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Abstract 
Worldwide spread of influenza A virus (IAV) strains, 
which are resistant to currently available anti-
influenza agents such as viral neuraminidase 
inhibitors, has encouraged identification of new 
target molecules for anti-influenza agents. Reactive 
oxygen species (ROS) causing oxidative stress play 
a pivotal role in the pathogenesis of lung injuries 
induced by infection with IAVs, therefore suggesting 
that anti-oxidative therapeutics targeting cellular 
molecules could be beneficial against IAV infection 
without inducing drug-resistant IAV strains. We 
recently found that the normal cellular prion protein, 
PrPC, whose conformational conversion into the 
amyloidogenic isoform, PrPSc, in the brain is a key 
pathogenic event in prion diseases, is expressed by 
lung epithelial cells and exerts a protective role 
against IAV infection in mice by reducing ROS in 
infected lungs. The Cu content and activity of anti-
oxidative enzyme Cu/Zn-superoxide dismutase, or 
SOD1, were lower in the lungs of PrPC-knockout 
mice, suggesting that the anti-oxidative activity of 
PrPC is probably attributable to its function of 
activating SOD1 through regulating Cu content in 
lungs. Here, we introduce PrPC as a novel 
modulator of influenza and its potential implication 
for anti-oxidative therapies for IAV infection. We also 
introduce other candidate targets reported for anti-
oxidative anti-influenza therapies.  

Introduction 
Influenza A viruses (IAVs) are enveloped, negative 
sense, single-stranded RNA viruses, causing 
seasonal epidemics of influenza affecting about 
20% of the world population annually, with 
250,000-500,000 deaths each year (Fiore et al., 
2008). The young and elderly and those with 
underlying chronic diseases in lung or cardio-
vascular systems are particularly vulnerable to IAV 
infection (Fiore et al., 2008). There have been so far 
four pandemics of influenza in the past; the 
1918-1919 Spanish flu pandemic caused by 
infection with IAV subtype H1N1, the 1957-1958 
Asian flu pandemic by H2N2, the 1968-1970 Hong 
Kong flu pandemic by H3N2, and the 2009-2010 
swine flu pandemic by H1N1, causing greater than 
50 million deaths worldwide (Nickol and Kindrachuk, 
2019). Potential risks of emergence of new IAV 
subtypes and their worldwide spread leading to new 
flu pandemics are still high. In addition, many 
sporadic infections with highly pathogenic avian 
influenza virus (HPAIV) subtype H5N1 to humans, 
causing high morbidity and mortality in infected 
people, have been reported (Nunez and Ross, 
2019). As of July 2018, a total of 860 cases of H5N1 
infection in humans have been confirmed and 454 
deaths have been reported (Nunez and Ross, 
2019). There have been only a few cases of human-
to-human transmission of HPAIVs (Nunez and 
Ross, 2019), suggesting a very low likelihood of 
pandemic threat of H5N1 infection in human 
populations. However, there are potential risks that 
HPAIVs might change their pathogenic properties in 
humans and produce new types of progeny viruses, 
which are more susceptible to humans and more 
easily spread among human populations through 
human-to-human infection, eventually causing new 
flu worldwide in the world.  

!21

Curr. Issues Mol. Biol. (2020) 37: 21-32. caister.com/cimb

Prion Protein is a Novel Modulator of Influenza: 
Potential Implications for Anti-Influenza Therapeutics 



Prion Protein as a Modulator of Influenza Sakaguchi and Chida

Vaccines against the viral surface glycoprotein 
hemagglutinin (HA) are currently available as a 
prophylactic measure against IAV infection 
(Yamayoshi and Kawaoka, 2019). However, they 
are only effective if they target the current circulating 
viruses. Furthermore, they also cannot reduce the 
ongoing threat of new pandemic strains since 
production of the vaccines takes a long time. 
Inhibitors of the viral neuraminidase (NA), which is 
essential for release of IAV progenies from infected 
cells, are the currently available major antiviral 
agents (Robson et al., 2019). The efficacy of the 
agents has been clearly demonstrated. However, 
the agents need to be used within 48 hours of onset 
and are most effective within 24 hours (Robson et 
al., 2019). In addition, certain strains of IAVs have 
already acquired resistance to these anti-influenza 
agents and have been spreading in human 
populations worldwide (Robson et al., 2019). The 
anti-influenza agents target the viral molecules, 
thereby stimulating the emergence of drug-resistant 
IAVs, which carry mutations in the genes encoding 
those molecules. Therefore, identification of new 
target molecules for anti-influenza agents is urgently 
awaited.  

