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ABSTRACT

Severe acute respiratory syndrome coronavirus (SARS-CoV) caused the first pandemic
of the 21* century. The etiological agent was identified as a novel coronavirus. Until
then, human coronaviruses (HCoVs) had only been known to cause the “common
cold”. Data indicated that the virus originated from animals. The palm civet (Paguma
larvata) was identified as the source of transmitting the virus to humans, however not
to be the natural host, but most likely acting as an amplifier before the virus was
transmitted to humans. SARS-CoV has 14 potential open reading frames (ORFs). Eight
of those are specific for SARS and encodes for the accessory proteins. The accessory
proteins of SARS-CoV have no known sequence homology to any other accessory
proteins found in coronaviruses. The knowledge about the function of most of the
accessory proteins are limited. In addition to the four main structural proteins; the spike
(S), the envelope (E), the membrane (M) and the nucleocapsid (N) protein, the
accessory protein 3a of SARS-CoV has been shown to be a minor structural protein.

SARS-CoV, as the name implies, causes severe lower respiratory syndrome. Person-to-
person transmission has been through infectious droplets, and the overall mortality rate
is ~10% but can vary with age. Most SARS patients were treated with antiviral drugs
and glucocorticoids since no specific treatment has been available. Inhalation of nitric
oxide (NO) has been adminstered to only a few patients but with positive effect.

In this thesis we have investigated the importance of accessory proteins 3a/3b and
7a/7b in the replication cycle. Further we compared the neutralizing properties of the
endo- and the ectodomian of 3a. We also investigated the antiviral effect of NO on
SARS-CoV, and a possible mechanism behind an antiviral effect.

Short interfering RNA (siRNA) was designed to specifically target sgRNA 2, 3 and 7
expressing the S, 3a/3b and 7a/7b protein respectively. The yield of progeny virus was
significantly reduced for all three siRNAs. The amount of progeny virus was to some
extent lower for siRNA 7, which could be due to the fact that sSiRNA 7 were able to
silence both 7a/7b and 8a/8b protein. Cells expressing the siRNAs specifically silenced
the expression of targeted proteins without affecting the infection shown by expression
of the N protein. The 3a protein was further investigated, comparing neutralizing
properties of antibodies towards the endodomain and the ectodomain of 3a. Antibodies
towards both ends were able to detect 3a in lysate from infected Vero E6 cells.
However, only antibodies against the ectodomain showed neutralizing properties in
Vero E6 cells.

In order to investigate the antiviral affect of NO on SARS-CoV, both an exogenous NO
donor, and endogenously produced NO was used. We showed that NO has a clear
antiviral effect on SARS-CoV, inhibiting the replication cycle of the virus. To
investigate the mechanism behind the antiviral effect of NO, we first confirmed that
NO per se was exerting the observed antiviral effect, and not through peroxynitrite
interaction. By using a cell-cell fusion assay, we showed that NO inhibits the fusion
step by reducing palmitoylation of the SARS-CoV S protein.
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1 INTRODUCTION

Coronaviruses belong to the family Coronaviridae and are enveloped viruses with a
positive sense ribonucleic acid (RNA) genome ranging in size from a 27.1-31.6 kilo
base (kb). Common to all known coronaviruses is the organization of the genomes. The
5’two-thirds of the genome consists of the 1a and 1b open reading frame (ORF)
encoding the nonstructural proteins (nsps) and the RNA-dependent RNA polymerase
(RdRp). At the 3’ end of the genome are genes encoding for the structural proteins; the
spike (S), the envelope (E), the membrane (M) and the nucleocapsid (N) arranged in the
5’ to 3’order they are written here. Interspersed in between there are accessory genes
specific for each coronavirus (CoV), differing in both number and size [1,2].

There are 28 identified members of the coronavirus family belonging to three different
groups based on sequence comparison of the genomes [3]. Group 1 consists of
coronaviruses found in pig, cat, dog, bat and the human. After the outbreak of the
severe acute respiratory syndrome (SARS) coronavirus (CoV) group 2 was subdivided
into 2a and 2b with 2b being a new group. The classification of SARS-CoV caused a
great controversy over which group it should belong to since phylogenetic
characterizations of the genome sequence showed approximately equal distance to all
three groups. However, further studies suggested that SARS-CoV is an early split off
from the rest of the group 2 coronaviruses and should be classified as a group 2b virus
since it is very distinct from the rest of the members in the group 2. Group 2a consists
of mouse, cat, rat, pig, horse and human coronaviruses and 2b of one human and a few
bat coronaviruses. Group 3 only consists of avian coronaviruses so far.

The first two human coronaviruses (HCoVs), HCoV-229E and HCoV-OC43 were
discovered during the 1960s and are members of group 1 and group 2a respectively,
and they are responsible for approximately 5-30 % of the “common colds” [4,5].
Table 1 lists representative members of coronaviruses from each group.

After the outbreak of the SARS-CoV pandemic in 2002 the interest in coronaviruses
was renewed and two more HCoVs, NL63 (group 1) and HKU1 (group 2), have since
been identified. Both of these coronaviruses also results in “common cold” symptoms

[6].



Table 1.

Representative members of coronaviruses from each group

Group Virus Abbreviation Host

1

la Transmissible TGEV Pig
gastroenteritits virus

1b Human coronavirus HCoV-229E Human
strain 229E
Human coronavirus HCoV-NL63 Human
strain NL63

2

2a Murine hepatitis virus MHV Mouse
Human coronavirus HCoV-0C43 Human
strain OC43
Human coronavirus HCoV-HKUI Human
strain HKU1

2b Severe acute respiratory syndrome SARS-CoV Human, bat?
coronavirus
Bat severe respiratory syndrome Bat-SARS-CoV Bat
coronavirus

3
Infectious bronchitis virus IBV Chicken



1.1 SEVERE ACUTE RESPIRATORY SYNDROME

SARS was reported to have originated in Guangdong Province in China. Within weeks,
SARS had spread to several countries around the world and infected more than 8000
people [7]. By the end of the epidemic in 2004 the World Health Organization (WHO)
reported 774 deaths, with a mortality rate of ~10 %
(www.who.int/cst/sars/country/table2004 04 21/en/index.html).

The etiological agent causing the disease was rapidly identified as a novel CoV and
data indicated that the virus originated from animals [7,8]. Early reports from the
Guangdong province of patients with SARS indicated exposure to wild animals in
markets trading with restaurants [9]. Animals were sampled at an animal market in
Shenzhen early 2003, and in masked palm civets (Paguma larvata), raccoon dog
(Nyctereutes procyonoides) and Chinese ferret badger (Melogale moschata) viruses
closely related to SARS-CoV were detected [10].

