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Chapter 1 General introduction



Emergence of SARS

Severe acute respiratory syndrome (SARS) emerged late 2002/early 2003 in Guangdong Province, China,
and spread rapidly to several countries in Asia, North America and Europe causing disease in 8096
people, of whom 774 died (World Health Organization statistics, http://www.who.int/csr/sars/country/
table20o4_oa_21/en/index.html, figure 1.1). While the number of deaths caused by SARS remained rela-
tively low compared to for example the yearly influenza outbreaks, the impact of the SARS epidemic was
very high, due to the rapid spread of the disease through air travel, immediate and intensive media cov-
erage and the continuing globalization of the economy. The emergence of this new highly pathogenic dis-
ease brought on a quick response from the scientific world; only a few months after the first emergence
of SARS, a newly discovered coronavirus (CoV) was identified as its etiological agent (26, 64, 66, 103).

Documented SARS-CoV Infections in Humans
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Figure 1.1. Countries affected by SARS-CoV. World map representing the number of documented SARS-
CoV infections and SARS related deaths worldwide in the 2002/2003 epidemic. Countries with more
than 10 cases or at least 1 death are mentioned specifically.

Until the SARS-CoV outbreak in 2003/2004 human infecting CoVs were associated with upper respiratory
tract infections with mild disease symptoms. In fact, the only two human CoVs that were known before
the emergence of SARS-CoV, HCoV-229E and HCoV-0C43, are believed to cause a significant percentage of
all common colds in humans (70, 95). SARS-CoV was the first human CoV known to cause potentially se-
vere disease of the lower respiratory tract, leading to death in almost 10% of people infected. The emer-
gence of SARS-CoV had a catalyzing effect on CoV research, leading to the discovery of several previously
unidentified CoVs. Two new human CoVs were identified, HCoV-NL63 and HCoV-HKU1, both viruses caus-
ing nonfatal upper and lower respiratory tract infections in infants, elderly and immunocompromised
individuals (31, 131, 136). In addition, several novel animal CoVs have been identified such as avian CoVs
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that infect mallards, geese and pigeons, enteric CoVs infecting ferrets and various bat infecting CoVs,
one of them being a likely SARS-CoV precursor (57, 71, 78, 104, 106). The fact that during the SARS-CoV
outbreak almost no SARS-CoV specific antibodies were found in non-SARS cases indicates that the virus
had not been circulating at a large scale in the human population before the start of the epidemic in
2003, suggesting that the virus has been introduced into humans from animals (12, 64, 103). In line with
this finding, many of the people that were infected with SARS-CoV early during the epidemic had been in
close contact with live animals on Chinese wet markets (39). The current hypothesis is that bats are the
main natural reservoirs of SARS-CoV-like viruses, and virus transmission to humans most likely occurred
via civet cats, which are common trade animals on these wet markets (71, 78).

Like other CoVs, SARS-CoV can experimentally infect many different species, such as bats, civet
cats, chickens, rats, mice, hamsters, guinea pigs, ferrets, pigs and non human primates (macaques and
African green monkeys). Lungs of SARS-CoV infected macaques show type Il pneumocyte hyperplasia
and multiple foci of acute diffuse alveolar damage (DAD), characterized by flooding of the alveoli with
oedema and infiltration of inflammatory cells (41, 66, 117). Although a wide range of animal species is
susceptible to infection with SARS-CoV, most of these models do not exactly replicate SARS-CoV patho-
genesis in humans. Not only does the pulmonary pathology differ from that seen in human cases, also
the duration of viral replication is shorter in the animal models used for SARS research (20, 35, 66, 89).
Interestingly, levels of viral replication are usually extremely high in the different animal models, whereas
clinical disease is mostly limited.