Many cellular molecules play a crucial role in the 
pathogenesis of IAV infection (Marques et al., 
2019), suggesting that these cellular molecules 
could be plausible targets for new anti-influenza 
agents. Lines of evidence indicate that oxidative 
stress plays a pivotal role in the pathogenesis of IAV 
infection (Akaike et al., 1990; Oda et al., 1989; 
Vlahos and Selemidis, 2014). We recently identified 
that the normal cellular prion protein, PrPC, could 
have a protective role against lethal infection with 
IAVs in mice by functioning as an anti-oxidative 
molecule by regulating an anti-oxidative enzyme in 
lungs (Chida et al., 2018). In this review, we 
introduce PrPC as a novel potential candidate target 
for anti-oxidative therapeutics against IAV infection, 
as well as other candidate targets reported for anti-
oxidative anti-influenza therapeutics. 
  
Brief overview of IAV infection  
IAV infection begins with attachment of the virus to 
the surface of the airway or lung epithelial cells and 
alveolar macrophages through specific binding of 
the viral surface protein HA to either α2,3- or α2,6-
linked sialic acids expressed on the cell surface 
(Chutinimitkul et al., 2010; van Riel et al., 2010). 
Seasonal and pandemic IAV strains use α2,6-linked 
sialic acids for binding to the host cells while HPAIV 
strains use α2,3-linked sialic acids (Shinya et al., 
2006; van Riel et al., 2010). α2,6-linked sialic acids 

are prominently expressed in the trachea, whereas 
α2,3-linked sialic acids are expressed by alveolar 
type II (ATII) epithelial cells (Shinya et al., 2006; van 
Riel et al., 2010). This specific expression of α2,3-
linked sialic acids in ATII cells, which is located in 
the respiratory tract terminus, alveolus, have been 
suggested to explain why HPAIV strains have 
difficulty infecting humans. Binding of IAVs to the 
cells triggers endocytosis of the virus into them. The 
acidic environment of the endosomes causes fusion 
of the virus with the endosomal membrane, resulting 
in release of the viral genome into the cells 
eventually leading to propagation of the viral 
progenies (Pinto and Lamb, 2006). The M2 viral 
protein is activated in the endosomes and forms an 
ion channel on the viral membrane, allowing 
entrance of protons into the viral core to dissociate 
the ribonucleoprotein complex (Pinto and Lamb, 
2006). The newly replicated viral progenies are still 
bound to the host cells through linkage of HA of the 
progenies to sialic acids on the cell surface 
(Rossman and Lamb, 2011). The viral protein NA 
cleaves the link, allowing release of the progeny 
viruses from the host cells and spread of IAV 
infection in the lungs (Rossman and Lamb, 2011).  