Civets were suggested to be the direct source of infecting humans since the virus
sequence between human and civet isolates from the outbreak were very similar [11]. Tt
was however not clear whether the civet was the natural reservoir or just an
intermediate host [12]. Experimental infection of civets with two human strains of
SARS-CoV resulted in clinical signs of infection, indicating that the civet was not the
natural reservoir. In addition, the virus was not widely spread in wild or in farmed
civets as could have been expected if the civet was the natural reservoir [13,14]. Studies
conducted by different groups suggested that the civet most likely acted as an
amplifying host before the virus was introduced to human. The sequence of SARS-like
coronaviruses in civets showed that the mutation rate was quite high indicating that it
had not adapted to civets but they had consequently acquired the virus from another
species [11,14].

In 2005 bat coronaviruses were discovered in different species of horseshoe bats
(Rhinolophus spp) closely related to SARS-CoV [15,16]. Genome organization was
almost identical and the genome sequence showed 88-92 % identity with SARS-CoV
[12,17]. This discovery gave an important clue to a possible natural reservoir of SARS-
CoV. Subsequent studies have found a diversity of coronaviruses in different bat
species and most seem to be species specific, SARS-like coronaviruses have so far only
been associated with horseshoe bats and is a strong candidate for being the natural
reservoir for SARS-CoV [12,18-20].

1.2 CLINICAL PICTURE

SARS-CoV infects both men and women of all ages. SARS is presented as an acute
onset of illness with quick respiratory deterioration, common symptoms are fever,
chills, dry cough, headache, malaise and myalgia [21-23]. The major cause of death is
severe respiratory failure making the respiratory system the primary target of SARS-
CoV [24], but SARS-CoV is also spread to many other organs as well, including
kidneys, intestinal tract, sweat glands, liver, and pancreas [24,25]. On admission to
hospitals most patients show abnormal chest radiography usually with patchy infiltrates



(Fig. 1a and 1b) [22,23]. Laboratory findings may include low platelet count and low
white blood cell count. The lungs of diseased SARS patients show diffuse alveolar
damage, large syncytial cells and viral infection of trachea and bronchi epithelial cells
[25]. Also detection of infection of T cells, monocytes, B cells, natural killer (NK)
cells, pneumocytes and both infected and uninfected macrophages were observed in
lungs of patients who died of SARS-CoV infection [25-27].

)

Figure 1. Chest radiograph from patient with SARS showing changes in lung infiltrates. A) Day 8 of
symptoms. B) Day 14 of symptoms. Modified from Hsu et al 2003 [28].

1.3 EPIDEMIOLOGY

Early cases of SARS which were more sporadic, were linked to live animal markets as
mentioned above [29]. A seroprevalence study among animal traders at three animal
markets in Guangzhou revealed that ~9% had IgG antibodies to SARS-CoV without
history of any SARS-like symptoms [29,30].

The global spread of the virus started when a professor of medicine from a hospital in
Guangzhou, China, arrived and stayed at Hotel M in Hong Kong. Previously upon
arrival in Hong Kong he had treated patients with pneumonia at the hospital and
acquired the disease. He was taken ill and was brought to a hospital where he later died
of respiratory failure. During his stay at the hotel he came in contact with other guests
whom he transmitted the virus to. They returned to their home countries and
subsequently brought the infection with them [21]. One of the secondary cases from the
hotel carried the virus back to Vietnam. At the end of February 2003 a private hospital
in Hanoi contacted WHO concerning a patient with an atypical pneumonia. A
physician, specialist in infectious diseases at the Hanoi office of the WHO concluded
that the hospital was dealing with something unusual. He acted swiftly and the hospital
was quickly put under quarantine and additional specialists were flown in [31]. WHO
issued a global alert March 12", 2003



(www.who.int/mediacentre/news/releases/2003/pr22/en/). He died at the end of March
2003 after acquiring SARS while working together with the hospital staff [31].

The mode of spread has been person-to-person transmission (contact with infectious
respiratory droplets, fomites etc with mucosa) at homes, public transportation and
health care facilities, where a large number of health care workers were affected [7].
Fecal-oral route of transmission has also been suggested since virus was found present
in stool [32].

The incubation period is ~2-5 days but could last up to 10 days. Infectious period is ~5
days after onset of disease, and the viral peak has been observed approximately 10 days
after symptoms appears (www.who.int./csr/sars/en/whoconsensus.pdf) [32,33].

The overall mortality rate is ~10% however it can range from 0 % to 50% depending
on age. People over 65 years of age have a higher fatality rate than younger people and
children (www.who.int./csr/sars/en/whoconsensus.pdf).

The outbreak was brought under control by quarantine measures, patient isolation,
travel advisory, and infection control in hospitals
(www.who.int/mediacentre/news/releases/2003/pr23/en/) [31,34]. The global outbreak
was declared over by the WHO in July 2003 when no more new cases were reported
[35]. In late 2003-2004 there were four cases of SARS in China but they were mild and
with no spread to contacts. There was one case in Singapore and one in Taiwan in 2003
and two cases in China in 2004 of laboratory-acquired SARS infections with no further
spread to contacts [22,36,37].

1.4 GENOME AND STRUCTURE

The genome of SARS-CoV is ~29.7 kb long and is predicted to have 14 functional
ORFs (Fig. 2A). ORF1a and 1b which make up about 2/3 of the genome, encode 16
nsps, the last 1/3 of the genome encodes the four structural proteins common to all
known coronaviruses and eight accessory proteins specific for SARS [38]. The four
common structural proteins are the S, E, M and the N proteins. The virus is 80-120 nm
in diameter and the nucleocapsid protein is bound to the positive sense RNA genome
[2,39]. A lipid bilayer surrounds the capsid and at least three main structural proteins
are anchored in the lipid bilayer, the S, E, and M protein (Fig. 2B) [39]. The 5’ of the
genome is capped and the 3’ has a poly (A) tail, like all other known coronaviruses and
untranslated regions flank the 5° and 3’ end of the genome. Unlike most other group 2
CoVs, the genomic sequence of SARS-CoV does not contain a gene for hemagglutinin-
esterase (HE) protein [38].
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Figure 2. Schematic drawing of the SARS-CoV genome (A) and virion (B).



1.5 STRUCTURAL PROTEINS

The spikes on the envelope are composed of three monomers of viral S glycoproteins
and mediate receptor binding and fusion of virus to host cell. The S protein of SARS-
CoV is ~1200 amino acids (aa) in length (~180 kiloDalton (kDa)), and can be divided
into two subunits, S1 and S2 [40]. The S1 domain at the N-terminal forms the head
region containing a receptor binding domain (RBD) which is located close to the
carboxy-terminal of S1 and is responsible for binding to the cellular receptor [41]. The
main cellular receptor has been identified as the angiotensin-converting enzyme 2
(ACE2) for SARS-CoV [42]. However, liver/lymph node specific [CAM-3 grabbing
non-integrin (L-SIGN) found on dendritic cells (DCs) can also function as an
alternative receptor for SARS, but it has less receptor activity then ACE2 [43].