SARS-CoV: structure, replication and tropism

CoVs belong to the Coronaviridae family, based on their conserved genome organization and mechanism
of replication, grouped within the order of the Nidovirales together with the Roniviridae and the Arteriviri-
dae (36). These viruses are enveloped single stranded positive sense RNA viruses that infect a wide range
of different animal species as well as humans. Transmission of CoVs occurs primarily via respiratory
aerosols and via the faecal-oral route, mainly causing respiratory and enteric disease but sometimes also
neurological disease or hepatitis, depending on the virus involved (91). The CoVs are ordered into three
different groups based on entire genome sequence comparisons, roughly ascribing all the mammalian
infecting CoVs to groups alpha and beta, including the human CoVs, and almost all the avian infecting
CoVs to the gamma group (37). The initial classification of SARS-CoV in a new fourth group lead to some
controversy, however, subsequent analysis of SARS-CoV viral genes lead to the conclusion that SARS-CoV
has not diverged enough to form a completely new CoV group and, despite several unique features, it
was concluded that SARS-CoV is best grouped with the beta group CoVs (91).

CoVs are enveloped viruses bearing distinctive spikes on their surface, appearing ‘crown-like’ (co-
rona) when studied with electron microscopy, hence their name. SARS-CoV particle morphology is ex-
emplary for CoV morphology in general; SARS-CoV particles are roughly spherical in shape and measure
about 80-90 nm in diameter. The first SARS-CoV sequence, of the Tor2 strain, was already published in
April 2003, only one month after the outbreak (87). With a genome that is approximately 29750 bases
long, SARS-CoV is one of the largest RNA viruses known. The order and organization of genes within the
SARS-CoV genome is similar to that of other CoVs with the replicase and protease genes at the 5’end
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followed by 4 structural proteins present in all CoVs, namely the spike protein S, the membrane protein
M, the envelope protein E and the nucleocapsid protein N. Interspersed between the structural protein
genes are several other open reading frames (ORFs) (figure 1.2). The SARS-CoV genome contains 14 ORFs
in total, for some of which the function is still unknown.
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Figure 1.2. Schematic diagram of CoV structure and genome organization. The spike, membrane and envelope proteins
are embedded in a lipid bilayar, which is derived from intracellular membranes. The viral RNA is associated with the
nucleocapsid protein (A). The SARS-CoV genome consists of 14 ORFs. ORF1a and ORF1b both encode large polyproteins,
containing the polymerase proteins among others. The structural gene region contains genes for the spike S, envelope
E, membrane M and nucleocapsid N. Interspersed are the ORFs that encode the accessory proteins (B).

The SARS-CoV replication strategy is typical for CoVs; SARS-CoV RNA looks very much alike the host RNA,
having a 5’methylated cap and a 3’polyadenylated A tail, allowing the virus to use host ribosomes for
translation after the viral RNA genome is released into the cytoplasm of the host cell. The first proteins
produced are the replicase proteins (the non structural proteins), resulting from proteolytic processing of
the pp1a and ppiab polyproteins that are encoded by ORF1a and ORF1b. The SARS-CoV replicase allows
for production of a nested set of mRNAs with a common 3’end, the subgenomic mRNAs, encoding the
structural proteins that comprise the viral particles as well as some accessory proteins. Subsequently
the N proteins assemble with the genomic RNA to form nucleocapsids in the cytoplasm, after which
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these nucleocapsids bind the M proteins that are integrated into the ER membrane, just as the S and E
proteins. After binding the M protein, the assembled nucleocapsids, including the viral RNA, bud into the
ER lumen forming new viral particles that are exported out of the cells through the Golgi apparatus. S
proteins that are not incorporated into the viral particle are transported to the cellular membrane, where
they facilitate cell-to-cell fusion.

