrial-specific 

oxidants - such as Mito-Tempo and MitoParaquat, respecRvely - would help us to 
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determine whether mitochondrial ROS are essenRal in modulaRng the innate anRviral 

acRvity. 

 

In conclusion, here we showed that acRvaRon of RLRs and PKR-mediated innate anRviral 

acRvity decreases the cellular respiraRon of hepatocytes, due to a downregulaRon of 

mitochondrial acRvity. Moreover, we observed a concomitant upregulaRon of 

mitochondrial ROS and that modulaRon of ROS affects the potency of the hepaRc 

anRviral response (Fig. 4.11). 

 

 

 

 

Figure 4.11 Reac(ve oxygen species modulate the transfected poly I:C-induced 

an(viral response in human hepa(c cell lines HepG2 and Huh7. 

The cytoplasmic PRRs (PKR and RLRs) agonist double stranded RNA transfected poly I:C 

induces decreased oxidaRve phosphorylaRon and increased mitochondrial reacRve 

oxygen species. ROS scavengers, such as N-acetyl cysteine, decrease the anRviral 

response. 
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Chapter 5: Peroxiredoxin 4 deficiency amplifies the an(viral 

response to dsRNA  

 

5.1 Abstract 

 

HepaRc viral infecRon triggers producRon of type I and type III interferons, followed by 

inducRon of genes involved in anRviral acRvity. Innate anRviral acRvity is associated with 

changes in hepatocyte metabolism including a breakdown of the urea cycle and 

increased type I interferon-dependent oxidaRve stress.  

 

Having demonstrated increased oxidaRve stress upon dsRNA sRmulaRon of hepatocytes, 

in this chapter we focus on idenRfying anRoxidant enzymes that might play roles in 

regulaRng innate anRviral acRvity induced by dsRNA sRmulaRon. We idenRfy the 

anRoxidant peroxiredoxin 4 (PRDX4) as a potenRal regulator of the innate anRviral 

response. PRDX4 deficiency increases expression of type I and III interferons upon 

sRmulaRon with dsRNA or ajer hepatotropic infecRon. Furthermore, we observed that 

PRDX4 knock-down increases mitochondrial anRviral protein (MAVS) acRvaRon, involved 

in the RNA-dependent anRviral response. These findings highlight the role of PRDX4 in 

the innate anRviral response and suggest potenRal new therapeuRcal strategies 

involving this enzyme. 

 

5.2 Introduc?on 

 

The term “reacRve oxygen species” (ROS) refers to a large family of oxidants derived 

from O2 that are more reacRve than O2 itself [130]. ROS are part of a larger family of 

reacRve species, which are named based on the nature of the reacRve atom and include 

reacRve oxygen species, reacRve nitrogen species (RNS), and reacRve sulfur species 

(RSS). ROS undergo redox (reducRon-oxidaRon) reacRons consisRng of oxidaRon of the 

substrate, which is generally a cellular macromolecule, such as a lipid, protein, 

carbohydrate, or nucleic acids [226]. ROS can be chemically divided into two groups: free 

radicals and nonradicals. Molecules containing one or more unpaired electrons are 
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called free radicals. Nonradical ROS are generated by two free radicals sharing their 

unpaired electrons. The major cellular ROS of physiological significance are indicated in 

table 5.1. Among these, superoxide anion (O2
•−) and hydrogen peroxide (H2O2) have 

been studied most extensively [227]. While O2
•− is a free radical, H2O2 is a nonradical 

ROS. ROS can act as a secondary messengers involved in signal transducRon. 

 

ROS Chemical formula ReacRvity 

Superoxide radical anion O2
•− 

• SelecRvely reacRve 
• Can reduce metals (Fe3+, 

Cu2+) 
• Reacts with nitric oxide to 

generate peroxynitrite 
• Reacts with other radicals 

to form hydroperoxides 
• Can damage enzymes that 

contain Fe-S clusters 

Hydrogen peroxide H2O2 
• Reacts slowly with thiols, 

such as GSH and protein 
Cys residues 

Hydroxyl radical •OH • Reacts non-specifically with 
adjacent molecules 

Peroxynitrite ONOO-/ONOOH 

• ReacRons with thiols and 
metal 

• ReacRon with CO2 to 
generate ONOOOCO2

- 

Carbonate radical anion CO•− 
• Oxidizes guanine in DNA, 

cysteine, tyrosine and 
tryptophan 

Hypohalous acids 
(hypoclorus and 
hypobromus acids) 

HOCl and HOBr 
• Strong oxidants, mainly 

react with thiols and 
methionine 

  

 
Table 5.1 Common cellular ROS.  

Table adapted from [130]. 
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5.2.1 Sources of ROS produc6on 

 

ROS can be derived from endogenous or exogenous sources, including heavy metals, 

radiaRon, and xenobioRcs. Here we focus on ROS derived from endogenous sources. 

Within the cell, ROS are produced from molecular oxygen as a product of cellular 

metabolism. The mitochondrial electron transport chain – in parRcular Complex I and III 

– is the major source of ROS, however, other proteins, such as NADPH oxidases (NOXs) 

[228], the flavoenzyme ERO1 in the endoplasmic reRculum [229], cytochrome P450s 

[230], xanthine oxidase [231], and nitric oxide synthases [232] also contribute to 

endogenous ROS levels (table 5.2). 

 

Protein name Abbrevia.on Loca.on Product 

Aldehyde oxidase AOX1 C H2O2 

Amine oxidases AOFs M H2O2 

D-amino acid oxidase OXDA Px H2O2 

L-amino acid oxidase OXLA L H2O2 

Cytochrome P450 3A4 CP3A4 ER O2
·−/H2O2 

Cytochrome P450 2D6 CP2D6 ER O2
·−/H2O2 

Cytochrome P450 2E1 CP2E1 ER, M O2
·−/H2O2 

Cytochrome P450 4A11 CP4AB ER O2
·−/H2O2 

ERO1-like protein-α ERO1A ER H2O2 

ERO1-like protein-β ERO1B ER H2O2 

Pyridoxine 5ʹ-phosphate oxidase PNPO C H2O2 

Suliydryl oxidase 1 and 2 QSOX1 and 2 G, N, PM, S H2O2 

Xanthine dehydrogenase/oxidase XDH C, PM, S H2O2 

NADPH oxidases (1-3) NOX1, NOX2, NOX3 PM O2
·− 

NADPH oxidase 4 NOX4 ER, PM, N H2O2 

NADPH oxidase 5 NOX5 ER O2
·− 

Dual oxidase 1 DUOX1 PM H2O2 

Dual oxidase 2 DUOX2 PM H2O2 
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Table 5.2 Major O2
•− and H2O2-genera(ng human enzymes. 

C, cytoplasm; ER, endoplasmic re@culum; G, Golgi; M, mitochondria; N, nucleus; PM, 

plasma membrane; Px, peroxisome; S, secreted; R-SH, protein cysteine residue; R-SSG, 

glutathionylated cysteine residue. Table adapted from [228]. 

 

5.2.2 Oxida6ve stress and ROS scavengers 

 

ROS can act as a secondary messengers involved in signal transducRon by oxidising 

various macromolecules, including those highlighted later in this secRon. ROS cellular 

concentraRons fluctuate within a specific range – nanomolar for H2O2, and picomolar for 

O2
•−  [233] - enabling ROS-dependent cellular signaling, also known as redox signaling. 

Cellular ROS concentraRons are fine-tuned by ROS biogenesis and ROS catabolism. ROS-

mediated oxidaRon of macromolecules such as proteins can provoke a change in their 

acRvity. The reacRon of ROS with proteins thiol groups provides a mechanism through 

which cells can sense changes in the redox balance [234]. AnRoxidant proteins catabolise 

ROS to non-reacRve oxygen-containing molecules, such as H2O.  

 

In some situaRons, where an imbalance between oxidants and anRoxidants occurs in 

favour of the oxidants, the disrupRon of redox signaling causes molecular and cellular 

damage [235]. This scenario is known as oxidaRve stress (Fig. 5.1). OxidaRve stress has 

been shown to be involved in a wide range of pathologies including atherosclerosis, 

cancer, chronic obstrucRve pulmonary disease (COPD), Alzheimer disease, chronic liver 

diseases such as non-alcoholic fa[y liver disease (NAFLD), viral hepaRRs, and 

hepatocellular carcinoma [236, 237]. There are two main mechanisms through which 

oxidaRve stress contributes to disease. The first involves the oxidaRon of 

macromolecules, including lipids, proteins, and nucleic acid, leading to aberrant cell 

funcRon and eventual cell death or carcinogenesis. The second mechanism is anomalous 

redox signaling due to excess H2O2 and O2
•−, therefore provoking aberrant cell 

funcRoning [237]. 
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Figure 5.1 Overview of the major ROS sources and ROS-mediated damage. 

Figure adapted from [238]. 

 

5.2.3 An6oxidant defence 
 
AnRoxidant defence can be divided into two categories: enzymaRc and non-enzymaRc. 