The S2 domain makes up the stalk region and is responsible for fusion of the virus
envelope and the cell membrane [40,44]. Many coronaviruses are cleaved by furin-like
proteases to create a S1 and a S2 unit, however the S glycoprotein of SARS-CoV is not
cleaved by furin and do not seem to contain a furin-like cleavage site. The cleavage of
S is most likely done by endosomal cathepsin L proteases but can also be cleaved by
trypsin [45,46].

In the S2 region are two heptad repeat regions divided by an inter-helical domain
suggested to assist in movement of the two heptad repeat regions to form a bundle of
six helices seen in the post-fusion state [40,44].The transmembrane domain is followed
by a short endodomain, both the transmembrane and endodomain are important for
incorporation of S into virons [3,44]

S-palmitoylation is the attachment of 16-carbon fatty acid, palmitate, to cysteine by
thioester linkage to cellular as well as viral proteins. The attachment of palmitate to
proteins is catalyzed by palmitoyl acyl transferases (PATs). It is a reversible
modification; the thioester linkage between the protein and the palmitate can be cleaved
by palmitoyl thioesterases allowing palmitoylation and depalmitoylation of proteins. S-
palmitoylation is involved in many protein functions such as modulation of protein-
protein interactions, trafficking, membrane interaction and signaling [47-49]. There is
no requirement for a specific consensus sequence motif for S-palmitoylation except
presence of cysteine residues.

The S protein of SARS-CoV transmembrane and endodomain contain 9 cysteine
residues. Compared to other coronaviruses 6 of the cysteine residues are quite well
conserved [50]. S-palmitoylation of the cysteine residues in the endodomain of SARS-
CoV proved to be important for S-mediated cell-cell fusion [50]. Previously the
endodomain of murine hepatitis virus (MHV) was shown to be S-palmitoylated [51]
and demonstrated to be important for production of infective virions as well as for
interaction with the M protein for effective incorporation into virions [52]. The amino
acid sequence of the SARS-CoV E protein display three cysteins shortly after the
transmembrane domain in the carboxy terminal, and all three cysteins are S-
palmitoylated, this modification could be important for protein-protein interaction. S-



palmitoylation of the E protein has previously been shown for MHV and infectious
bronchitis virus (IBV) [53-55]. Substitution mutations of the cysteine residues in the
carboxy domain of the MHV E protein affected viral production and stability but not
entry or transport [56]. The removal of the S-palmitoylation sites in the cytoplasmic
domain of human immunodeficiency virus (HIV)-1 envelope glycoprotein 160 (gp160)
decreases viral infectivity and form viruses with low levels of incorporated gp160 [57].

The E protein is an integral membrane protein which together with the M protein is
important for viral assembly and budding [53]. The protein is localized to the ER [58].
The E protein has been shown to alter membrane permeability in cells involving the
transmembrane domain and form ion channels, which may be important for viral
infection [53,59]. The M protein of influenza A form proton ion channels important
for viral uncoating and release [60]. It was demonstrated by reverse genetic techniques
that E is not essential for the replication of SARS-CoV in various cell-lines [61].
However, the recombinant SARS-CoV lacking the E gene (rSARS-CoV-DeltaE) grew
to lower titers than the recombinant wild-type virus, indicating that the E protein has an
effect on virus growth. In addition, the rSARS-CoV-DeltaE virus is found to be
attenuated in both hamsters and transgenic mice expressing the SARS-CoV receptor,
human angiotensin-converting enzyme 2 (hACE2) [61,62], indicating that E is a
virulence factor.

The M protein is ~23 kDa (221 aa), and the most abundant protein, and localized to the
ER and Golgi compartments [63]. As mentioned above, M is important for assembly
and budding of virions. The protein is N-glycosylated with three transmembrane
domains, to the exterior of the virion is the amino terminal ectodomain, and to the
interior of the virion is a large carboxy terminal domain [64]. It has been shown that 12
amino acids in the carboxy terminal is the minimal sequence for interaction between
the M and the N protein [65]. The activity of the nuclear factor kappa B (NF-xB) has
been shown to be suppressed by the M protein, most likely through the interaction with
IxB kinase (IKK)B. The interaction was shown to reduce the translocation of NF-«B to
the nucleus in Vero E6 cells [66]. Over expression of M has been reported to induce
apoptosis in HEK 293T cells. The M protein seemed to down regulate phoshorylation
of cellular Akt involved in the cell survival pathway. Consequently, the reduction of the
cell survival signal result in induction of apoptosis [67].

The N protein is ~ 46 kDa (422 aa) and binds and encapsulates the genome forming a
helical nucleocapsid [3]. The interaction of N with the carboxy terminal of the M
protein has been shown to be necessary for formation of virus like particles (VLPs)
[65,68]. Packaging of the viral RNA is an essential process in assembly, an RNA
binding domain has been identified at the amino terminal region of the N protein
important for packaging of the genome [69,70]. Many proteins both cellular and viral
are cleaved by caspases [71], the N protein induces the intrinsic apoptotic pathway by
activation of caspase 9 and de-phoshorylation of Bad. The N of SARS in infected and
transfected cell lines was cleaved by caspase 6 as a result of the activation of caspase 9
and Bad, but the cleaveage was dependant on which cell line that was used [72]. The N
protein of transmissible gastroenteritis coronavirus (TGEV) has previously been shown
to be cleaved by caspase 6 and 7 [73].



1.6 ACCESSORY PROTEINS

The genome of SARS-CoV contains 14 potential ORFs, eight of those are specific for
SARS and encodes for the accessory proteins [74]. Two of the accessory proteins, the
3a and 7a have been investigated to a greater extent and will be discussed separately
but the knowledge about the function of most of the accessory proteins are still limited.
The ORFs 3, 7, 8 and 9 are bicistronic and translate two proteins from each ORF, ORF
6 is monocistronic and only one protein is translated. All accessory proteins are not
essential for SARS-CoV replication in cell culture or small animal models [75].
However, it is still not known if these proteins contribute to viral replication and/or
pathogenesis in the natural host. It is also interesting to note that some of these proteins
have been shown to be incorporated into the virion [76-79].

OREF 6 encodes a ~7.5 kDa protein (~63 aa) and has been detected in the lung and
intestine of infected SARS patients as well as in infected Vero E6 cells. Antibodies
have been detected in sera from convalescent patients [80,81]. In cell cultures the
localization of ORF 6 has been observed in the ER but also in the cytoplasm in what
looks like vesicles. The protein has been reported to increase virus growth in cells,
enhance virulence, and speed up replication of a mouse coronavirus [82-85]. An
interaction of ORF6 with nsp8 has been observed in SARS-CoV infected cells and is
suggested to associate with the replication/transcription complex (RTC) [85].