IAV infection can be cleared by the host immune 
systems. The innate immune system detects IAV 
infection through recognition of the virus by host 
cells via interaction of pathogen-associated 
molecular patterns, which are present in the virus or 
generated during infection, with cellular pattern 
recognition receptors such as the Toll-like receptors 
(TLRs), retinoic acid-inducible gene I (RIG-I), and 
NOD-, LRR- and pyrin domain-containing 3 
(NLRP3) (Iwasaki and Pillai, 2014). TLR3 and TLR7 
recognizes dsRNA and ssRNA in endosomes, 
respectively, and RIG-I detects 5'-triphosphate viral 
ssRNA that is generated in the cytoplasm after IAV 
infection (Iwasaki and Pillai, 2014). These 
interactions between viral and cellular molecules 
trigger activation of innate immunity against IAV 
infection, leading to production of pro-inflammatory 
cytokines, recruiting immune cells into the infection 
sites, activating adaptive immune responses against 
IAV infection, eventually eliminating IAV infection 
(Iwasaki and Pillai, 2014). NLRP3 is expressed in 
monocy tes , dend r i t i c ce l l s , neu t roph i l s , 
macrophages, and epithelial cells and forms the 
multiprotein complexes called inflammasomes 
together with the ASC protein and pro-caspase 1 
(Guarda et al., 2011). IAV infection triggers 
f o rma t i on and ac t i va t i on o f t he NLRP3 
i n f l ammasomes , resu l t i ng i n re lease o f 
interleukin-1β (IL-1β) and IL-18 and thereby 
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consequently activating immune responses against 
IAV infection (Thomas et al., 2009). However, 
inordinate activation of these inflammatory 
responses against IAV infection causes excessive 
production of pro-inflammatory cytokines, the so-
called 'cytokine storm', which is considered to be the 
underlying ccause for lethal infection by H5N1 
viruses and the 1918 pandemic strain (La Gruta et 
al., 2007; Tumpey et al., 2005). It is also indicated 
that, although reactive oxygen species (ROS), 
which is generated during IAV infection, plays a 
protective role against IAV infection by oxidizing 
viral molecules, excessive production of ROS has a 
detrimental role against host cells or tissues during 
IAV infection (Akaike et al., 1990; Oda et al., 1989; 
Vlahos and Selemidis, 2014).  

Oxidative stress and cellular redox enzymes  
ROS are produced through enzymatic and non-
enzymatic mechanisms after IAV infection and 
cause oxidative stress in infected cells (Vlahos and 
Selemidis, 2014). ROS are chemically reactive 
molecules containing oxygen, including superoxide, 
hydrogen peroxide, and hydroxyl radical, being 
steadi ly generated during normal cel lular 
metabolism such as mitochondrial metabolism 
(Vlahos and Selemidis, 2014). However, excessive 
ROS overly oxidize proteins, lipids, and DNA, 
thereby damaging these molecules causing tissue 
damage, inflammation and apoptosis, eventually 
contributing to various pathological conditions 
(Akaike, 2001; Vlahos and Selemidis, 2014). 
Nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase, ubiquinone-cytochrome bc1, 
cyclooxygenases, lipoxygenases, cytochrome P450 
reductases, and xanthine oxidase (XO) are major 
ROS-producing enzymes (Vlahos and Selemidis, 
2014). Cells are also equipped with enzymatic and 
non-enzymatic anti-oxidative mechanisms to 
balance cellular redox homeostasis (Vlahos and 
Selemidis, 2014).  

In general, ROS production begins with one electron 
reduction of molecular oxygen, resulting in 
generation of superoxide (Vlahos and Selemidis, 
2014) (Figure 1). Superoxide is a negatively 
charged molecule, therefore being uncapable of 
crossing cellular membrane and executing its 
oxidizing activity in cellular compartments such as 
the phagosomes of neutrophils and macrophages to 
kill invading pathogens (Vlahos and Selemidis, 
2014). Superoxide converts to hydrogen peroxide 
(Figure 1), which is uncharged and therefore free to 
diffuse across cell membranes leading to damage of 
neighboring cells and tissues (Vlahos and 

Selemidis, 2014). The highly reactive hydroxyl 
radical is generated by the reaction between 
superoxide and hydrogen peroxide via the Haber-
Weiss reaction (Vlahos and Selemidis, 2014) 
(Figure 1). This reaction can be enhanced in the 
presence of free transitional metal ions (Vlahos and 
Selemidis, 2014). The Fenton reaction uses irons to 
produce hydroxyl radicals (Vlahos and Selemidis, 
2014) (Figure 1). 