Since superoxide is the primary ROS produced by various sources – among them 

Complex I and III of the ETC – its conversion is of primary importance for the balance of 

the cellular redox state. Superoxide dismutases (SODs) are the main enzymes involved 

in catalysing the conversion of O2
•− to H2O2. H2O2 can be scavenged by different enzymes, 

including thioredoxins, peroxiredoxins, and glutaredoxins (Table 5.3).  

 

NonenzymaRc anRoxidants include low-molecular-weight molecules such as the 

tripepRde glutathione (GSH). GSH is highly abundant in all cell compartments. GSH 

funcRons by donaRng its electrons to H2O2 to reduce it into H2O and O2, while GSH is 

oxidised to GSSG. GSH is also a cofactor for several detoxifying enzymes, such as 

glutathione-S transferases (GSTs), which inacRve secondary metabolites by covalently 

binding GSH molecule to the toxic substrates, such as aldehydes [227]. GSTs, as discussed 

below are also involved in protein glutathionylaRon, which act as a post-translaRonal 
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modificaRon, therefore GSTs and their cofactor, GSH, have a major role in redox 

signaling. 

 

Protein name Abbrevia.on Loca.on Product 

Catalase CAT C H2O 

Superoxide dismutase 1[Cu–Zn] SOD1 C, N, M H2O2 

Superoxide dismutase 2 [Mn] SOD2 M H2O2 

Extracellular superoxide dismutase 

[Cu–Zn] 
SOD3 PM, S H2O2 

Peroxiredoxins 1 PRDX1 C, M H2O 

Peroxiredoxins 2 PRDX2 C H2O 

Peroxiredoxins 3 PRDX3 M H2O 

Peroxiredoxins 4 PRDX4 ER, C, S H2O 

Peroxiredoxins 5 PRDX5 M H2O 

Peroxiredoxins 6 PRDX6 C H2O 

Glutathione-S-transferases GSTs C, M, ER, N, PM R-SH, R-SSG 

Glutaredoxins GLRXs C, ER, M, N R-SH, R-SSG 

Thioredoxin TXN C, N R-SH 

Thioredoxin 2 TXN2 M R-SH 

 

Table 5.3 Major an(oxidant enzymes.  

Table adapted from [227] and [228]. 

 
5.2.4 Peroxiredoxins as transducers H2O2-mediated redox signaling 

 

Peroxiredoxins (PRDXs) are a ubiquitous family of small (22 to 30 kDa) cysteine-

dependent anRoxidant enzymes involved in regulaRng ROS cellular levels by reducing 

H2O2 molecules (mechanism shown in Fig. 5.2) [239]. Mammalians have six 

peroxiredoxin, PRDX1 to 6 [240], which contain a conserved cysteine residue which is 

firstly oxidised by peroxides, designated as “peroxidaRc” cysteine (CP). Peroxiredoxins 

can be classified by the presence or absence of a second cysteine residue (known as 
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resolving cysteine, CR) involved in the reacRon. Therefore, PRDXs can be: 2-cysteines (2-

Cys), atypical 2-Cys, and 1-Cys PRDXs. 2-Cys PRDXs (from PRDX1 to PRDX4) are 

homodimeric and contain both CP and CR. In 2-Cys PRDXs the thiol group on CP is oxidised 

to CP-SOH, which reacts with the thiol group of CR contained of the other subunit, 

forming an intersubunit disulfide (Figure 5.4 A). In atypical 2-Cys PRDX, such as PRDX5, 

the CP-SOH reacts with a CR contained of the same subunit, forming an intra-subunit 

disulfide bond (Fig. 5.2 B). The difference between 2-Cys and atypical 2-Cys is that in the 

first case two monomers are involved in the disulfide bond, while in the la[er case the 

disulfide bond is between two cysteines of the same monomer. In 1-Cys PRDXs, such as 

PRDX6, the Cp-SOH forms disulfide bonds with other proteins or small thiols (Fig. 5.2 C) 

[241]. The peroxidase acRvity of PRDXs towards H2O2 is criRcal in prevenRng the 

oxidaRve damage. Moreover, they can also oxidise several substrate proteins. The 

oxidised PRDXs, either with the sulfenic group (Cp-SOH, in the case of PRDX6) or the 

disulfide bond (Cp-S-S-CR), can form intermolecular disulfide bonds with target proteins. 

ResoluRon of this disulfide bond results in generaRon of PRDX reduced cysteine and 

oxidaRon of the target protein cysteine, thus modifying the interacRng protein (2-Cys 

PRDX-mediated oxidaRon mechanism is shown in Fig. 5.2 D) [242]. The oxidised cysteines 

can be reduced to their iniRal state by thioredoxins. For instance, PRDX2 has been shown 

to oxidise STAT3 and inhibit its acRvaRon [243], while PRDX1 by oxidising ASK1 acRvates 

this kinase and the downstream signaling [244]. In both cases the two peroxiredoxins 

are firstly oxidised on their cysteines by H2O2 and subsequently they can oxidise their 

targets (Fig. 5.2 D).  
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Figure 5.2 Overview of  mechanisms of peroxiredoxins for scavenging H2O2 and redox 

signaling. 

H2O2 scavenging mechanisms in 2-cysteine peroxiredoxins (peroxiredoxin 1 to 4) (A), 

atypical 2-cysteine peroxiredoxins (peroxiredoxin 5), and 1-cysteine (peroxiredoxin 6) (C). 

PRDX-mediated oxida@on of protein target (in green) cysteine residue with forma@on of 

intramolecular disulfide bond (D). Figure adapted from [240] and [243]. 

 

Because of their dual funcRons, as scavengers and as redox signaling mediators, PRDXs 

are involved in several cellular funcRons and pathologies [245]. Moreover, PRDXs have 

been shown to be criRcal in replicaRon and survival of different viruses, including HBV 

[246]. Peroxiredoxins regulate the life cycle of specific pathogens, not only through 

modulaRon of redox homeostasis (which can be pro-viral or anR-viral depending on the 

virus itself [115, 247]), but also via direct interacRon with viral proteins [248]. Viruses 

can control PRDXs expression in order to enhance viral replicaRon [248]. PRDXs can 

therefore funcRon as pro- or anRviral proteins depending on the virus (Table 5.4). For 

instance, in HBV infecRon, PRDX1 can act as an anRviral protein [246], while in the 

context of measles infecRon PRDX1 is required for efficient replicaRon of the virus [249]. 
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Virus PRDX AcRon FuncRon Model Reference 

HBV PRDX1 AnRviral 
Facilitates viral RNA 

degradaRon 

Huh7.5 

cell line 
[246] 

IAV PRDX1 Proviral 

Prevents oxidaRve 

damage of viral RNA 

and proteins 

MDCK, 

A549 

cells, 

MEFs 

[250][251] 

Measles 

virus 
PRDX1 Proviral 

Prevents ROS-

induced cell death 

HEK293T 

cells 
[249] 

RSV 
PRDX1 and 

PRDX4 
Proviral 

Prevents ROS-

induced cell death 
A549 [252] 

 

 

Table 5.4 Peroxiredoxins are involved in the an(viral response. 

HBV: Hepa@@s B virus; IAV: Influenza a virus; RSV: Respiratory Syncy@al virus. 

 

PRDX4 is the only member of the PRDX family found both the cytosol and in the 

endoplasmic reRculum and that can be secreted. PRDX4 has been shown to be involved 

in inflammatory processes. PRDX4 was first idenRfied as a regulator of NF-kB acRvaRon; 

PRDX4 overexpression is shown to inhibit TNF-mediated NF-kB phosphorylaRon in 

different cell lines, including the HepG2 hepatocyte cell line [253]. PRDX4 acts also as 

inflammasome negaRve regulator; it binds to caspase 1 and limits its acRvaRon, thus 

inhibiRng IL1-b release [254]. Moreover, PRDX4, by reducing cellular oxidaRve stress, has 

been shown to be protecRve in NAFLD pathogenesis, reducing steatosis and 

inflammaRon in murine livers overexpressing PRDX4 [255]. 

 

5.2.5 H2O2 mediates cellular signalling by modifying target proteins 

 

As menRoned above, ROS-mediated cellular signaling relies on ROS ability to modify 

proteins, thus influencing their acRvity. ROS react covalently with an atomic rather than 
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molecular specificity. H2O2 signaling occurs mainly through reversible oxidaRon of 

sulphur atoms within cysteine residue thiols groups, while O2
•− oxidises the metal ions 

complexed in proteins  [256, 257]. While O2
•−-dependent signaling is not well 

understood, it is known that cysteine reacRvity towards oxidaRon by H2O2 depends on 

the cellular redox status and the chemical properRes of the residue itself.  