OREF 8a and 8b protein are ~5.3 kDa (~39 aa) and ~9.6 kDa (~84 aa) respectively.
There are an additional 29 nt in the ORF8 sequences isolated from animals resulting in
fusion to a single protein (8ab) from the 8a and 8b protein which most of the human
isolates lack [10]. From the early phase of the outbreak some human isolates of SARS-
CoV contained the additional 29 nt whereas in the middle and late phase the 29 nt were
deleted [10,16]. The presence of the additional 29 nt do not seem to have any
implications for the virus, and civets are equally susceptible to SARS-CoV with or
without the 29 nt [13,75]. The 8b has been shown to down-regulate the structural
protein E in virus-infected cells [86].

ORF 9D is an alternative ORF within the N gene, ~11 kDa (~98 aa). Antibodies against
this protein has been detected in sera from convalescent patients [80]. The structure of
9b has revealed the protein to be a lipid binding protein [87]. Sequence analysis has
suggested the 9b protein to contain a motif acting as nuclear export signal [88].

1.6.1 3aand 3b

OREF 3 is located between the S and the E genes. SARS-CoV 3a is a minor structural O-
glycosylated protein and the largest accessory protein with a length of 274 a.a [77,89].
The protein is expressed in infected cells, localized to the Golgi apparatus and can be
transported to the cell surface where it also can undergo internalization [90]. The
expression of 3a has been detected in a specimen from a SARS infected patient’s lung.
Also, antibodies towards the protein have been detected in sera from convalescent
patients [80,81]. It has also been shown that antibodies towards the ectodomain of 3a
are able to bind and kill 3a expressing cells with help from the complement system.
[91]. The 3a protein has three transmembrane domains with an N-terminal ectodoamin



and a C-terminal endodoamin. The C-terminal contains two sorting motifs, a Yxx®
which is suggested to be involved in directing protein to different intracellular
compartments, and the diacidic motif important for transport from ER [92]. The protein
interacts with S, E, M and 7a, though demonstrations of co-expression of 3a with the
structural proteins S, E, M and N in the incorporation into VLPs show that 3a is not
required for formation of VLPs or virus assembly [70,78,93]. 3a can induce cell cycle
arrest [94] and apoptosis via a caspase 8 dependant pathway in Vero E6 cells [95]. The
expression of 3a in HEK 293T cells have been shown to activate the NF-kB promoter
[96,97]. NF-kB and MAP kinases can regulate interleukin (IL)-8 which have been
detected at elevated levels in plasma from SARS patients. The activity of the IL-8
promoter was enhanced by the expression of 3a in HEK 293T cells [96]. Reverse
genetic studies show that the deletion of 3a resulted in about 1 log reduction of virus
yield, suggesting that 3a can modulate viral replication [75].

The 3b protein is 154 aa long and has been reported to be localized mainly to the
nucleus [98]. Antibodies against the protein have been detected in sera from a SARS
patient [99]. The 3b protein has also been shown to induce apoptosis and cell cycle
arrest at GO/G1 phase [94]. 3b has been shown to inhibit induction of IFN-f in 293T
cells [98].

1.6.2 7aand 7b

ORF 7 encodes for two proteins, 7a and 7b.The 7a protein is 122 aa long, and one study
suggest the 7a protein to be structural protein since the protein is incorporated into virus
particles [79]. Antibodies towards 7a has been detected in convalescent sera [80], and
the protein is expressed in infected cells and localized to the intermediate compartments
[100]. The N-terminal contains a signal peptide and in the C-terminal an ER retrieval
motif has been located, important for transport of proteins to the ER and recycling of 7a
between ER and Golgi [100]. As mentioned above, the 7a protein can interact with 3a
as well as with E and M [101] and with the S protein [79], but these interactions does
not seem to be important for 7a incorporation into VLPs [79]. Over-expression of 7a
can, via the caspase-dependent pathway, induce apoptosis in different cell lines derived
from different organs. The induction of apoptosis was blocked when Bcl-Xj, an anti-
apoptotic protein and a member of the Bcl-2 family was over-expressed, indicating
interference of Bel-Xi by 7a [102,103]. However, when reverse genetics was used to
delete both 7a and 7b apoptosis was still seen in infected cells so it is not the only
inducers of apoptosis during infection [104]. Over-expression of 7a has been shown to
activate p38 mitogen-activated protein kinase (MAPK) [105]. The cellular protein
small glutamine-rich tetratricopeptide repeat (SGT) has been reported to interact with
7a, the significance of this interaction is not known but could be important for viral
interactions [101]. The transmembrane domain of the 7b protein has been shown to be
essential for the localization of the protein to the Golgi compartment [106]. It has been
reported that a mutant virus without the 7a/7b gene replicates as efficiently as the wild-
type virus, indicating that 7a and 7b are dispensable for viral replication in cell culture
and the mouse model [75].
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1.7 REPLICATION

After the S protein has attached to the ACE2, the main receptor for SARS-CoV on the
host cell, the virus is taken in by receptor-mediated endocytosis into endosomes [107].
The co-expression of ACE2 and the alternative receptor L-SIGN, mentioned above has
been found in lung tissues from people who were infected with SARS-CoV and died
[108].

In the endosomes the S protein is cleaved by acid-activated cathepsin L proteases
[46,109]. The cleavage results in exposure of the fusion peptide in the S2 domain and
the viral envelope and the cellular membrane fuses and the genome is released into the
cell [44]. After the genome is released ORF1a and1b is translated into two polyproteins
(pp) ppla and pplab by a ribosomal frameshift into the —1 reading frame [74]. The
polyproteins are autoproteolytically cleaved and processed by two proteinases (3CLpro
and PLpro) encoded in ORF1a resulting in 16 nsps [110].

The function of some of the nsps has been identified. The nsp 1 can through the NF-xB
pathway induce the chemokines CCL5, CXCL10 and CCL3 in human lung epithelial
cells [111]. In SARS patients the level of certain chemokines are up-regulated and a
dysregulation of chemokines could play a role in the pathogenesis of SARS [111].
Located in the nsp 3 domain is a papain-like accessory proteinase (PLpro) involved in
processing of the polyproteins, together with protienase in nsp 5, a 3C-like main
proteinase (3CLpro) [112]. RdRp resides in the nsp 12, necessary for replication of the
genome. In nsp 13 is an RNA helicase, able to unwind both deoxyribonucleic acid
(DNA) and RNA substrates [74,113]. Nidovirus uridylate-specific endoribonuclease
(NendoU) is an enzyme conserved in all nidoviruses; Coronaviriadae being a family
member of the order Nidovirales. Nendo U of SARS-CoV is located in nsp 15, and
plays an important role in RNA synthesis [110,114].

The nsps form the RTC, critical for the replication of viral genome and transcription of
the eight subgenomic mRNAs [74]. The replication of the genome takes place in the
cytoplasm in what looks like double membrane vesicles (DMVs) suggested to be
derived from the ER [115]. The RTC binds to the genome for replication and to
transcribe the individual subgenomic RNAs (sgRNAs). All the sgRNAs have common
5” and 3' sequences, the common 5’ sequence is derived from the 5” end of the genome
and is thought to be fused by discontinuous transcription (template switch) regulated by
transcription-regulating sequences (TRSs) preceding each gene [74,116]. In order for
the template switch to take place, base paring between the leader TRS and the newly
formed minus RNA strand is required [74,117]. The base paring involves a conserved
core sequence (CS) within the TRS which seem to be enough for directing transcription
of subgenomic mRNAs, for SARS the CS is S’ACGAAC 3’ [74].