NADPH oxidases are a family of multi-protein 
complex enzymes, consisting of flavin adenine 
dinucleotide and feme-containing Nox1, Nox2, 
Nox3, Nox4, and Nox5 as a catalytic subunit and up 
to five other molecules as regulatory subunits 
(Vlahos and Selemidis, 2014). p22phox, DuoxA1 and 
DuoxA2 function to stabilize and express the 
enzymes in biological membranes, p67phox and 
Noxa1 activate the enzymes, and p47phox, Noxo1 
and p40phox function as organizers of the enzymes 
(Vlahos and Selemidis, 2014). Small GTPases Rac1 
and 2 are also required for the enzyme function 
(Vlahos and Selemidis, 2014). Lung airway and 
alveolar epithelial cells express Nox1 and Nox2 
(Carnesecchi et al., 2009; Takemura et al., 2010). 
Nox2 is also expressed in macrophages and 
neutrophils (Soucy-Faulkner et al., 2010). 

Nitric oxide synthases (NOSs) generate nitric oxide 
(NO) through conversion of L-arginine to L-citrulline 
in the presence of oxygen (Akaike, 2001) (Figure 1). 
NO reacts with superoxide to produce highly 
reactive species peroxynitrite (Akaike, 2001) (Figure 
1). There are three isoforms of NOS; epithelial NOS 
(eNOS), neuronal NOS (nNOS), and inducible NOS 
(iNOS) (Akaike, 2001; Antosova et al., 2017). iNOS 
is detected in various cell-types in lung tissues, 
including macrophages, the epithelium of the 
proximal and terminal bronchioles, and ATII 
epithelial cells (Pechkovsky et al., 2002; Warner et 
al., 1995). Pro-inflammatory cytokines enhance 
expression of iNOS in lungs (Ricciardolo et al., 
2004). 

Superoxide dismutase (SOD), catalase, and 
glutathione peroxidase are major anti-oxidative 
enzymes (Kinnula and Crapo, 2003; Sgarbanti et 
al., 2014). SOD catalyzes dismutation of superoxide 
into hydrogen peroxide (Kinnula and Crapo, 2003) 
(Figure 1). Hydrogen peroxides are then catalyzed 
into oxygens and water by catalases (Kinnula and 
Crapo, 2003) (Figure 1). There are three different 
SODs; intracellular copper/zinc-dependent SOD 
(Cu/Zn-SOD or SOD1), mitochondrial manganese-
dependent SOD (Mn-SOD or SOD2) and 
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extracellular SOD (EC-SOD or SOD3) (Kinnula and 
Crapo, 2003). ATII epithelial cells express SOD1, 
SOD2, and catalase and are relatively resistant to 
oxidative stress (Kinnula et al., 1995). In contrast, 
ATI epithelial cells have low expression of anti-
oxidative enzymes and are sensitive to enhanced 
oxidative stress (Kinnula and Crapo, 2003). SOD3 is 
expressed by bronchial epithelium, alveolar 
epithelial cells, and alveolar macrophages (Folz et 
al., 1997; Su et al., 1997). Alveolar macrophages 
also express catalase (Pietarinen-Runtti et al., 
2000). 

Cellular redox enzymes are potential targets for 
anti-influenza therapeutics  
Given that excessive ROS are involved in the 
pathogenesis of IAV infection, reduction of ROS 
through either interfering with the oxidative 
mechanisms or enhancing the anti-oxidative 
mechanisms, or both, can be therapeutically 
beneficial for IAV infections. SOD1 is a major anti-
oxidative enzyme in lungs, therefore suggesting that 
exogenously administered SOD1 could exert 
therapeutic effects against IAV infection (Oda et al., 
1989). However, SOD1 is rapidly cleared from 
plasma with a halftime less than 5 min when 