 

In this secRon we will focus on H2O2-mediated signaling, which has been studied more 

extensively than other mechanisms. The two most important factors determining 

cysteine thiol group suscepRbility towards being modified are the accessibility of the 

thiol within the three-dimensional protein structure and the reacRvity of the cysteine 

residue (low pKa) (Fig. 5.3), which is influenced by the surrounding amino acids [258, 

259]. The cysteine residue exists in two forms, the thiol and the deprotonated ionized 

form, the thiolate. In the thiolate form, cysteines are strong nucleophiles that can rapidly 

undergo redox reacRons (Fig. 5.3). The pKa indicates the pH at which the specific cysteine 

of a protein is equally present in the thiol and thiolate form. Although the thiol group 

pKa of a free cysteine is 8.25, it is perturbed when in a protein structure by the 

surrounding amino acids, lowering the pKa and increasing the residue reacRvity. For 

instance, a cysteine in the vicinity of residues providing posiRve charges (such as 

arginine, lysine, or hisRdine) or hydrogen bonding (such as serine, threonine, or tyrosine) 

stabilise the negaRve charged thiolate [259]. Proteins involved in several cellular 

funcRons have been reported to be regulated by ROS-dependent post translaRonal 

modificaRons, from metabolic enzymes (such as GAPDH [260] and PKM2 [261], whose 

acRviRes are inhibited upon oxidaRon of specific cysteine residues) to transcripRonal 

factors (such as histone deacetylases) [262].  
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Figure 5.3 Cysteine reac(vity influences ROS mediated post transla(onal 
modifica(ons. 

Thiol protona@on of the cysteine into thiolate is the major factor determining its 

reac@vity (A). The thiolate group, which is nega@vely charged, has a stronger 

nucleophilicity and a low pKa compared to the thiol group (B and C). The reac@vity of a 

cysteine residue is determined by the three-dimensional structure as well as the 

surrounding chemical proper@es. Polar and posi@vely charged amino acids stabilise the 

thiolate group by hydrogen bounds and ion-ion interac@ons respec@vely (D). 

 

Redox reacRons of cysteine residues with ROS can lead to different post-translaRonal 

modificaRons. Among these modificaRons, some are reversible, while others such as 
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addiRon of sulfinic and sulfonic acids, determine an irreversible modificaRon which is 

ojen a hallmark of oxidaRve stress [234]. OxidaRon of the thiolate group within a 

cysteine residue by H2O2 yields sulfenic acid, which, depending on the microenvironment 

is subject to different fates. Sulfenic acid can be stabilised as observed for human serum 

albumin [263]. Otherwise, sulfenic acid can react with a protein thiol group forming a 

disulfide bond (which can be intra- or intermolecular depending whether the reacRng 

cysteine is within the protein or on a second protein), or with GSH forming a protein-S-

GSH disulfide (also known as glutathionylaRon, it is discussed in detail below). In the 

presence of H2O2 excess, therefore during oxidaRve stress, sulfenic acid can be further 

oxidised to sulfinic (RSO2OH) and sulfonic (RSO3H) acids, which are irreversible 

modificaRons (Fig. 5.4). 

 

 
 

 

Figure 5.4 Overview of the major thiol modifica(ons caused by H2O2. 

The first reac@on of the thiol group with H2O2 generates sulfenic acid (-SOH). Reac@on 

with a second cysteine determines the forma@on of a disulfide (-S-SR’’’). Alterna@vely, 
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reac@on with glutathione (GSH) yields a glutathione disulfide (-S-SG). While H2O2 excess 

causes the forma@on of sulfenic acid (-SOO-), which can be furtherly oxidized to the 

irreversible sulfonic acid (-SOOO-)(both shown in the red box). Figure adapted from [234]. 

 

5.2.6 Glutathionyla6on as post-transla6onal modifica6on 

 

ROS scavenging by glutathione is one of the most conserved mechanisms across 

different species [264]. Glutathione (GSH) is a tripepRde formed by glutamate linked 

through its carboxyl side chain group to cysteine, which is a[ached to a glycine residue. 

GSH is the most abundant low-molecular weight thiol and is the major anRoxidant 

molecule within animal cells [264]. In mammalian cells, almost 90% of glutathione is 

found in cytosol (1 to 10 mM), while around 10% in mitochondria (5 to 10 mM), with 

small amounts in endoplasmic reRculum and nuclei [258]. Because of the cysteine 

residue, glutathione can be non-enzymaRcally oxidised by electrophilic substances, such 

as ROS and RNS, to glutathione disulfide (GSSG, formed by two glutathione molecules). 

GSH can be syntheRzed de novo by two reacRons, the first catalysed by g-

glutamylcysteine synthase (GCS), and the second by glutathione synthetase. The GSSG 

formed upon GSH oxidaRon can be reduced back to GSH by NADPH- or NADH-dependent 

glutathione reductases [258]. GSH does not only react with ROS and RNS, reducing these 

reacRve molecules, but it can also serve as post-translaRonal modificaRon. GSH can be 

reversibly conjugated to the thiol group (-SH) of protein cysteinyl residues (PSHs, P 

stands for protein, while SH is the cysteine thiol group) through a mechanism called S-

glutathionylaRon, which generates S-glutathionylated proteins (PSSGs). Although 

protein S-glutathionylaRon is usually increased in response to oxidaRve or nitrosaRve 

stress, it can also occur independently on changes in the cellular redox status [258]. 

Protein S-glutathionylaRon is a ubiquitous redox modificaRon which regulates several 

cell mechanisms, such as energy expenditure, cell death and survival, and calcium 

homeostasis [265–267]. Numerous in vitro studies have shown that redox sensiRve 

cysteine residues can be glutathionylated non-enzymaRcally; whether this is the case 

also within cells and at a physiological level is sRll topic of study [268]. Primarily two 

classes of enzymes catalyse glutathionylaRon and deglutathionylaRon (removal of 
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glutathione from the cysteine residue) of  target proteins, glutathione-S-transferases 

(GSTs) and glutaredoxins (GRXs) (Fig. 5.5). 

 

To date 22 glutathione-S-transferases have been idenRfied in humans. These enzymes 

have been studied for their ability to catalyse the conjugaRon of glutathione to 

xenobioRc molecules for detoxificaRon processes. GSTs are also able to modify protein 

reacRve cysteine residues by glutathionylaRon or deglutathionylaRon, influencing the 

acRvity of proteins involved in several mechanisms (Fig. 5.4). An explanatory example is 

the acRvaRon of the NLRP3 inflammasome, which is dependent on the 

deglutathionylaRon of  the NLRP3 component NEK7 by glutathione-S-transferase omega 

1-1 (GSTO1-1) on cysteine 253 [269].  

 

In humans, five glutaredoxins (GLRXs) have been idenRfied, GLRX1, 2, 3, 5, and the 

microsomal prostaglandin E synthase-2 (PGES-2). They are thiol disulfide 

oxidoreductases and members of the thioredoxin superfamily [268]. GLRXs catalyse the 

deglutathionylaRon, as well as, in oxidaRve stress condiRons, glutathionylaRon of 

different target proteins [270]. As GSTs, also GLRXs are involved in several cellular 

mechanisms. For instance, GLRX1 deglutathionylates the transcripRonal factor Sirt1. 

GLRX1 deficiency causes Sirt1 acRvity decrease, provoking an unbalanced fa[y acid 

metabolism with accumulaRon of fa[y acids in hepatocytes and a non-alcoholic fa[y 

liver (NAFL) phenotype [271]. 

 

 
 
Figure 5.5 Glutathionyla(on and deglutathionyla(on mechanisms. 

Glutathione-S-transferases and glutaredoxins are the two main classes of protein 

involved in glutathione-mediated post transla@onal modifica@on, being able to catalyse 

both glutathionyla@on and deglutathionyla@on. 
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5.2.7 Redox regula6on of the an6viral response 

 

ReacRve oxygen species play a key role in the immune system, affecRng both innate and 

adapRve responses [272]. AcRvaRon of immune cells, such as macrophage polarizaRon 

towards an M1 phenotype, drasRcally alters the cellular metabolism [96]. Among the 

different processes involved in the metabolic switch, macrophages upregulate 

mitochondrial ROS producRon needed for an increased phagocytosis [132] and 

inflammasome acRvaRon [273]. ROS increase and alteraRon of the cellular redox status 

have been observed also in non-immune cells upon mounRng an innate immune 

response. 

 

Cellular redox status and ROS have been shown to regulate the innate anRviral acRvity 

at different levels. AcRvaRon of TRAF3 and TRAF6 by DNA viruses is mediated by 

glutathionylaRon on specific cysteine residues due to an increase in ROS levels [274]. 

Also anRviral response against RNA viruses is modulated by the cellular redox status. 

AccumulaRon of mitochondrial ROS, caused by inhibiRng the mitochondrial electron 

transport chain or clearance of dysfuncRonal mitochondria, leads to an enhanced RLR 

signalling. This causes an upregulaRon of type I IFNs and pro-inflammatory cytokines 

producRon due to an increase in MAVS acRvaRon [133]. These results were confirmed 

also by following studies, showing that MAVS acRvaRon (which is characterised by MAVS 

aggregaRon) can be triggered viral-independently by pharmacologically increasing 

mitochondrial ROS levels, while mitochondrial ROS scavengers are able to downregulate 

MAVS aggregaRon  [109]. These observaRons are fundamental not only in understanding 

the link between cellular metabolism and anRviral response, but also for developing new 

therapeuRc strategies against autoimmune pathologies. That is the case for paRents 

affected by systemic lupus erythematosus (SLE), presenRng increased type I IFN blood 

levels due to a spontaneous MAVS aggregaRon in their peripheral blood lymphocytes. 