The assembly of progeny virus involves packing of genome into viral particles, a
procedure that involves interaction of the structural proteins and is taking place in the
ER and Golgi compartments. The subgenomic mRNAs are translated into proteins, N
protein binds to the genome and encapsulate it to become a nucleocapsid, while the S,
E, M and 3a are directed to the ER and then transit to the endoplasmic reticulum-Golgi
intermediate compartment (ERGIC). The nucleocapsid interacts with the rest of the
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structural proteins in the ERGIC to form virions, which are transported in vesicles to
the cell surface where they are released (Fig. 3) [3] .

Figure 3. SARS-CoV replication cycle
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2 PATHOGENESIS AND IMMUNE RESPONSE TO

SARS COV

The pathogenesis of SARS-CoV is not fully understood, but suggested to be caused by
direct injury of virus to target cells as well as causing injury by mediating immune
system dysfunction [118].

2.1 INNATE IMMUNE RESPONSES

The main actors of the innate immunity are cytokines (pro-inflammatory, anti-
inflammatory, chemokines, and interferons), NK cells, macrophages and DCs. They are
the first line of defense after an infectious agent has breached the anatomic and
physiological barriers (e.g skin, mucosa) [119]. Once a virus has entered a host cell,
viral RNA and viral proteins can be recognized by pathogen recognition receptors
(PRR) as pathogen-associated molecular patterns (PAMPs). The interaction initiates a
signaling cascade that result in expression of cytokines known as interferons (IFNs)
[120].

Production of IFNs is rapid and an essential part of the defense against virus infections.
The IFNs can be divided into three types; type I consists of IFN-a with ~13 members
and a single member of IFN-f, type II is represented by one member, IFN-y, also
important in the adaptive immunity. Type III contains three members of INF-A [121-
123]. Most cell types can produce type I IFNs while type II IFN is produced by T cells
and NK cells [119].

Type I interferon (IFN-a, IFN-B) and type II interferon (IFN-y) sensitivities have been
shown for SARS-CoV when added exogenously both in vitro and in vivo [124-127].
According to one group the sensitivity towards IFN-B was much greater then for [FN-o
or [FN-y [125]. On the other hand another group showed that a combination of IFN-f3
and IFN-y synergistically reduced replication in Vero E6 cells much more efficiently
than either alone [128]. Nevertheless, SARS must somehow evade the IFN system in
order to establish an infection. One way by which SARS-CoV is able to avoid the IFN
system is by inhibiting the pathway of transcription factor interferon regulatory factor
(IRF)-3. Viral infection or double stranded RNA (dsRNA) triggers kinases IKKe and
TBKI1 to phoshorylate IRF-3 residing in the cytoplasm. Upon phoshorylation IRF-3 is
transported to the nucleus where it recruits coactivator protein histone
acetyltransferases CREB-binding protein and p300, together activating the IFN-
promoter. However in SARS-CoV infected cells, IRF-3 has been observed in the
nucleus early during infection but returns to the cytoplasm later in infection without
activating the IFN-3 promoter [129]. The viral factor inhibiting the IRF-3 pathway is
unknown. For the influenza A virus the NS1 protein binds to dsSRNA and consequently
inhibits the IRF-3 activation [130]. For Ebola virus the inhibition of IRF-3 activation is
due to the viral protein VP35 blocking the phosphorylation of IRF-3, thus inhibiting the
translocation of IRF-3 to the nucleus for activation of the IFN-B promoter [131].

13



The transcription of the IFN-3 promoter can also be activated by NF-«xB. There are
conflicting results regarding the initiation of NF-kB promoter activity in vitro. One
group has reported a delayed activation of the NF-kB promoter in SARS-CoV infected
HEK 293 cells stably expressing ACE2 [97]. While another study have reported no
significant activation of NF-xB promoter in SARS-CoV infected 293 cells [132]. The
inconsistency between the results might be due to the time at which they observed their
results. The induction of NF-kB was observed at a late time point whereas the other
study examined activation at an earlier time point post-infection.

Macrophages and DCs are two important cell types that secrete a range of cytokines,
present antigens and are involved in phagocytosis in order to regulate the activity of
innate and adaptive responses. A wide range of viruses affects macrophages and DCs in
different ways contributing to pathogenesis seen in the host. Hence, widespread studies
have been performed in order to look at the interplay between different viruses and
macrophages or DCs in order to shed a light on viral infections involved in
pathogenesis. For example, macrophages and DCs are able to mediate the spread of
HIV to T helper (Ty) cells in lymphnodes [133].

SARS-CoV infection of macrophages and DCs has been reported by several groups to
be non-productive [134-136]. However, one group demonstrated a low production of
infectious virus in DCs [137]. Despite a non productive infection, certain cytokines and
chemokines are produced such as IL-6 and IL-12, interferon induced protein of 10 kDa
(IP-10), monocyte chemoattractant protein 1 (MCP-1) and macrophage inflammatory
protein loo (MIP-1a) [7,136,138]. Though SARS-CoV infection was not able to induce
IFN-a or IFN-B in macrophages or DCs, although another coronavirus HCoV-229E
strongly induced IFN-B in macrophages [134,135]. Demonstration of induction of
chemokines in an early stage in SARS-infected macrophages, as well as DCs showed
an up-regulation of chemokines in immature DCs. The up-regulation of IP-10 and
MCP-1 gene expression was strongest [134,138].

Analysis of cytokine and chemokine levels in serum and lung tissues from SARS
patients demonstrate no increased levels of tumor necrosis factor (TNF)-a, IL-1a or
type I IFN. The levels of IP-10, MCP-1, IL-6 and IL-8 in particular were up-regulated
as was seen in infected macrophages and DCs except for IL-8 [7,139]. However, one
group has reported a decrease in level for IL-8 in serum from infected patients [139].
Conflicting reports regarding elevated levels of IFN- y have also been reported [139-
142]. In fatal cases, increased levels of IL-8, monokine induced by IFN-y (MIG), IP-10
and MCP-1 have been reported [7]. Influenza subtype HSN1 can also cause severe lung
injury similar to SARS-CoV. Dysfunction of cytokines and chemokines has also been
suggested to play a key role in the mechanism in the pathogenesis of HSN1. Cytokine
and chemokine levels in patients infected with influenza H5N1 show an increase of IP-
10, MCP-1 and IL-8, particularly in fatal cases as seen for SARS-CoV. However,
increased levels of TNF-a are seen in infected patients with HSN1 but not in infected
SARS patients [143,144].