The heavily glycosylated S proteins on the surface of the viral particle are crucial for SARS-CoV to
establish and maintain an infection cycle. SARS-CoV enters the host cell by binding of the S1 domain of
the S protein to the cellular receptor. Subsequently, the S2 domain fuses with the cellular membrane (82).
While SARS-CoV is able to bind the C-type lectins CD2o9L and DC-SIGN, the metallopeptidase angiotensin-
converting enzyme 2 (ACE2) seems to be the key functional receptor for the virus (54, 77, 90, 139).
SARS-CoV entry into the host cell is not dependent on the proteolytic activity of ACE2, since an enzymati-
cally inactive ACE2 variant still binds SARS-CoV and facilitates entry (77). ACE2 is expressed in vascular
endothelia, heart, kidney and testis, but also in epithelia of the small intestine and in alveolar epithelial
cells (25, 42-43). Although ACE2 localization explains SARS-CoV tissue tropism in most areas such as
the lungs, small intestine and the kidneys, there are also some discrepancies. For example, in colonic
epithelium there are SARS-CoV infected cells although there is no ACE2 expression, on the other hand, in
endothelial cells in the heart there is abundant expression of ACE2, but SARS-CoV infected cells have not
been detected here (25, 42). These inconsistencies may be explained by the use of other receptors or co-
receptors such as CD2ogL or DC-SIGN. Interestingly, the far less pathogenic HCoV-NL63 also uses ACE2 as
a cellular receptor (47, 116). The HCoV-NL63 S protein and the SARS-CoV S protein both bind overlapping
regions of ACE2, however, binding of the SARS-CoV S to ACE2 is more efficient than that of CoV-NL63 (79).
Analysis of SARS-CoV RNA sequences from different isolates over time shows that the virus readily adapt-
ed once it was introduced in humans, especially in the beginning of the epidemic (1). Changes in the
sequence of the S protein seem of particular importance for spread of SARS-CoV among humans, since
the S protein from a SARS-CoV strain that spread globally more efficiently binds ACE2 than S proteins
from civet cat SARS-CoV strains (80). Typical of CoVs is that the virally encoded RNA polymerases do not
have proof-reading capability and typically have an error rate of about 1 in 10.000 nucleotides. Since CoV
genomes are very large - 30 kb on average - each replication cycle will induce several mutations in the
progeny virus. In addition, deletion and recombination may contribute to a rapid evolution of SARS-CoV
strains (68-69, 93, 122, 145).

SARS pathogenesis and treatment

SARS-CoV infection in humans initially causes lower respiratory tract disease, potentially causing a pro-
gressive atypical pneumonia with clinical symptoms that include fever, malaise, lymphopenia, and in
some cases also diarrhoea (23, 75, 98, 102). Although SARS-CoV mainly causes respiratory disease, the
virus can also be cultured from faeces and urine from SARS-CoV infected patients, indicating that SARS-
CoV does not solely infect the lungs. About 20-30% of SARS patients suffered from severe disease and
needed to be transferred to intensive care units. Ultimately the overall fatality rate approached 10%
in adults, but the mortality rate was strongly correlated to the age of the patient. Strikingly, while the
mortality rate in older patients (>60yrs) was very high, up to 50% in certain areas, children seemed to
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be relatively resistant to SARS (24, 48, 81). Although SARS complications can be fatal, most SARS patients
recovered, suggesting that protective immune responses are operational. The clinical course of SARS
follows three phases. The first phase is characterized by active viral replication and patients experience
the first symptoms of disease. Virus levels start to decrease while antibodies, which are effective in con-
trolling infection, increase in the second phase. Nonetheless, pneumonia and immunopathological injury
also develop in this phase. Eventually, in the third phase, fatal cases of SARS develop severe pneumonia
and acute respiratory distress syndrome (ARDS), characterized by the presence of DAD (98).