SLE paRents also present an increased level of mitochondrial ROS, and in vitro treatment 

with mitochondrial ROS scavengers reduced MAVS aggregaRon and type I IFN producRon 

in paRents’ blood samples [109]. Whether MAVS acRvaRon depends on a ROS-

dependent mechanism, such as cysteine residue oxidaRon or glutathionylaRon, has not 

been shown yet. While ROS-mediated signaling is fundamental in innate anRviral 
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response; as menRoned before, viruses have developed several strategies to hijack 

cellular redox signaling and exploit oxidaRve stress. Among others, flaviviruses (such as 

HCV) replicaRon is enhanced during oxidaRve stress through oxidaRon of the viral non-

structural protein 5, needed for viral RNA capping [115, 135].  

 

Therefore, redox signaling and oxidaRve stress are key players in different aspects of cell 

pathophysiology. In a viral infecRon scenario oxidaRve stress and anRoxidant systems 

play a criRcal role in the anRviral acRvity and pathogenesis. Unravelling the complex 

cross-talk among viral infecRon, anRviral acRvity, and redox biology provides informaRon 

for developing new anRviral and anR-inflammatory strategies. 

 

5.3 Hypothesis 

 

Enzymes involved in the cellular redox system such as PRDXs and GRDXs affect the 

innate anRviral acRvity of dsRNA-sRmulated hepatocytes. 

 

5.4 Aims 

 

1. To determine whether anRoxidant enzymes are differenRally expressed in the 

hepaRc anRviral response. 

 

2. To study the funcRons of anRoxidant enzymes during the innate hepaRc 

anRviral response.  
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5.5 Results 

 

5.5.1 Hepa6c PRDX4 is downregulated in a in vivo viral infec6on model 

 

We first sought to determine whether enzymes involved in the cellular redox 

homeostasis are differenRally expressed during hepaRc viral infecRon. We analysed RNA-

seq data and corresponding proteomic data from a study conducted on mice infected 

with chronic lymphocyRc choriomeningiRs virus (LCMV) [173]. The infecRon with LCMV 

clone 13 causes systemic chronic infecRon that lasts for up to 60 days. According to 

previous studies, the innate immune response, characterised by type I IFN producRon, 

peaks 2 days ajer infecRon and decreases over the next 72h; while at 8 days post 

infecRon, the viral Rtres peak, followed by an adapRve immune response [173]. In the 

following days, viral parRcles number is reduced due to the adapRve anRviral response 

(Fig. 5.6 A). Viral infecRon caused by LCMV clone 13 can persist for a prolonged period 

of up to 60 days. Therefore, LCMV is widely used as a model to study chronic viral 

infecRon and T cell exhausRon. The RNA-seq dataset analysed  here is based on liver 

samples from infected mice at different phases of infecRon (day 2 = innate phase, day 8 

= peak of disease, day 30 = chronic phase, day 60 = resolving phase) [173]. 

 

We used a list of 44 annotated genes involved in the anRoxidant pathway generated 

through Molecular Signature Database (MSigDB) [275–277]. When considering all genes, 

21 of the anRoxidant pathway related genes were differenRally expressed genes (DEGs), 

only 12 were differenRally expressed at two or more days. SOD1 was downregulated at 

both 2 and 8 days post infecRon as previously described [172]. Two other genes showed 

a similar pa[ern to SOD1, methionine sulfoxide reductase A (MSRA) and peroxiredoxin 

4 (PRDX4), which were both downregulated at 2 and 8 days post infecRon (Fig. 5.6 B). 

MSRA gene expression decrease peaked at 2 days post infecRon, while the PRDX4 

decrease was at 8 days post infecRon (Fig. 5.6 C and D). We analysed the corresponding 

proteomic dataset and observed a similar pa[ern to the RNA-seq dataset (Fig. 5.7 A). In 

this case, MSRA and PRDX4 protein levels were significantly downregulated at 8 days 

post infecRon, with a more significant decrease in PRDX4 (Fig. 5.7 B and C). Because of 
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these observaRons, we focused on studying PRDX4 in the context on an innate anRviral 

response. 

 

We further tested whether PRDX4 decrease is type I IFN signaling-dependent. We 

infected wild type and IFNAR1 knock-out (KO) mice with LCMV clone 13 for 5 days. 

PRDX4 was significantly decreased in both WT and IFNAR1 KO infected mice compared 

to their relaRve non infected controls, confirming the RNA-seq results. We also observed 

a basal non-significant increase of PRDX4 expression in the IFNAR1 KO genotype 

compared to their respecRve relaRve controls, not infected and infected (Fig. 5.8). 
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Figure 5.6 Liver expression of the an(oxidant enzymes MSRA and PRDX4 is 

downregulated in mice upon LCMV infec(on. 

Schema@c representa@on of the course of clone 13 LCMV infec@on in mice (A). LCMV 

infec@on is associated with altered expression of genes involved in cellular an@oxidant 

pathways as shown in the heatmap (B). The two an@oxidant genes MSRA (C) and PRDX4 

were significantly downregulated at both 2 and 8 days upon infec@on. Data generated 

and analysed with Dr. Jamie Sugrue’s help from a publicly available dataset [173]. FPKM 

(fragments per kilobase of transcript per million) values and adjusted p values were 

calculated according to the protocol as described in [173] (* adj p val < 0.05, ** adj p val 

< 0.01, *** adj p val < 0.001), n = 3 per condi@on.  
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Figure 5.7 MSRA and PRDX4 protein levels are downregulated in LCMV infected mice 

livers. 

Heatmap of an@oxidant protein abundance from LCMV-infected mice at different 

infec@on stages (A). MSRA (B) and PRDX4 (C) protein fold change compared to infected 

mice at day 0. Data generated and analysed with Dr. Jamie Sugrue’s help from a publicly 

available dataset [173] (* adj p val < 0.05, ** adj p val < 0.01, *** adj p val < 0.001), n 

=.3 per condi@on.  
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Figure 5.8 PRDX4 expression decreases in LCMV infected wild type and IFNAR1 knock-

out mice. 

Mice were infected with 2 x 106 focus-forming units (FFU) of LCMV strain clone 13 for 5 

days. Livers were collected, RNA was extracted and transcribed to cDNA. PRDX4 

expression was determined by RT-qPCR, and elonga@on factor 1-a 1 (EF1a) was used as 

housekeeping gene. Data are mean ± S.E.M. of four independent experiments, p value 

were calculated using one-way ANOVA. Data generated and analysed with Zsofia Keszei 

in Prof. Andreas Bergthaler’s lab. 

WT uninfec
ted

WT LCMV

IFNAR1 K
O uninfec

ted

IFNAR1 K
O LCMV

0.0

0.5

1.0

1.5

2.0

PR
D
X4

 re
la

tiv
e 

ex
pr

es
si

on
 (f

ol
d 

ch
an

ge
) 0.1167

0.0010 0.0656

0.0017



 155 

5.5.3 PRDX4 deficiency increases the innate an6viral response to dsRNA in Huh7 cells 

 

We then sought to determine whether loss of PRDX4 affects the innate anRviral response 

in our in vitro hepaRc model. We silenced PRDX4 (Fig. 5.9 A) and sRmulated Huh7 cells 

with transfected poly I:C for 6h. We observed that silencing of PRDX4 showed a trend 

towards increased CXCL10 expression, but no difference in expression of IFNL1 and 

IFNB1 at 6h (Fig. 5.9 B, C and D).   

 

This trend was also observed at a later Rme point. Ajer 24h of sRmulaRon with 

transfected poly I:C the PRDX4 silencing showed a trend towards increased secreRon of 

IFN-b and IL-29 protein (Fig. 5.10 A and B). Therefore, suggesRng that silencing of PRDX4 

increases transfected poly I:C-induced anRviral acRvity.  
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Figure 5.9 PRDX4 silencing increases type III interferon and CXCL10 expression upon 

transfected poly I:C s(mula(on in Huh7 cells. 

Huh7 cells were silenced with siRNA control or siPRDX4 for 48h before the s@mula@on. 

PRDX4 (A), IFNB1 (B), IFNL1 (C), and CXCL10 (D) gene expression aier 6h s@mula@on with 

transfected poly I:C (T-poly I:C, 5 µg/ml) or the vehicle (lipofectamine) determined by RT-

qPCR in silenced control (siCtr) or silenced PRDX4 (siPRDX4) Huh7 cells. Data are mean ± 

S.E.M. of four independent experiments, p value were calculated using paired t-test or 

paired one-way ANOVA for mul@ple comparisons. 
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Figure 5.10 PRDX4 silencing increases IFN-b  and IL-29 protein levels upon transfected 

poly I:C s(mula(on. 

Huh7 cells were silenced with siRNA control or siPRDX4 for 48h before the s@mula@on. 