intravenously administered (Oda et al., 1989). Oda 
et al. succeeded in prolonging the halftime of SOD1 
markedly by conjugating pyran polymer to SOD1, 
and intravenously injected the pyran polymer-
conjugated SOD1 from days 5 to 8 after infection 
with IAV/Kumamoto/Y5/67(H2N2) (referred to as 
IAV/Kumamoto) (Oda et al., 1989). In marked 
contrast to native SOD1, pyran polymer-conjugated 
SOD1 successfully reduced the mortality of infected 
mice (Oda et al., 1989). The conjugates did not 
affect clearance of the virus from the lung (Oda et 
al., 1989). It was subsequently reported that SOD2 
conjugated with pyran polymer was also effective 
against infection with IAV/WSN/33 (H1N1) (IAV/
WSN) in mice (Sidwell et al., 1996). Furthermore, it 
was shown that transgenic overexpression of SOD3 
under the ATII cell-specific surfactant protein-C 
promoter was also effective against non-lethal 
infection with Hong Kong IAV/68 (H3N2), reducing 
inflammatory cytokines, oxidative stress and 
pathological changes in the lungs (Folz et al., 1999; 
Suliman et al., 2001). These results suggest that 
superoxide could be a major oxidant causing 
oxidative stress in lungs after infection with IAVs, 
and that treatments to mitigate superoxide in lungs 
could be therapeutic against IAV infection. 
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Figure 1. Schematic diagram of generation of ROS including superoxide anion, hydrogen peroxides, hydroxyl radicals, and peroxynitrite. Molecular oxy-
gen is reduced to superoxide anions by NADPH, XO, and other oxidases, to hydrogen peroxides by SOD, then to hydroxyl radicals through the Haber-
Weiss reaction or the Fenton reaction. Hydrogen peroxides are catalyzed into water by catalases and glutathione peroxidase. NOSs generate NO, which 
reacts with superoxide to produce peroxynitrite. 
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NADPH oxidases are also involved in the 
pathogenesis of IAV infection (Vlahos and 
Selemidis, 2014). However, different isoforms of the 
oxidase execute different effects on IAV infection. 
Mice deficient for Nox2, a subunit of NADPH 
oxidase predominantly detected in macrophages, 
have shown mild lung injuries after infection with 
IAV/X-31 (H3N2) and IAV/Puerto Rico/8/34 (H1N1) 
(hereafter referred to as IAV/PR8), with lower 
inflammatory responses and lower virus production 
in the lungs, compared to wild-type (WT) mice 
(Snelgrove et al., 2006; Vlahos et al., 2011). 
Moreover, daily intraperitoneal injection of the Nox2 
selective inhibitor, apomycin, for 3 days prior to and 
for 3 days after infection with IAV/X-31 and IAV/PR8 
was shown to reduce lung inflammation, with a 
decrease in number of inflammatory cells in 
bronchoalveolar lavage fluid and production of 
superoxide (Vlahos et al., 2011). Imai et al. showed 
that macrophages are crucial for causing acute lung 
injury after infection with H5N1 virus by producing 
Nox2 oxidase-dependent superoxide and oxidized 
phospholipids (Imai et al., 2008). These results 
suggest that Nox2 oxidase-mediated production of 
superoxide in macrophages could have a 
detrimental role in the pathogenesis of IAV infection, 
and that Nox2 oxidase could be a potential cellular 
target for anti-influenza agents. In contrast, Nox1 
oxidase has been shown to be protective against 
IAV infection (Hofstetter et al., 2016; Selemidis et 
al., 2013). Mice deficient for Nox1 oxidase showed 
higher survival rate with lower morbidity after 
infection with IAV/PR8 (Hofstetter et al., 2016; 
Selemidis et al., 2013). T cells in the deficient mice 
infected with IAV/PR8 strongly responded against 
IAV/PR8 infection, leading to an increase of virus-
specific CD8+ T cells in lungs and draining lymph 
nodes and cytokine-producing T cells in lungs and 
spleens (Hofstetter et al., 2016). However, lung 
pathologies of Nox1 oxidase-deficient mice infected 
with IAVs seemed dependent on virus strains used 
(Hofstetter et al., 2016; Selemidis et al., 2013). No 
obvious differences in lung inflammation were 
reported in Nox1 oxidase-deficient mice infected 
with IAV/PR8, compared to control WT mice 
(Hofstetter et al., 2016). In contrast, inflammatory 
cells were highly infiltrated in the lungs of Nox1 
oxidase-deficient mice after infection with IAV/
HkX-31 (H3N2), compared to control WT mice 
(Selemidis et al., 2013). The different effects of 
Nox1 and Nox2 oxidases on IAV infection could be 
attributable to their different expression in lung cells. 
Nox1 is expressed in alveolar epithelial cells and 
vascular endothelial cells (Carnesecchi et al., 2009; 