It has been reported that viral replication is enhanced and prolonged in aged mice

compared to that in young mice. Old mice also display indication of clinical illness and
pneumonitis not seen in young mice [145]. One group has compared gene expression
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from lungs of SARS-CoV infected young and old mice. High virus titers were observed
at days 1 and 2 in young mice and at days 2 and 5 in aged mice [146]. During viral
peak a down regulation of genes associated with cellular development, cellular growth
and cell cycle were seen in young mice. However, when the virus was cleared the level
of the regulatory genes returned to normal [146]. Aged mice showed an up regulation
of cell-cell signaling and immune response genes. After viral clearance many genes
were still up regulated [146].

2.2 ADAPTIVE IMMUNE RESPONSES

The adaptive immune response consists of the humoral response (antibodies) and the
cell mediated response (effector T cells). In the humoral response, mature B cells
expresses antibodies on its membrane. When membrane bound antibodies bind to
antigens the cell divide and the new cells differentiate into memory B cells and plasma
cells. Memory B cells can live for a long time, and can help in eliciting a faster humoral
response next time the antibodies encounter the same antigen. Plasma cells secrete
antibodies that can neutralize or help in the elimination of antigens [119]. Responsible
for the cell mediated responses are the effector T cells generated in response to
cytokines produced in response to antigens. T cells expressing CD4 on their surface
generally function as Ty cells while CD8 expressing T cells generally function as
cytotoxic T cells (CTLs). Ty cells recognize only antigens that are displayed by MHC
class I molecules displayed on the surface of antigen presenting cells (APCs), such as
DCs, macrophages and B cells. Ty cells can differentiate into a few different subsets of
Ty cells; Tyl and Ty2 being the two most well known. Most of the cytokines secreted
by Ty 1 differ from those cytokines secreted by Ty 2. To simplify, one could say that
Tyl stimulates pro-inflammatory responses while T2 stimulates antibody response.
CTLs recognize cells with antigens displayed by MHC class I. Memory T cells be
generated by naive T cells or effector T cells. Ty can activate different phagocytic cells
by secreting cytokines while CTLs can kill virus-infected cells [119].

It appears as if both CD4" and CD8" T lymphocytes, B lymphocytes, NK, and DC cells
are reduced during the acute phase of SARS.

A strong humoral immune response is elicited towards the N protein but without
neutralizing properties. High prevalence of antibodies has been seen in sera from
convalescent patients [99,147] and almost all patients have seroconverted by day 14
after onset of illness with serum IgM, IgG and IgA antibody responses against SARS-
CoV. IgM and IgA antibodies against the N protein could be detected in patient sera as
early as 2 days after onset of illness [147], and by day 4 after onset of illness IgG
antibodies could be detected.

The S protein is highly immunogenic and elicits important neutralizing antibodies;
three main domains have been localized as targets for neutralizing antibodies one is
located in a region close to the carboxy terminal of the S protein, another one is located
in the RBD, and one in the second heptad repeat regions [148]. All studies conducted in
animal models indicate that S neutralizing antibodies play a vital role in the protective
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immunity in those animal models [149-152]. S specific neutralizing antibodies has also
been shown to persist for 1 year after onset of symptoms [153].

Antibodies against the 3a protein has been detected in sera and from convalescent
SARS patients, and in tissues from infected patients [80]. Antibodies towards 3a have
been studied in this thesis for their possible neutralizing properties against SARS-CoV
in cell culture [154]. In sera from convalescent patients, antibodies towards all
accessory proteins have been detected indicating that they could be expressed during
infection in vivo [80,81,147].

So far, memory T cell responses to all four structural proteins have been documented.
Memory T cells specific for the S and M protein have been observed to persist for over
one year in recovered SARS patients [153,155-157]. E and N generating memory T
cells have been observed to persist for two years [155,158].
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3 NITRIC OXIDE

Another molecule used by the innate immune system is nitric oxide (NO). Numerous
cells generate NO, an important signaling molecule involved in a wide range of
processes. It can act as a vascular relaxing agent, a neurotransmitter and its
antimicrobial activity have been described for numerous bacteria, protozoa and for
some viruses. NO is a free radical with an unpaired electron but is not highly reactive in
itself. However, NO can react rapidly with other free radicals with unpaired electrons
forming “reactive nitrogen oxide species” (RNOS) [159,160]. Superoxide anion (O5)
and NO are considered to be the two most relevant radicals produced by the host during
an infection [161]. But rather than NO or O, being involved in the pathogenesis of
various infectious diseases it seem to be due to the formation of nitrogen intermediates
such as peroxynitrite (ONOQ") [161]. Peroxynitrite is formed when NO reacts with Oy
concurrently produced during an infection. At low production of peroxynitrite the
oxidative damage to cells can be diminished by endogenous antioxidant defenses such
as superoxide dismutase (SOD). Only a slight increase of both NO and O, can lead to
high output of peroxynitrite, potentially harmful both to virus and host cell [162].

NO is produced by three types of nitric oxide synthase (NOS) enzymes that catalyze
the oxidation of L-arginine to NO and L-citrulline. Two of the enzymes are
constitutively expressed and are calcium-dependent thus only activated in response to
calcium signal. They were first characterized in neuronal and endothelial cells.
Therefore the enzymes were named neuronal NOS (nNOS) and endothelial NOS
(eNOS) but are now renamed NOS-1 and NOS-3 respectively since they are more
broadly distributed. The production of NO by NOS-1 and NOS-3 is rapid and
momentarily at low levels. The third enzyme is called inducible NOS (iNOS) or NOS-2
and is expressed only in activated cells and is calcium independent and therefore
constantly active once it is expressed. The production of NO by NOS-2 is slower but
produced for a longer time at larger amounts [160,163]. The up-regulation of NOS-2 is
common during an infection and some viruses and bacteria are known to either be
stimulated or inhibited by increased levels of NO. During a virus infection the
induction of NOS-2 can be mediated by cytokines or by direct up-regulation by the
virus. Both IL-1 and TNF-a are known to induce NOS-2. However, the Ty1 related
cytokine IFN-y is a major inducing NOS-2 cytokine. Other cytokines can down-
regulate NOS-2 expression, like Ty2 associated IL-4, IL-10 and transforming growth
factor (TGF)-P [163]. Direct up-regulation of NOS-2 expression has been seen for
rotavirus, respiratory syncytial virus and HIV-1 [164-167].

High levels of NO output could be part of the pathogenic consequences of various
diseases [162]. NO has been implicated to contribute in the pathogenesis of influenza
virus-induced pneumonia [168]

NO has also been reported to have an antiviral effect on both DNA and RNA viruses,
like Epstein-Barr virus (EBV) [169], Japanese encephalitis virus (JEV) [170], Crimean
Congo hemorrhagic fever virus (CCHFV) [171], influenza virus [172] herpes simplex
virus type 1 [173], coxsackievirus [174] and hantaviruses [175]. The mechanism behind
the antiviral effect of NO is at present unknown. Still, there are a few reports that have
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established the inhibition mechanism of NO. NO has been shown to inhibit the enzyme
activity of the viral protease 3C™™ by S-nitrosylation of the cysteine residues in the
active site of the viral protease. 3C™ is critical for the viral life cycle of coxsackievirus
[176]. The immediate early transactivator protein Zta is down regulated by NO which
helps to maintain latency of EBV [169]. NO has been shown by indirect mechanism to
reduce palmitoylation of rat myelin proteolipid protein [177].