IFN-b and IL-29 protein levels aier 24h s@mula@on with transfected poly I:C (T-poly I:C, 

5 µg/ml) or vehicle control (lipofectamine) were determined by ELISA in silenced control 

(siCtr) or silenced PRDX4 (siPRDX4) Huh7 cells. Data are mean ± S.E.M. of four 

independent experiments, p values were calculated using paired t-test on log10 

transformed data.  
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5.5.4 PRDX4 deficiency increases the innate an6viral response in Dengue virus infected 

Huh7 cells 

 

We further tested the effect of PRDX4 deficiency in the context of a hepatotropic 

infecRon. We infected Huh7 cells with the RNA virus Dengue for 24h at a MOI of 5. We 

observed an increase in IFNL1, CXCL10, and ISG15 expression, as well as IFN-b protein 

levels in PRDX4 KD Huh7 cells (Fig. 5.11 A-D). We also measured the viral load by RT-

qPCR of the non-structural protein 4A (NS4A) (Fig. 5.11 E). Surprisingly we did not 

observe a difference in the gene expression of NS4A between the siPRDX4 and siCtr, 

suggesRng no difference in the viral Rtre between the two condiRons. Whether this is 

due to the fact that PRDX4 KD affects and decreases the ability of clearing the virus or a 

longer Rme period is needed by the cells to acRvate an efficient anRviral response able 

to clear the virus, has not been invesRgated yet. 
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Figure 5.11 PRDX4 silencing increases the innate an(viral ac(vity in Dengue virus 

infected Huh7 cells. 

Huh7 cells were silenced with siRNA control or siPRDX4 for 48h before the s@mula@on. 

Subsequently, Huh7 cells were infected for 24h with Dengue virus at a MOI of 5. PRDX4 

(A), IFNL1 (B), CXCL10 (C), ISG15 (D), and Dengue virus non-structural protein 4A (NS4A) 

(F) rela@ve gene expression was determined by RT-qPCR, IFN-b protein levels were 

determined by ELISA (E). Data are mean ± S.E.M. of five independent experiments, p 

value were calculated using paired t-test or paired one-way ANOVA for mul@ple 

comparisons. 

 

5.5.5 PRDX4 is a poten6al MAVS interactor 

 

The previous results highlight how PRDX4 play a role in modulaRng the anRviral response 

against RNA viruses. Thus, acRvaRon of the cytoplasmic PRRs RLRs and PKR and their 

downstream signaling pathways might be influenced by PRDX4. Whether this 

mechanism is due to a direct interacRon between PRDX4 and proteins involved in the 

anRviral response has not been elucidated before. By re-analysing a publicly available 

dataset obtained from a mass-spec data of MAVS interactors [278], we idenRfied six 

proteins involved in the homeostasis of the cellular oxidaRve state (Fig. 5.12). These 

proteins belonged to the class of glutathione-S transferases and peroxiredoxins, and 

among these PRDX4 was one of the candidates.  
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Figure 5.12 PRDX4 is a poten(al MAVS interactor. 

Analysis of mass spec data obtained from MAVS-tagged and immunoprecipta@on in 

HEK293T cells [278]. DDAH2 was used as lower limit for filtering emPAI and the score. 

emPAI was calculated as 10PAI where PAI (Protein Abundancy Index) is the ra@o between 

observed and observable pep@des of that specific protein. 
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5.5.6 PRDX4 deficiency upregulates the innate an6viral response in HEK293T cells 

 

We used HEK293T cells to test which of the potenRal MAVS interactors idenRfied in 5.12 

might impact the anRviral response. Using siRNAs, we silenced gene expression of the 

six idenRfied proteins (Fig. 5.13 A) and sRmulated HEK293T cells for 8h with transfected 

poly I:C. We observed that a decrease in PRDX1 and PRDX4 expression caused an 

increase in IFNB1 and CXCL10 expression (Fig. 5.13 B and C). While TNF expression was 

significantly increased only upon PRDX4 silencing (Fig. 5.13 D). 

 

We confirmed these results by sRmulaRng for a longer period (16h) with both the dsRNA 

poly I:C as well as 5’ triphosphate hairpin RNA (3p-hpRNA). Also in this case IFNB1, 

CXCL10, ISG15 expression (Fig. 5.14 A-C), as well as type I IFN protein levels were 

upregulated upon PRDX4 KD compared to the control (Fig. 5.14 D). PRDX4-deficiency 

leads to an enhanced anRviral response in both HEK293T cells and Huh7s, suggesRng 

that this phenotype is not cell line specific.   
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Figure 5.13 PRDX4 silencing upregulates IFNB1 and pro-inflammatory cytokines 

expression upon transfected poly I:C s(mula(on in HEK293T cells. 

Rela@ve expression of the six silenced genes (PRDX1, PRDX2, PRDX4, PRDX6, GSTO1, 

GSTP1) determined by RT-qPCR (A). IFNB1 (B) and CXCL10 (C) rela@ve gene expression 

aier 8h treatment with transfected poly I:C (T-poly I:C, 1 µg/ml) and upon 48h silencing 

of the six different genes. Rela@ve gene expression was determined by RT-qPCR, 

lipofectamine was used as vehicle control for transfected poly I:C s@mula@on. Data are 

mean ± S.E.M of four independent experiments, p value were calculated using paired 

one-way ANOVA. 
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Figure 5.14 PRDX4 silencing upregulates IFN and pro-inflammatory cytokine 

expression upon dsRNA s(mula(on in HEK293T cells. 

IFNB1 (A), CXCL10 (B), and ISG15 (C) rela@ve expression aier 16h s@mula@on with 

transfected poly I:C (T-poly I:C, 1 µg/ml), 5’-triphosphate hairpin RNA (3p-hpRNA, 100 

ng/ml) or the vehicle (lipofectamine) in control (siCtr) or PRDX4 silenced HEK293T cells. 

Rela@ve gene expression was determined by RT-qPCR. Supernatants were collected and 

type I IFN protein levels were measured by HEK-Blue assay (D). Data are mean ± S.E.M. 

of four (A to C) and three (D) independent experiments , p value were calculated using 

paired t-test. 
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5.5.7 MAVS aggrega6on is increased in PRDX4 KD cells upon dsRNA s6mula6on 

 

Having found that silencing of PRDX4 is associated with an increased innate anRviral 

response, we sought to determine the mechanism through which this might occur. As 

we idenRfied PRDX4 as a putaRve MAVS-interactor, we determined whether PRDX4 KD 

is associated with increased MAVS acRvaRon upon viral sRmulaRon. Following PRDX4 

silencing, we sRmulated HEK293T cells with transfected poly I:C and determined MAVS 

acRvaRon by western blot for MAVS aggregaRon. In this case we observed an increase 

of MAVS aggregaRon in PRDX4 KD cells compared to the control (Fig. 5.15 A and B).  

 

Since from the public available dataset analysis, we observed a potenRal interacRon 

between PRDX4 and MAVS, we sought to determine whether this is the case. To 

determine whether PRDX4 and MAVS interact directly we used a semi-endogenous 

immunoprecipitaRon system. Myc-tagged PRDX4 was overexpressed for 24h in HEK293T 

cells which were subsequently sRmulated with transfected poly I:C. Tagged PRDX4 was 

immunoprecipitated and MAVS interacRon was determined by immunoblot. In this case 

we could not observe MAVS co-immunoprecipitaRng with overexpressed PRDX4 (Fig. 

5.16). Whether in other condiRons, such as a prolonged sRmulaRon, PRDX4 could 

potenRally interact with MAVS has not yet been invesRgated. 
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Figure 5.15 PRDX4 deficiency increases MAVS aggrega(on following s(mula(on with 

transfected poly I:C. 

Immunoblot of mitochondrial MAVS aggrega@on upon 4h s@mula@on with transfected 

poly I:C (T-pI:C, 1 µg/ml) or vehicle (Lipo, lipofectamine). For MAVS aggrega@on, the 

mitochondrial frac@ons of the different samples were run on a 1.5% agarose gel, while 

MAVS and GAPDH were used as loading controls for the normaliza@on (A) on an SDS-

PAGE as described in materials and methods sec@on. MAVS aggregates were quan@fied 

using mitochondrial MAVS as loading control (B). Data are mean ± S.E.M of three 

independent experiments. Blots are representa@ve of three independent experiments. 

  

MAVS 
aggregates 

MAVS 

GAPDH 

Lipo T-pI:C T-pI:CLipo

siCtr siPRDX4

PRDX4 

A B

SD
D-

AG
E

SD
S-

PA
GE

+ T-poly I:C

siC
tr

siP
RDX4

0.0

0.5

1.0

1.5

2.0

2.5

M
A

V
S

 a
gg

 / 
m

ito
ch

on
dr

ia
l M

A
V

S



 167 

 
 
 
 
 
 
 
 
 

 
 
Figure 5.16 MAVS and PRDX4 do not directly interact. 