Takemura et al., 2010). In contrast, Nox2 is 
expressed in inflammatory cells, particularly in 
macrophages (Soucy-Faulkner et al., 2010).  

XO is another ROS-producing enzyme involved in 
the lung injuries after IAV infection (Akaike et al., 
1990; Chida et al., 2018). Expression of XO was 
shown to increase in the lung after IAV infection in 
response to pro-inflammatory cytokines (Pfeffer et 
al., 1994). Allopurinol, an inhibitor of XO, reduced 
mortality of mice infected with IAV/Kumamoto and 
IAV/PR8 (Akaike et al., 1990; Chida et al., 2018). 
These results suggest that XO could be another 
target molecule for anti-influenza agents.  

NO also contributes to the pathogenesis of IAV 
infections by being converted to a highly reactive 
radical peroxynitrite through reaction with 
superoxide (Peterhans, 1997). Expression of iNOS 
in lung epithelial cells and macrophages is 
enhanced by pro-inflammatory cytokines (Asano et 
al., 1994). Treatment with the NOS inhibitor, Nω-
monomethyl-L-arginine, successfully reduced the 
mortality of mice infected with IAV/Kumamoto 
(Akaike et al., 1996), suggesting that NOS could be 
also a plausible target molecule for anti-influenza 
agents. 

PrPC and its anti-oxidative function  
PrPC is a membrane glycoprotein tethered to the 
outer cel l membrane via a glycosylphos-
phatidylinositol (GPI) anchor moiety and is 
expressed most abundantly in brains, particularly by 
neurons, and to a lesser extent in non-neuronal 
tissues including hearts, kidneys, and lungs 
(Prusiner, 1998). Conformational conversion of PrPC 
into the abnormally folded, amyloidogenic isoform of 
PrP, PrPSc, which leads to accumulation of PrPSc in 
the brain, is a key pathogenic event in prion 
diseases, a group of neurodegenerative disorders, 
which include Creutzfeldt-Jakob disease in humans 
and scrapie and bovine spongiform encephalopathy 
in animals (Prusiner, 1998). Indeed, we and others 
have shown that mice devoid of PrPC (Prnp0/0) are 
resistant to prions, the causative agents of prion 
diseases (Bueler et al., 1993; Manson et al., 1994; 
Prusiner et al., 1993; Sakaguchi et al., 1995). 
Prnp0/0 mice neither produced PrPSc, or prions, in 
their brains nor developed the disease even after 
intracerebral inoculation with prions (Bueler et al., 
1993; Manson et al., 1994; Prusiner et al., 1993; 
Sakaguchi et al., 1995). However, the molecular 
pathogenesis underlying the neurodegeneration 
remains largely unknown.  
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Mouse PrPC is first translated as a precursor protein 
consisting of 254 amino acids, with the N-terminal 
22 and C-terminal 23 hydrophobic amino acids 
being a signal peptide and a GPI-anchor signal 
sequence, respectively, which are removed on the 
biosynthesis of mature PrPC expressing on the cell 
surface (Prusiner, 1991) (Figure 2A). PrPC mainly 
consists of two domains, the N- and C-terminal 
domains. The N-terminal domain is highly flexible 
and lacks identifiable secondary structure (Donne et 
al., 1997). This part includes the so-called 
octapeptide repeat (OR) region, which is comprised 
of 5 tandem repeats of 8 amino acids (Jackson et 
al., 2001) (Figure 2A). The C-terminal domain forms 
a globular structure with three α-helices and two 
short antiparallel β-strands (Riek et al., 1996) 
(Figure 2A). This part contains two N-type 
glycosylation sites and one disulfide bond between 
the second and the third helices (Prusiner, 1991) 
(Figure 2A). The OR region is very specific to PrPs 
and is considered to bind to Cu ions via histidine 
residues (Brown et al., 1997) (Figure 2A). It has 
been suggested that PrPC might exert an anti-
oxidative function through regulating anti-oxidative 
enzymes, such as SOD1, via transfer of the bound 
Cu ions to the enzymes (Haigh and Brown, 2006). 
Indeed, Prnp0/0 mice have been reported to be 
vulnerable to ischemic brain injury, with enhanced 
oxidative stress in the injured brains (McLennan et 
al., 2004; Sakurai-Yamashita et al., 2005; Weise et 
al., 2004). PrP lacking the OR region failed to 
rescue Prnp0/0 mice from ischemic brain injury 
(Mitteregger et al., 2007). It was also reported that 
the hearts and kidneys of Prnp0/0 mice were 
vulnerable to ischemic injury with high oxidative 
stress (Zanetti et al., 2014; Zhang et al., 2015). 
Many other cellular functions have been also 
suggested for PrPC, which include cell trafficking, 
adhesion, differentiation, signaling, and survival 
(Aguzzi et al., 2008).  
  