In vivo models have shown the importance of NO in resistance towards a number of
viruses. Mice infected with murine Friend leukemia virus, treated with the NO inhibitor
L-NAME showed an increase in viral load in spleen cells as compared to control mice
[178]. In another study, A/J mice, resistant to the coronavirus Murine hepatitis virus
strain 3 (MHV-3), were treated with the NO inhibitor NG-monomethyl-D-L-arginine (L-
NMMA). Infection with MHV-3 resulted in 50% mortality and with liver pathology
seen in MHV-3 infected BALB/cJ mice, which develop fulminant hepatitis [179].
Genetically deficient NOS2” mice infected with hantavirus showed higher viral titers
compared to control mice, suggesting NO inhibit viral replication in vivo [175].

Inhalation of NO was approved by the US Food and Drug Administration 1999, and in
2001 by the European Medicine Evaluation Agency and European Commission [180].
Endogenous and exogenous produced NO results in an overabundance of responses in
the lung, such as vasorealaxation and bronchodialation. The use of inhaled NO has
resulted in improved oxygenation in newborn babies with persistent pulmonary
hypertension. Pulmonary vasoconstriction was improved in lamb by inhalation of NO
resulting in pulmonary vasodilatation [180]. In patients with acute respiratory distress
syndrome (ARDS), treatment with inhaled NO improved oxygenation and reduced
pulmonary arterial hypertension [181]. It was also tried in one patient with hantavirus
pulmonary syndrome (HPS) and resulted in improved oxygenation [182]. Inhalation of
NO has been tried in only a few patients diagnosed with SARS-CoV but with a
favorable effect [183].
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4 SPECIFIC AIMS

e To study the role of SARS-CoV accessory proteins, 3a/3b and 7a/7b in the
replication cycle in vitro (Paper I).

e To compare the neutralizing properties of antibodies towards the ectodomain
and the endodomain of the 3a protein (Paper II).

¢ To investigate the antiviral effect of nitric oxide against SARS-CoV (Paper III).

¢ To study the antiviral mechanism of the inhibition of the replication cycle by
nitric oxide (Paper IV).
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5 RESULTS AND DISCUSSION

5.1 INHIBITION OF SARS-COV REPLICATION CYCLE BY SMALL
INTERFERENCE RNAS SILENCING SPECIFIC SARS PROTEINS,
7A/7B, 3A/3B AND S (PAPER 1)

Small interfering RNA (siRNA) mediated knockdown is a process by which dsRNA
can silence gene expression. Usually, siRNA is a 19-21 nt of dsSRNA where one strand
of RNA is complementary to the mRNA of interest. The double stranded siRNA
unwind and one strand is incorporated into a protein complex called the RNA induced
silencing complex (RISC). This single strand guides the RISC to the complementary
target mMRNA. RISC cleaves the target mRNA after the siRNA have base-paired with
the target mRNA resulting in gene silencing [184-186].

Numerous groups have demonstrated inhibition of SARS-CoV in cell culture by using
siRNAs designed to target different regions of the SARS-CoV genome. However most
groups designed siRNAs targeting the first 2/3 of the genome and not the accessory
proteins [187-191]. In vivo experiments using siRNA have been performed. In Rhesus
macaque, siRNA targeting S and nsp 12 has shown antiviral effect without adverse
effects when administered intranasal [192].

In this study we used siRNAs to investigate the importance of SARS-CoV 7a/7b and
3a/3b protein in the replication cycle. We designed three siRNAs targeting sgRNAs 2,
3 and 7, expressing the S, 3a/3b and 7a/7b protein respectively. The siRNAs were
designed based on the differences in the junction between the CS and the sequence of
the different ORFs. This design would exclude any effect on the translation of the full-
length genomic mRNA. In order to achieve the best differentiation between the
different sgRNAs, the sequence matching the CS was flanked by 5-7 nt before and 6-10
nt after each of the siRNA inserts. Vero E6 cells transiently transfected with siRNA or
stable cell-lines expressing siRNA were infected with SARS-CoV. The yield of
progeny virus was significantly reduced by all three siRNAs (Paper I). However, the
reduction of progeny virus was more noticeable in cells transiently transfected with
siRNAs compared to the stable cell-lines. The level of siRNA observed could explain
this result. The levels of siRNA present were higher in cells transiently transfected with
siRNA than in the stable cell-lines. The progeny virus was somewhat more reduced for
the silencing by siRNA 7. This could be due to the fact that siRNA 7 was shown to
silence both accessory proteins 7a/7b and 8a/8b due to a mismatch of only 1 nt between
siRNA 7 and sgRNAS. This could also explain why a group using reverse genetics to
create a recombinant virus lacking 7a/7b did not see a difference in virus yield
compared to wild-type virus. However, they did see a reduction of virus yield from
deletion of 3a [75].

Evaluation of the knockdown efficiency of the proteins translated from the sgRNAs
targeted by the siRNAs was performed. The vectors contain a green fluorescence
protein (GFP) marker under the CMV promoter facilitating tracking of transfected
cells. Indirect immunofluorescence assay (IFA) showed that cells expressing the
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siRNAs specifically silenced the expression of targeted proteins without affecting the
infection shown by expression of the N protein (Paper I).
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5.2 AMINO ACID 15-28 IN THE ECTODOMAIN OF SARS CORONAVIRUS
3A PROTEIN INDUCES NEUTRALIZING ANTIBODIES (PAPER II)

Humoral responses are a significant part of the immune response against viruses.
Neutralizing antibodies can block virus from binding to and entering cells, and are an
important part of the adaptive immunity. Antibodies towards 3a have been detected in
SARS patients, and 3a has also been detected in tissues from infected patients. 3a has
been shown to be a minor structural protein with three transmembrane domains, with
an N-terminal ectodomain and a C-terminal endodomain.