Representa@ve experiment of c-Myc PRDX4 immunoprecipita@on and immunoblot of 

MAVS in HEK293T cell.  Cells were transfected with c-Myc PRDX4 plasmid or empty vector 

as control for 24h and s@mulated for 6h with transfected poly I:C (T-poly I:C, 1 µg/ml) or 

vehicle (lipofectamine) before being collected. Blots are representa@ve of three 

independent experiments. 
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5.6 Discussion 
 

Viral infecRon and innate anRviral acRvity are associated with major metabolic shijs in 

hepatocytes [173, 279]. These changes are ojen virus-specific and difficult to dissect, 

parRcularly when one considers that both the host and virus wish to rewire metabolism 

either to generate an anRviral response, or to facilitate viral replicaRon and immune 

evasion. A[empRng to understand host metabolic requirements during viral infecRon is 

therefore difficult. A lack of cellular models that recapitulates the complex hepaRc 

metabolism observed in vivo contributes to this difficulty.   

 

One of the viral models used to study the interplay between viral infecRon and anRviral 

response is chronic lymphocyRc choriomeningiRs virus (LCMV). This virus causes a 

systemic infecRon, and a specific clone (clone 13) has been shown to provoke a 

prolonged infecRon in mice that can be used as model for studying chronic viral 

infecRons. Studies have showed that LCMV-infected mice reprogram their hepaRc 

metabolism by upregulaRng fa[y acid biosynthesis, disrupRng the urea cycle, and 

increasing oxidaRve stress type I IFN-dependently [172, 173].  

 

In previous results of this thesis, we observed an increase in oxidaRve stress upon dsRNA 

sRmulaRon and saw how modulaRon of the cellular redox status affects the dsRNA-

dependent anRviral response. We therefore  aimed, in this chapter,  to invesRgate which 

anRoxidant genes are involved in the hepaRc anRviral response. By analysing a publicly 

available dataset, we found peroxiredoxin 4 (PRDX4) to be differenRally expressed, at 

both gene and protein levels, in liver samples from LCMV infected mice. As a previous 

study in the same model showed that oxidaRve stress was dependent on type I IFN 

signaling [172], we sought to determine whether that was also the case in our model. 

Using IFNAR1 knock-out (KO) mice we observed a slight increase in PRDX4 expression 

compared to the WT genotype, though this increase was not significant. Moreover, in 

both genotypes PRDX4 was downregulated upon viral infecRon, indicaRng that PRDX4 

downregulaRon during LCMV viral infecRon is not dependent on type I interferon 

signalling. InteresRngly, PRDX4 downregulaRon peaked at 8 days post infecRon, which is 

in concomitance with adapRve immune response acRvaRon and peak of viral Rtres. 
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Whether PRDX4 decrease is caused by acRvaRon of adapRve immune response or it is a 

viral intrinsic mechanism is not known. Further experiments using B and T cells depleted 

mouse strains (e.g. RAG-2 KO mice) and other LCMV strains might be helpful to 

deconvolute the cause of PRDX4 expression decrease. 

 

We further tested the effect of PRDX4 in dsRNA sRmulated hepatocytes. We silenced 

PRDX4 in Huh7 cells and we observed an increase in type I and III IFNs, as well as pro-

inflammatory cytokines. Moreover, a similar pa[ern was also observed in an 

hepatotropic viral infecRon model using Dengue virus, which acRvates an RLR-

dependent anRviral response [280]. Thus, demonstraRng that PRDX4 deficiency 

upregulates the dsRNA and viral infecRon-induced anRviral response in hepatocytes. 

Further viral infecRon models, for instance HBV and HCV which are known to acRvate 

RLRs and PKR, might be useful to confirm our results. 

 

We observed that also in other cell types, such as fibroblasts (HEK293T cells), PRDX4 

deficiency increases the anRviral response upon sRmulaRon with dsRNA and 5’-

triphosphate hairpin RNA, suggesRng that the mechanism might be conserved in diverse 

cell types. AddiRonally, we saw that PRDX4 deficiency increases MAVS aggregaRon, 

which may be the mechanism by which PRDX4 KD increases the anRviral immune 

response. Previous studies have shown that MAVS aggregaRon is ROS-dependent [109, 

133]. Since PRDX4 is an anRoxidant enzyme, we speculate that PRDX4 silencing impairs 

the cellular redox homeostasis. Therefore ROS upregulaRon, due to viral infecRon or 

dsRNA sRmulaRon, would be enhanced in PRDX4 deficient cells, causing increased MAVS 

aggregaRon and downstream acRvaRon of the anRviral response. Further studies, such 

as measuring ROS levels and their origin, whether cytoplasmic, mitochondrial, or both, 

would provide us with important informaRon. 

 

By analysing proteomic data on MAVS interactors, we idenRfied PRDX4 as a potenRal 

MAVS-interacRng protein. We hypothesised that PRDX4 might directly interact with 

MAVS and influence its acRvaRon and aggregaRon. Using a semi-endogenous model, 

based on PRDX4 overexpression and immunoprecipitaRon, we could not detect MAVS 

co-immunoprecipitaRng with PRDX4. Whether the two proteins – MAVS and PRDX4 – 
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interact is sRll subject of study. Further studies are needed in order to confirm the 

absence of interacRon between the two proteins. 

 

CollecRvely we idenRfied PRDX4 as a novel regulator of the innate anRviral response. Its 

depleRon increases the anRviral response to dsRNA in hepatocytes as well as other cell 

types. How PRDX4 deficiency upregulates the innate anRviral response is the subject of 

ongoing research. As PRDX4 is located in the endoplasmic reRculum, a deficiency in 

PRDX4 may increase endoplasmic reRculum oxidaRve stress and/or overall cellular 

oxidaRve stress and contribute to an increased anRviral immune response. 

 

 
  

Figure 5.17 Proposed mechanism of PRDX4 deficiency-mediated an(viral response. 

Double stranded RNA (dsRNA) and 5’-triphosphate hairpin RNA (3p-hpRNA or 5’pppRNA) 

increases the innate an@viral response, upregula@ng interferon and pro-inflammatory 

cytokine produc@on. Decrease in PRDX4 expression boosts the an@viral response upon 

the s@mula@on. ROS-dependent increased MAVS ac@va@on and aggrega@on may 

contribute to this phenotype.  
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6. Final discussion 

 

Metabolism rewiring is crucial for immune cell acRvaRon, enabling effecRve immune 

responses. Studies in the immunometabolism field are providing criRcal informaRon for 

the development of new pharmaceuRcal strategies [281]. Whether non-immune cells 

shij also their metabolism has not been fully explored. In this thesis we focus on 

hepatocytes, which have unique metabolic features due to the fact that they are 

involved in whole body metabolic homeostasis. Hepatocytes are targets of hepatotropic 

viruses and, in this scenario, they are able to induce an interferon-based innate anRviral 

response. Seminal studies have shown that hepatocytes alter their metabolism upon 

viral infecRon in a type I IFN-mediated manner [172–174]. Whether acRvaRon of PRRs 

and inducRon of anRviral acRvity requires metabolic rewiring is sRll not clear. This thesis 

aimed to dissect the role of cellular metabolism in the hepaRc innate anRviral response. 

 

We first focused on idenRfying the PRRs involved in the anRviral response of human 

hepatocytes upon sRmulaRon with immunogenic double-stranded RNAs – long dsRNA 

such as poly I:C and short 5’-triphosphate hairpin RNA. We conducted the study on three 

different cellular models, two human hepaRc cell lines (HepG2 and Huh7 cells) and 

induced-pluripotent stem cell (iPSC)-derived hepatocytes, also known as hepatocyte-like 

cells (HLCs). We observed that the two hepaRc cell lines and HLCs induce expression of 

IFNs, pro-inflammatory cytokines, and ISGs only by transfecRon of dsRNA, with poly I:C 

being the strongest agonist, indicaRng that cytoplasmic PRRs (RLRs and PKR) are the 

receptors involved in recognising viral-like dsRNA. Moreover, we observed that IFNL1, 

which is a type III interferon, is strongly induced at both transcript and protein levels 

compared to IFNB1. Different studies have highlighted type III IFNs role in protecRon 

against viral infecRons [91, 94]. This is not possible for the liver, since mouse 

hepatocytes, differently from humans, do not express IFN-l receptors, thus they do not 

respond to IFN-l [85]. Therefore, primary human hepatocyte surrogate models are 

needed to dissect the differences between the two IFN families. HLCs bring several 

improvements compared to human hepaRc cells lines. For example, they are derived 

from primary human cells, they are not malignant cells and their geneRc background is 
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preserved and defined. The ability of HLCs to induce type III IFNs, as shown in this thesis, 

highlights the potenRal role of this model in studying the innate anRviral response in 

human hepatocytes. 

 

Since cytosol-delivered (through transfecRon) immunogenic dsRNA induced anRviral 

acRvity in the three cellular models, we speculate that hepatocytes rely on cytosolic 

PRRs rather than TLR3 for the recogniRon of dsRNA. Similar observaRons have been 

made previously by other groups, showing that TLR3 expression is compromised in 

Hepg2 and Huh7 cells compared to PHHs [157]. We further invesRgated which cytosolic 

PRRs are involved in the anRviral acRvity. It has been shown that transfected 5’ 

triphosphate hairpin and transfected poly I:C are RIG-I and MDA5 ligands, respecRvely 

[43, 46]. RLR-dependent anRviral response depends on MAVS aggregaRon, which act as 

signalosome pla�orm. Strikingly, we observed that MAVS knock-down only parRally 

affects IFN inducRon in transfected poly I:C sRmulated HepG2 and Huh7 cells. Thus, we 

hypothesised that PKR, known to bind dsRNA, might be involved in the mechanism. 