ARDS is a severe form of acute lung failure and can not only be triggered by SARS-CoV, but also
by other pathogens like H5N1 avian influenza and anthrax (38, 40). Furthermore, a variety of other
conditions like sepsis, pancreatitis, and severe trauma, can lead to ARDS (133). Despite today’s modern
intensive care medicine, no pharmacological therapies have yet been developed that can alleviate ARDS
symptoms and the mortality associated with ARDS remains very high. ARDS is characterized by massive
infiltration of immune cells, such as neutrophils and macrophages, in the lungs, oedema formation and
the induction of an array of inflammatory cytokines and chemokines, such as CXCL1o, CCL2, IL-6, IL-8,
IL-12, IL-1B and interferon (IFN)-y (133). Significant induction of these inflammatory agents has also been
observed in SARS patients and has been described as a “cytokine storm” (49, 56, 108, 128, 135, 146). Ad-
ditionally, it has been shown that these inflammatory cytokines are produced at higher levels in elderly
people as compared to the young, making them more vulnerable for the development of ARDS after
SARS-CoV infection, which corresponds with mortality rates observed in young and older patients (17)
(110). Furthermore, high levels of CXCL10 in the first week after onset of fever have been associated with
an adverse outcome of SARS-CoV infection (127). CXCL1o, produced at high levels by activated bronchial
epithelial cells in response to infection, acts on the CXCR3 receptor and is a chemoattractant for activated
Th-1 cells and natural killer cells (10, 96, 113). Excessive CXCL1o production has also been reported for
other respiratory viral infection, such as the human influenza A HgN1, where high levels of CXCL10o are
associated with fatal outcome (22).

During the SARS epidemic several different therapies have been tested in SARS patients, however
no trials with randomized placebo controls were performed. In humans, the first phase of viral replica-
tion peaks around day 10 after onset of symptoms, suggesting that there is a window of time to start
an effective treatment and to reduce viral levels in order to prevent immunopathological damage, espe-
cially since high viral load in the second week of illness is associated with adverse outcome (50). Both
ribavirin combined with lopinavir/ ritonavir and corticosteroids as well as treatment with IFN alfacon-1
were beneficial for SARS patients (15, 84). Several potential agents that could serve as SARS treatments,
considering IFNs, glycyrrhizin, baicalin, reserpine, niclosamide, luteolin, tetra-0-galloyl-p-D-glucose and
the protease inhibitors all have been reported to be active against SARS-CoV in vitro, but the only ap-
proved medication that has been tested in an animal model so far is pegylated IFN-o, which protects
type | pneumocytes from SARS-CoV infection in macaques (41).

SARS-CoV induced pathogenic pathways in target cells

In vitro experiments have shown that diverse potentially pathogenic pathways are activated in cells
infected with or exposed to SARS-CoV, such as pathways involved in induction of apoptosis, stress
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responses and procoagulation (125). Most prominent however is the induction of pathways involved in
the immune response after SARS-CoV infection, characterized by the induction of a range of proinflam-
matory cytokines and chemokines of the CXC and CCL family, as well as elevated transcription of genes
involved in cell to cell signaling and cellular movement (14, 72, 97, 121, 125, 141, 144). Induction of
cytokines like IL-6, IL-8 and chemokines like CXCL10, CCL2, CCL3 and CCLs has been observed in several
different cell lines derived from organs as kidney, colon, liver and lung, as well as in dendritic cells and
macrophages exposed to SARS-CoV. Interestingly, productive SARS-CoV infection is not necessary for
induction of these genes (14, 72). As mentioned previously, excessive induction of proinflammatory
cytokines and chemokines may be associated with SARS pathology seen in human patients.