Protective role of PrPC against IAV infection  
We identified that Prnp0/0 mice were highly 
susceptible to intranasal infection with IAV/PR8, A/
Aichi/2/68 (H3N2), and A/WSN/33 (H1N1), with 
markedly elevated mortality, compared to control 
WT mice (Chida et al., 2018). Infected Prnp0/0 lungs 
were severely damaged, with higher infiltration of 
inflammatory cells and higher levels of inflammatory 
cytokines than control WT lungs. Virus titers were 
only slightly higher in infected Prnp0/0 lungs than in 
control WT lungs. PrPC was expressed by AT1 and 
AT2 cells and bronchiolar Clara epithelial cells in 
WT lungs (Chida et al., 2018). Higher apoptosis of 
AT2 and Clara cells was detected in infected Prnp0/0 

lungs than in control WT lungs (Chida et al., 2018). 
In contrast, AT1 cells were not damaged in infected 
Prnp0/0 and WT lungs (Chida et al., 2018), 
consistent with IAV/PR8 infection not damaging AT1 
cells in C57BL/6 mice (Yamada et al., 2012). ROS 
levels were also higher in infected Prnp0/0 lungs 
compared to control WT lungs (Chida et al., 2018). 
Treatment with butylated hydroxyanisole, a ROS 
scavenger, decreased the mortality of infected 
Prnp0/0 mice to that of control WT mice (Chida et al., 
2018). We also showed that the ROS-producing 
enzyme XO was higher in Prnp0/0 lungs than in WT 
lungs after infection with IAV/PR8, and treatment 
with the XO inhibitor allopurinol reduced the 
mortality of Prnp0/0 and WT mice to a similar rate 
(Chida et al., 2018). These results suggest that PrPC 
could play an anti-oxidative role to reduce ROS 
levels in IAV-infected lungs, thereby providing some 
protection against lethal infection with IAVs, and that 
the higher expression of XO leading to production of 
higher levels of ROS in IAV-infected Prnp0/0 lungs 
could be attributable to the higher mortality of IAV-
infected Prnp0/0 mice (Figure 2B).  