Pharmacological inhibiRon of PKR completely abrogated IFN and pro-inflammatory 

cytokine expression upon both transfected 5’ triphosphate hairpin and transfected poly 

I:C in HepG2 and Huh7 cells. These results demonstrate that PKR, and to some extent 

RLRs, are involved in inducing anRviral acRvity in HepG2 and Huh7 cells. It is sRll unclear 

whether our observaRons are fully translatable to primary human hepatocytes (PHHs). 

Studies have shown that PHHs, but not HepG2 or Huh7 cells, induce IFNs and pro-

inflammatory cytokines upon both transfected and non-transfected poly I:C sRmulaRon, 

the la[er being a TLR3 agonist [156, 157]. It is worth noRng that non-transfected poly 

I:C potency is much lower compared to transfected poly I:C in PHHs. This indicates that 

even though PHHs have some funcRonal TLR signaling, they likely rely mostly on 

cytosolic receptors. We hypothesise that this might be a mechanism through which 

hepatocytes keep their tolerogenic ability towards non-pathogenic microbes, while they 

are able to quickly respond to hepatotropic pathogens [282]. 

 

MAVS-mediated anRviral acRvity is known to cause a decrease in OxPhos and increased 

mitochondrial membrane polarizaRon in fibroblasts and peripheral blood mononuclear 

cells [133, 134]. How PKR-dependent anRviral acRvity affects mitochondria in 
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hepatocytes has not been invesRgated yet. Since HepG2 and Huh7 cells primarily 

acRvate PKR upon transfected poly I:C sRmulaRon, our results can potenRally reveal 

changes in mitochondrial acRvity during a PKR-dependent anRviral response. We 

observed decreased cellular respiraRon and mitochondrial membrane potenRal (MMP) 

ajer 24h of transfected poly I:C sRmulaRon. According to the literature MAVS-mediated 

anRviral acRvity increases MMP, and pharmacological dissipaRon of MPP reduces MAVS-

mediated IFN inducRon [134, 283]. Therefore, our results highlight a different 

mechanism where PKR-mediated anRviral response decreases MMP, in contrast to what 

has been described for MAVS-dependent anRviral acRvity. It is worth noRng that 

mitochondrial depolarizaRon and decreased OxPhos have been observed at 24 h, but 

not 4 h sRmulaRon with transfected poly I:C in both HepG2 and Huh7. From these results 

it is hard to discern whether the mitochondrial changes are due to prolonged PRRs 

acRvaRon or are dependent on downstream PRR-mediated signaling processes, such as 

IFN signaling. In this instance, dissecRng the major signaling pathways – for instance 

inhibiRng IFN signaling through a pharmacological or geneRc approach - would help to 

unravel the mechanism responsible for our observaRons. 

 

ReacRve oxygen species (ROS) are implicated in many cellular mechanisms, including 

innate anRviral acRvity [115]. ROS are predominantly produced during OxPhos by 

electron leaking – mostly from complex I and complex III – which are accepted by oxygen 

molecules, therefore forming O2
•− and H2O2 [129]. Mitochondrial ROS (mROS) have been 

described to be upregulated in MAVS-dependent anRviral acRvity in fibroblasts and 

PBMCs [134]. Whether this is the case in hepatocytes during innate anRviral acRvity is 

sRll unclear. Here, we measured increased mROS upon transfected poly I:C in both an 

earlier phase (such as 4h) and at a later Rme point (24h), indicaRng that MAVS and PKR-

dependent anRviral acRvity increases mROS in hepaRc cellular models. PKR is essenRal 

in cellular responses to different sRmuli, including endoplasmic reRculum stress, 

oxidaRve stress, and exogenous dsRNA recogniRon [57]. Therefore, we hypothesised 

that modulaRon of cellular ROS content, would impact the PKR-mediated anRviral 

acRvity. Using N-acetyl cysteine (which is an anRoxidant molecule), type I and III IFNs as 

well as pro-inflammatory cytokines expression was decreased, suggesRng that cellular 

redox status impacts hepatocyte anRviral acRvity.  
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While at physiological concentraRons, ROS are involved in several cellular processes 

through their ability to serve as secondary messenger molecules, at increased and 

pathophysiological levels, they damage cell macromolecules by oxidising the la[er [227]. 

Cells have developed different and redundant anRoxidant mechanisms to protect 

themselves against oxidaRve stress. MalfuncRoning in the cellular anRoxidant system 

leads to inappropriate ROS accumulaRon with subsequent oxidaRve stress and cellular 

damage. This scenario has been described in different pathologies, such as chronic HCV 

[284, 285]. In this case, HCV-induced oxidaRve stress is presumably among the causes of 

liver inflammaRon and subsequent fibrosis [286]. HCV infecRon does not only increase 

hepaRc ROS concentraRon, but it has been also shown to decrease expression of 

enzymes involved in scavenging ROS, among others SOD1 [213]. Whether SOD1 

downregulaRon is due to HCV-mediated strategy or to an endogenous mechanism is sRll 

not clear. Although in a chronic hepaRRs mouse model (LCMV clone 13 infecRon) 

recapitulaRng chronic HCV, SOD1 decrease has been found to be type I IFN-dependent, 

indicaRng SOD1 protecRon towards IFN-mediated oxidaRve stress [172]. Through a 

bioinformaRc approach, we idenRfied several anRoxidant protein coding genes being 

differenRally expressed upon hepaRc viral infecRon in mice (LCMV clone 13 

infecRon)[173]. Among these, peroxiredoxin 4 (PRDX4) was downregulated at both gene 

and protein levels. We confirmed PRDX4 downregulaRon upon viral infecRon by RT-qPCR 

in a mouse model of LCMV clone 13 infecRon. We further observed that, differently to 

what has been shown for SOD1 [172], PRDX4 downregulaRon is type I IFN-signaling 

independent. It is worth menRoning the decrease of PRDX4 expression reached its … at 

day 8 post infecRon. At this Rme point (between 6 and 12 days post infecRon), according 

to LCMV clone 13 infecRon model, the adapRve immune response and viral Rtres reach 

their peak. Therefore, PRDX4 downregulaRon might be caused by either adapRve 

immunity or the virus itself hijacking the anRoxidant system. Further experiments using 

RAG-2 knock out mice, which do not have mature B and T cells, might elucidate whether 

PRDX4 downregulaRon is adapRve response-dependent. 

 

We aimed to assess PRDX4 effect on hepaRc anRviral acRvity. By silencing PRDX4 in Huh7 

cells, type I and III IFNs, as well as pro-inflammatory cytokine expression were increased 
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upon sRmulaRon with dsRNA (transfected poly I:C). These results were confirmed also 

in an in vitro hepatotropic viral infecRon using Dengue virus (DENV), where we observed 

increases in IFN, pro-inflammatory cytokine, and ISG expression. Surprisingly, although 

PRDX4 silencing increased anRviral acRvity, we did not observe a change in DENV Rtres 

24h post infecRon. This might be because of two different reasons. First, we carried out 

the infecRon only for 24h; at longer periods, increased IFNs and ISGs in PRDX4 KD cells 

might control more efficiently the viral infecRon compared to the control. Secondly, 

PRDX4 is an anRoxidant protein and it has been reported that its deficiency increases 

cellular ROS levels upon viral infecRon [252]. DENV, being a Flaviviridae, expresses the 

non-structural protein 4 A (NS4A) (the capping enzyme) which is acRvated by oxidaRon 

of a methionine residue. Therefore, PRDX4 silencing which increases cellular ROS and 

induces oxidaRve stress might be beneficial for DENV replicaRon itself by acRvaRon of 

NS4A.  

 

We observed that also other cell types, such as the embryonic kidney cells HEK293T, 

increase IFNs and ISGs expression upon PRDX4 silencing and transfected poly I:C 

sRmulaRon. These results might indicate that the mechanism through which PRDX4 

limits anRviral acRvity is conserved in different cell types and Rssues. Extending our work 

by using other cell types and primary cells would confirm our observaRons and highlight 

the fact that PRDX4-mediated increased anRviral acRvity is not hepatocyte specific. 

 

PRDX4 localises in different cellular compartments, and uniquely to other 

peroxiredoxins, it has been found also in the endoplasmic reRculum (ER), where it acts 

as H2O2 scavenger. PRDX4 is crucial in governing ER redox homeostasis and ER stress 

[287]. A recent study has shown that PRDX4 localizaRon within the organelle is dynamic, 

and during ER stress this protein is localised at the mitochondria-associated membranes 

(MAMs) interface, where it interacts with several proteins involved in linking ER and 

mitochondrial acRviRes [288]. InteresRngly, MAVS has been shown to be localised on the 

MAMs to form signaling synapses during RLR-mediated anRviral response [48]. Thus, we 

hypothesised that PRDX4 might affect MAVS acRvaRon. In this case, we found an 

increase in MAVS aggregaRon upon PRDX4 silencing, which might explain the 

upregulated anRviral acRvity observed. We further tested whether MAVS and PRDX4 
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directly interact. Meta analysis of putaRve MAVS interactors idenRfied PRDX4 as a 

possible candidate, but in our experimental set up, we could not idenRfy direct 

interacRon between the two proteins. We do not exclude a possible interacRon between 

MAVS and PRDX4; further invesRgaRons considering different Rme points as well as 

using appropriate experimental set ups (such as alkylaRng reagents that block cysteines 

free thiols) will help tesRng our hypothesis. 