SARS-CoV not only induces the production of potentially pathogenic cytokines and chemokines in
its target cells, but might also cause pathology through effects on its cellular receptor ACE2. Before ACE2
was known as a SARS-CoV receptor, this enzyme was first described in 2000 as one of the key players
in the renin angiotensin system (RAS) (25, 129). The RAS is a peptide hormone system that has an es-
sential role in regulation of heart function and maintaining blood pressure homeostasis and consists of a
cascade of various multifunctional enzymes, receptors and mediators (5, 21). In summary, the protease
renin hydrolyzes angiotensinogen, generating angiotensin | (ANG ). The C-terminal aminoacids from ANG
| can be cleaved by angiotensin converting enzyme (ACE), resulting in the production of the biologically
active angiotensin Il (ANG II). Subsequently, ANG Il binds its specific receptor AT, leading to several
adverse biological effects such as vasoconstriction, proliferation, cardiac hypertrophy and pulmonary
fibrosis. For years it was thought that the RAS was an endocrine system with ANG | as its main effector
hormone, however in recent years, along with the discovery of ACE2, a whole new axis was established
besides the pathogenic ACE/ANG II/AT, axis, namely the ACE2/ANG-(1-7)/Mas receptor axis (28, 137). ACE
and ACE2 share a high percentage of sequence similarity in their catalytic domains, but these two homo-
logues act on different substrates, giving them distinct biological functions (25, 129). While ACE removes
2 residues from the decapeptide ANG I, generating ANG II, ACE2 cleaves only 1 residue, leading to the
production of the biologically inactive ANG (1-9) which then can be converted to the vasodilatory peptide
ANG-(1-7) by ACE or other peptidases. Alternatively, ANG Il can be directly metabolized by ACE2 to gener-
ate ANG-(1-7). The biological properties of ANG (1-7) are completely opposite compared to those of ANG
II. Mainly through the Mas receptor, but also through the AT receptor, ANG (1-7) stimulates vasodilation,
antiproliferation and antihypertrophy. By cleaving ANG Il into ANG (1-7), ACE2 plays an important role in
counterbalancing adverse actions of the ACE/ANG II/AT‘ receptor axis. Thus, the vasoconstrictor/prolifera-
tive actions of the RAS, mediated by ANG II, versus its vasodilator/antiproliferative actions, mediated by
ANG (1-7), are mainly driven by the balance between ACE2 and ACE (figure 1.3).

In the last decade several studies have reported about a role for the RAS in the development of
ARDS (51, 55, 88). For instance, there seems to be a correlation between ACE gene polymorphisms and
the susceptibility and mortality of ARDS. Moreover, it has been shown that ACE2 protects murine lungs
from severe acute lung injury in different ARDS models and that ARDS in mice can be attenuated by ei-
ther inhibiting the ACE/ANG II/AT receptor axis or by treatment with an enzymatically active recombinant
ACE2 (51). Interestingly, SARS-CoV infection or treatment with a recombinant SARS-CoV Spike protein in
mice decreases ACE2 expression levels in the lungs, favoring the pathogenic ACE/ANG II/AT1 receptor axis.
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Figure 1.3. RAS pathways. Schematic
diagram showing the counterregula-
tory axes of the RAS, the ACE/ANG
II/AT R axis and the ACE2/ANG (1-7)/
Mas receptor axis. The ACE enzymes
play an important role in balancing
these axes. ACE cleaves ANG I, ge-
nerating ANG Il, but ACE2 counterba-
lances this pathogenic axis by degra-
ding ANG Il into ANG (1-7).
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Additionally, treatment with a recombinant Spike protein coincided with increased ANG Il peptide levels
and worsened ARDS symptoms in a murine ARDS model (65). Thus, SARS-CoV mediated downregulation of
ACE2 might play a role in SARS induced pathogenesis and development of ARDS after SARS-CoV infection.
SARS-CoV might also employ the ACE2 receptor as a signal transducer leading directly to induction of the
proinflammatory CCL2 (11). CCL2 is a chemokine that attracts monocytes, memory T lymphocytes, and
basophils and involved in inflammatory reactions. Increased levels of CCL2 are associated with ARDS but
also with other inflammatory lung disorders like asthma and pulmonary fibrosis (111). Elevated levels of
CCL2 were also detected in sera of SARS patients and in supernatants of cells infected with SARS-CoV (13,
56). Moreover, it was shown that direct interaction of the viral particle viral infection and replication was
not necessary for production of CCL2 since incubation of cells with SARS-CoV virus like particles or SARS-
CoV Spike protein were sufficient to induce CCL2 gene transcription and protein production (11). In addi-
tion, interaction of SARS-CoV virus like particles with the ACE2 receptor directly leads to induced expression
of the proinflammatory CCL2 through casein kinase Il mediated phosphorylation of ACE2 and subsequent
activation of the MAPK pathway (11). This suggests that ACE2, besides counterbalancing the adverse ac-
tions of the ACE/ANG II/AT receptor axis by enzymatically cleaving ANG II, might also function as a signal
transducer in the cellular membrane and possibly contributes to SARS induced pathology via this route.
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IFN induction by SARS-CoV