Mouse PrP with a deletion of the Cu ion-binding OR 
region failed to rescue Prnp0/0 mice from lethal 
infection with IAV/PR8 (Chida et al., 2018). Cu ion 
content and SOD1 activity were lower in infected 
Prnp0/0 lungs than in control WT mice (Chida et al., 
2018). Tg(PrP∆OR)/Prnp0/0 mice transgenically 
expressing mouse PrP with a deletion of the OR 
region on the Prnp0/0 background also showed lower 
Cu ion content, lower SOD1 activity, and higher 
ROS levels in their lungs after infection with IAV/
PR8 (Chida et al., 2018). These results suggest that 
the OR region plays an important role for PrPC to 
protect against IAV infection probably through 
regulation of the Cu ion content and SOD1 activity 
in IAV-infected lungs (Figure 2B). IAVs primarily 
infect lung epithelial cells and then cause oxidative 
stress in them (Liu et al., 2017). It is thus possible 
that Prnp0/0 epithelial cells could not sufficiently 
combat the oxidative stress due to lack of PrPC, 
therefore undergoing apoptosis more easily than 
WT epithelial cells after IAV infection, provoking 
higher inflammatory responses leading to higher 
production of inflammatory cytokines in infected 
Prnp0/0 lungs, eventually causing higher mortality of 
Prnp0/0 mice after infection with IAVs. PrPC has been 
also reported to exert a protective function against 
other virus infections, including encephalo-
myocarditis virus B variant, herpes simplex virus 
type 1, human immunodeficiency virus type 1, 
coxsackievirus B3, adenovirus 5, and poliovirus-1 
(Sakaguchi and Chida, 2018). However, whether the 
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anti-oxidative function of PrPC is relevant to its 
protective role against these virus infections 
remains to be determined.  

Conclusions 
It has been demonstrated that inhibition of the ROS-
generating enzymes or administration of anti-
oxidant enzymes successfully protected mice from 
lethal infection with IAVs (Akaike et al., 1990; Oda et 
al., 1989; Vlahos and Selemidis, 2014), suggesting 
that anti-oxidative therapies targeting cellular 
oxidative molecules could be beneficial against IAV 
infections. The currently available agents such as 
NA inhibitors target viral molecules, thereby 
stimulating the emergence of drug-resistant IAVs. 
However, anti-influenza agents targeting host 

molecules are considered to greatly reduce the risk 
of emergence of drug-resistant IAVs or not to induce 
drug-resistant IAVs at all. Therefore, cellular anti-
oxidative molecules involved in protection against 
IAV infection would be plausible targets for 
development of anti-influenza agents.  

Our current findings suggest that PrPC could be a 
novel target molecule for development of anti-
oxidative therapeutics against IAV infection (Chida 
et al., 2018). It has been reported that PrPC 
protected neurons from anisomycin-induced 
apoptosis via interaction with stress-inducible 
protein 1 (STI1), a STI1-derived peptide, or anti-PrP 
antibodies (Chiarini et al., 2002; Zanata et al., 
2002). Furthermore, the interaction with STI1 could 
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However, whether the anti-oxidative function of PrPC is relevant to its protective role against 

these virus infections remains to be determined.  

Figure 2. Anti-oxidative role of PrPC against IAV infection. (A) Schematic diagram of PrPC. 

SS: disulfide bound. (B) IAV infection induces production of inflammatory cytokines leading 

to elevated expression of NADPH oxidase and XO, eventually resulting in production of ROS 

causing oxidative stress. PrPC functions to reduce ROS through regulation of SOD1 by 

transferring the Cu ions that are bound to the OR region. However, PrP∆OR has no anti-
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Figure 2. Anti-oxidative role of PrPC against IAV infection. (A) Schematic diagram of PrPC. SS: disulfide bound. (B) IAV infection induces production of 
inflammatory cytokines leading to elevated expression of NADPH oxidase and XO, eventually resulting in production of ROS causing oxidative stress. 
PrPC functions to reduce ROS through regulation of SOD1 by transferring the Cu ions that are bound to the OR region. However, PrP∆OR has no anti-
oxidative activity since it cannot bind to Cu ions due to lack of the OR region, causing higher production of ROS and eventually higher oxidative stress.
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be involved in PrPC-dependent activation of SOD 
(Sakudo et al., 2005). It is thus interesting to 
investigate whether these ligands for PrPC could 
elicit anti-oxidative activity in lungs and protect 
against IAV infection. This is currently underway in 
our laboratory. 
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