 

Different studies have already linked anRoxidant enzymes, especially peroxiredoxins, 

with the immune response and inflammaRon [254, 289]. Moreover, anRoxidant enzymes 

have also been shown to directly regulate the acRvaRon of transcripRonal factors 

involved in innate immunity [290, 291]. Whether this is also the case for PRDX4 has not 

been invesRgated yet. Since we observed increased MAVS acRvaRon in silenced PRDX4 

cells, we expect that also the downstream transcripRonal factors acRvaRon, in parRcular 

IRF3 and NF-kB, would be increased. Further work analysing IRF3 and NF-kB 

phosphorylaRon would confirm the data obtained in this thesis. As menRoned in 5.6, we 

speculate that PRDX4 silencing increases ROS levels upon dsRNA sRmulaRon compared 

to the silenced control. Mitochondrial acRvity, such as mitochondrial respiraRon and 

mitochondrial membrane polarizaRon, has been linked with MAVS acRvaRon and 

downstream expression of IFNs [109, 133, 283]. Whether PRDX4 deficiency influences 

mitochondrial metabolism and acRvity, for instance increasing mitochondrial 

polarizaRon and therefore mitochondrial ROS, could explain the increased MAVS 

aggregaRon and downstream anRviral acRvity. Future work invesRgaRng the relaRonship 

between PRDX4 and mitochondria would provide new insights into the molecular 

mechanism. 

 
6.1 Limita?ons of this study 

 

As menRoned above, hepaRc metabolism rewiring is now a subject of major interest. In 

parRcular, different studies have invesRgated how type I IFN signaling reprograms 

hepaRc metabolism using in vivo models of chronic hepaRRs. But studies of the cross-

talk between the early anRviral acRviRes and their consequences on hepaRc metabolism 

are not complete. This lack of informaRon might be due in part to the absence of an in 
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vitro model that fully recapitulates the complex hepaRc metabolism observed in vivo. In 

our experimental set up, we used the two human hepaRc cell lines Huh7 and HepG2. 

Being transformed cells, both these cell lines have an altered metabolism compared to 

primary hepatocytes. According to a study, HepG2 and Huh7 hepaRc cell lines have 89 

and 115 mutaRons, respecRvely, compared to PHHs [292]. MutaRons mostly occurred in 

genes involved in controlling cell cycle, survival, and proliferaRon, conferring the cancer 

phenotype. Different mitogen-acRvated protein kinases (MAPKs), which are involved in 

also controlling the cellular metabolism, were found mutated in the two cell lines, thus 

it is not surprising that other studies highlighted the metabolic differences between 

HepG2 and Huh7 cell lines and primary human hepatocytes (PHHs) [292]. Also genes 

involved in fa[y acid synthesis and detoxificaRon processes (cytochrome P450s, 

aldehyde dehydrogenases), which are also involved in ROS metabolism, present 

mutaRons in HepG2 and Huh7 cells lines [293, 294]. Thus, the results obtained by using 

the two cell lines might be only parRally reflecRng the sophisRcated hepaRc metabolism. 

Further invesRgaRons using other cellular models, such as iPSC-derived hepatocytes, 

might be needed to develop and test our hypothesis. Nevertheless, we are confident 

that we have idenRfied a novel link between the cellular anRoxidant systems involving 

the anRoxidant enzyme PRDX4 and the hepatocyte innate anRviral acRvity. 

 

6.2 Future direc?ons 

 

The results presented in this thesis has generated new lines of research for our group 

and has formed the basis for future research in innate anRviral immunometabolism field. 

 

We idenRfied PKR as a key player in binding dsRNA and acRvaRng a downstream anRviral 

response in hepatocytes. PKR is not only involved in anRviral acRvity; but it has been also 

described as a sensor of cellular stress and, more recently, of metabolic homeostasis 

[295]. In a context of metabolic disorder, such as obesity, PKR has been shown to be 

consRtuRvely acRvated and detrimental for cellular homeostasis. Mice exposed to high 

fat diet have been shown to have increased expression of TNF, IRF7, ISG15, and OAS1 

due to PKR acRvaRon in adipocytes and liver. Moreover, PKR can be acRvated by fa[y 

acids causing a subsequent phosphorylaRon of insulin receptor substrate 1 (IRS1), thus 
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inducing insulin resistance, which is at the basis of type II diabetes [295]. Different 

studies have found that the prevalence of type II diabetes among HCV paRents ranges 

from 7 to 43% [296–299]. These observaRons have been ojen linked to HCV-induced 

metabolic switch, such as increase in glycolysis and lipid biosynthesis [279]. HCV-derived 

dsRNA is sensed by different PRRs, among these also PKR [300], whether and how PKR 

is involved in HCV-related type II diabetes and metabolic disorders is sRll unknown. A 

first in vitro approach using HLCs, which sustain HCV infecRon [201, 301] and, as we 

observed in our results, respond to dsRNA, might set the basis for be[er understanding 

HCV pathophysiology and its effects on hepatocyte metabolism. 

 

PRDX4 was firstly idenRfied and described as negaRve regulator of NF-kB acRvaRon in 

1997 [253]. Since then, it has been discovered to be involved in several pathologies, such 

as NAFLD and cancer [255, 302]. PRDX4 overexpression has been idenRfied in several 

human cancers, ojen correlaRng with decreased survival rate [302]. A recent study 

invesRgated PRDX4 role in pancreaRc adenocarcinoma, showing that PRDX4 silencing 

increases oxidaRve damage and cell death, therefore increasing the ability of clearing 

malignant cells in in vivo models [303]. Specifically, PRDX4 has been shown to protect 

pancreaRc adenocarcinomas from H2O2-induced stress. On the other hand, geneRc 

depleRon of PRDX4 increased oxidaRve stress-mediated single and double stranded DNA 

breaks [303]. More recently, the same research group gathered preliminary data 

showing that PRDX4 deficiency acRvates IFN-based anRviral acRvity in pancreaRc 

adenocarcinoma cells mediated through recogniRon of self-damaged DNA by cGAS-

STING [304]. Opposite to what has been described in pancreaRc adenocarcinoma, in our 

experiments, “steady-state” PRDX4-silenced cells not sRmulated with transfected dsRNA 

did not induce any significant increase in IFN or pro-inflammatory cytokine expression. 

In contrast, the sRmulaRon with transfected dsRNA caused a higher anRviral acRvity in 

PRDX4 silenced cells compared to the control.  

 

Several studies have highlighted that cellular stress due to PRR acRvaRon or pathogen 

infecRon causes leakage of nuclear and mitochondrial DNA and RNA (mtDNA and 

mtRNA), which acRvate cellular PRRs and induce subsequent innate immune acRvity. 

DNA and RNA viruses, such as herpesviruses and Influenza virus, promote mitochondrial 
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stress and mtDNA release in the cytosol, where it acts as ligand for the DNA sensor cGAS, 

acRvaRng a downstream STING-dependent IFN-based anRviral response [305, 306]. Also 

PRR acRvaRon can trigger IFN-dependent anRviral responses due to recogniRon of self-

nucleic acids; LPS sRmulaRon induces a rewiring in the macrophage mitochondrial 

metabolism which causes leakage of mtRNA that acRvates RLRs and TLR7 [112]. While 

mtDNA and mtRNA have been extensively shown to act as immunosRmulatory 

molecules, only recently nuclear DNA has been described to act similarly, triggering 

cytosolic PRRs – including cGAS-STING. Nuclear DNA-mediated acRvaRon of STING has 

been described in norovirus infecRons [307] and also as a result of anRcancer 

treatments, which cause DNA damage and leakage in the cytosolic compartment [308]. 

 

PRDX4 has anRoxidant funcRons and is involved in regulaRng the ER stress as described 

above. The increase in IFNs and pro-inflammatory cytokines observed in PRDX4 KD cells 

might be due to increased cellular stress. In this scenario we do not exclude the 

possibility of host-derived DAMPs, in parRcular DNA and RNA, that might funcRon in a 

forward posiRve feed-back fashion. Further work in our laboratory will shed light on the 

molecular mechanism. 

 

In conclusion, here we found that innate anRviral acRvity in hepatocytes majorly relies 

on cytosolic PRRs. AcRvaRon of the anRviral acRvity affects cellular metabolism, causing 

increased ROS producRon. Among the different enzymes involved in ROS metabolism, 

we idenRfied PRDX4, which is decreased in a in vivo infecRon model, to be criRcal in 

limiRng the anRviral acRvity. These findings may lay the foundaRons for future studies 

centred on deconvoluRng the cross-talk between anRviral response and redox signaling, 

which can potenRally lead to development of novel anRviral therapies. 
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