In this study we used antibodies raised towards amino acids 15-28 in the ectodoamin,
and antibodies raised towards amino acid 134-274 in the endodomain of 3a to
investigate and compare potential neutralizing properties. Western blot showed that
both antibodies towards the N-terminal and the C-terminal could detect 3a in SARS-
CoV infected cells (Paper II). Neutralization assay showed a neutralizing titer of 1:80
for anti-3a N-terminal antibodies in the absence of the complement system. In contrast,
no neutralizing properties were shown for anti-3a C-terminal antibodies. However the
binding affinity was stronger for antibodies towards the C-terminal than for antibodies
towards the N-terminal (Paper IT). Our results suggest that antibodies targeting the N-
terminal of 3a could probably stimulate a protective humoral response during SARS-
CoV infection. It has been reported that 48.8 % of patients recovering from SARS
displayed antibodies towards the N-terminal of 3a as compared to only 7.4% of
deceased persons [91]. In another study, 40% of plasma samples from convalescent
SARS patients showed antibodies against the N-terminal of 3a [193]. With help from
the complement system, antibodies against the ectodomain of 3a are also able to bind
and kill 3a expressing cells [91]. Several groups have studied the prophylactic effect of
passive transfer of antibodies towards different epitopes of the S protein against
challenge with SARS-CoV in mice. The passive transfer of antibodies did provide an
effective immunoprohylaxis in mice [151,194,195].

Both a strong humoral and cellular response in humans seems to be positively related
with a less severe disease and survival. However, the relative contribution of the
cellular and the humoral immune responses are not known. Antibodies against 3a could
be a good complement to neutralizing antibodies against the S protein and anti-N
antibodies in protection against SARS.
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5.3 NITRIC OXIDE INHIBITS THE REPLICATION CYCLE OF SEVERE
ACUTE RESPIRATORY SYNDROME CORONAVIRUS (PAPER IiI)

Nitric oxide is involved in a wide range of processes and is an important signaling
molecule between cells. NO has been described to have an antiviral activity against
some viruses, and an up-regulation of NOS-2 is common during an infection. Some
viruses can be inhibited whereas other viruses can be stimulated by increased levels of
NO.

We used both exogenous and endogenous NO to investigate the antiviral effect on
SARS-CoV. After Vero E6 cells had been infected with SARS-CoV, an exogenous NO
donor called S-nitroso-N-acetylpenicillamine (SNAP) or the control, N-
acetylpenicillamine (NAP) was used to treat the cells. The amount of progeny virus for
SNAP-treated cells was reduced by almost 4 log compared to NAP-treated cells (Paper
IIT). The inhibitory effect of NO was also demonstrated by Western blot and IFA
(Paper III). A real time PCR was performed showing that NO inhibit viral RNA. To
investigate the effect of NOS-2, cells were stimulated with IL-1 and IFN-y together
with L-NMMA, a NOS-2 inhibitor to confirm that NO production was mediated by
NOS-2. The inhibitory effect of NOS-2 corresponded to approximately the same level
of inhibition seen with 50pM SNAP. L-NMMA did inhibit the production of NOS-2 to
a great extent. However, a reduction of virus titer was still observed. This observed
inhibition could probably be due to an incomplete inhibition of NOS-2 by L-NMMA as
shown in paper III; hence some NO could still be produced to inhibit the virus.

NO can be both harmful and protective. Elevated levels of NO have been suggested for
some viruses to play part in pathogenesis. It is not known whether SARS patients show
elevated levels of NO. It would be interesting to examine whether NOS-2 is part of the
antiviral response against SARS-CoV by infecting NOS2”~ mice. Most studies have
shown an increase in viral replication in NOS2" mice [175,178,179]. Inhalation of NO
has been approved as a treatment both in the U.S and in Europe [180]. This method has
been tried in patients with ARDS, in newborn babies with persistent pulmonary
hypertension and in one patient with HPS with positive outcomes [182]. Inhalation of
NO has been tried in a small group of SARS patients with a favorable effect [183].
Arterial oxygenation and clinical signs were improved as well as chest radiograph
findings. Perhaps inhalation of NO could be used as a complementary treatment if
SARS were to appear again.

23



5.4 NITRIC OXIDE INHIBITS SARS COV REPLICATION DIRECTLY AND
DECREASES THE FUSION ACTIVITY OF THE SPIKE PROTEIN
(PAPER IV)

NO has been shown to have an antiviral effect on some viruses. In addition to NO, O,
is also produced during an infection. When NO and O, interact with each other
peroxynitrite (ONOQO") is formed. Peroxynitrite has also been shown to have an
inhibitory effect on viruses.

In this study we further investigated the antiviral mechanism behind NO on SARS-
CoV. We also investigated whether NO per se inhibits SARS-CoV or if peroxynitrite
could be involved. We used the chemical 3-Morpholinosydnonimine hydrochloride
(SIN-1) producing peroxynitrite, and a superoxide scavenger MnTBAP. SIN-1 had no
effect on the replication of SARS-CoV (Paper IV). Infected cells were treated with
SIN-1 together with different concentrations of MnTBAP. SIN-1 produces both NO
and O, which react to form peroxynitrite. The use of MnTBAP in combination with
SIN-1 removes the superoxide. As a result the amount of NO is increased, and the
amount of peroxynitrite is decreased. Different concentrations of MnTBAP were used
together with SIN-1 which resulted in a decrease of progeny virus. The inhibition of
progeny virus was dependent on the concentration of MnTBAP (Paper IV). The results
show that NO inhibits SARS-CoV directly, and that peroxynitrite has no effect on
SARS-CoV replication. Interestingly for hantavirus, both NO and peroxynitrite showed
an inhibitory effect, but on different parts of the replication cycle. NO showed an
antiviral effect on the replication in vitro, while peroxynitrite had little effect. The
opposite was observed for the effect on free viruses, where peroxynitrite showed a
strong antiviral effect compared to NO [175]. NO was not observed to have any
antiviral effect on free viruses of SARS, though we did not try the effect of
peroxynitrite, and can not state whether what was observed for the hantavirus applies to
SARS-CoV.

The S protein involved in receptor binding and membrane fusion, undergoes
posttranslational modifications in order to attain proper functionality. S-palmitoylation
of the endodomain of the S protein has been shown to be important for mediating cell
fusion. S-palmitoylation is a posttranslational process by which palmitate is added to
cysteine residues through thioester linkage.

After establishing the direct effect of NO on SARS-CoV replication, we examined
whether NO nitrates SARS-CoV S protein. Vero E6 cells were infected with a
recombinant vaccinia virus carrying the S gene (rVV-L-S), and treated with SNAP (NO
donor) or the control NAP. Immunoprecipitation was performed using beads
specifically binding to nitrated proteins. Detection of S by western blot analysis showed
that S had been nitrated after stimulation with SNAP. Since S-palmitoylation of S was
shown to be important for mediating cell fusion, we wanted to determine whether NO
might have any effect on the S-palmitoylation of the S protein. The results showed that
NO reduced S-palmitoylation of the S protein to a great extent, and subsequently also
reduced S-mediated cell-cell fusion as shown by a membrane fusion assay (Paper V).
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We demonstrated that one antiviral mechanism of NO is to affect the post-translational
modification of the S protein of SARS-CoV. The structural protein E has also been
shown to be S-palmitoylated for both SARS-CoV and MHV. It was shown for MHV
that the viral production was affected when the cysteine residues in the carboxy domain
were substituted. It would be interesting to investigate whether NO also affects the S-
palmitoylation of E.
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