Innate immune responses provide immediate defense against pathogens by recruiting immune cells to
the site of infection by identifying and eliminating pathogens and subsequent induction of cytokines,
activation of the complement system and adaptive immune responses. To specifically provide powerful
protection against invading viruses, IFNs are produced. Type I IFNs, IFN-a. (13 human subtypes) and IFN-f
(1 human subtype), together with type Ill IFNs, IFN-A1, IFN-A2 and IFN-A3 (IL-29, IL-28A and IL-18B respec-
tively) are induced in direct response to virus infection (100). IFN-y, a single type Il IFN, is not secreted
in direct response to viral infection but produced by activated T cells and natural killer cells. In principal,
most mammalian cells are capable of producing type I IFNs; however the mechanism and amount of IFNs
that are induced can differ among cell types. While fibroblasts, epithelial cells and neurons mainly secrete
IFN-B initially before they switch to IFN-a production, plasmacytoid dendritic cells (pDCs) initially make
large amounts of IFN-a followed by a switch to IFN-f3. IFNs do not only function as direct antiviral proteins,
they also have several other biological properties such as inhibition of cellular proliferation and immuno-
modulation, making their role in viral infections broader than just their direct antiviral activity (45, 74).

There are several routes by which cells can recognize the presence of an invading virus and by
which IFNs can be produced subsequently. The relevance of a specific route depends on the type of
virus, type of cell that is infected and the stage of infection in that same cell. The two major pathways
through which cells sense invading viruses are the intracellular pathway and the endosomal pathway. In
the intracellular pathway, IFN-B is induced when pathogen associated molecular patterns (PAMPs), such
as double stranded (ds) RNA and 5’-triphosphorylated single stranded (ss) RNA, are sensed by the RNA
helicases RIG-I and MDA-5, the main intracellular receptors of viral RNA (2, 60, 142-143). When viral RNA
binds to these helicases, a signaling chain is induced, eventually leading to the phosphorylation of the
transcription factor IRF-3, a molecule that plays an essential role in the activation of the IFN-f3 promoter
(30, 46, 114). As soon as IRF-3 is phosphorylated, the molecule homo-dimerizes and is translocated to the
nucleus where it recruits the co-factors CPB and p300 and binds the IFN-f3 promoter in order to start IFN-f3
gene transcription. Ongoing viral replication subsequently induces the activation of transcription factors
NF-kB and AP-1 that both bind the IFN-B promoter and further enhance IFN-B gene expression (16,101).
The induction of IFN leads to the production of IRF-7, which is only present in low amounts in most cells
(112). Phosphorylated IRF-7 subsequently binds the IFN-B promoter, resulting in enhanced induction of
IFN-B and the induction of the IFN-a genes through a positive feedback loop (86, 112).

Induction of IFN through the endosomal pathway involves the Toll like receptors (TLRs), like TLR3,
TLR7, TLR8 and TLR9, which can detect viruses in endosomal compartments as they enter cells. This
pathway is used by pDCs, which are also known as “professional type | IFN producers” (29). pDCs pre-
dominantly sense viral RNA through the endosomal receptors TLR7 and TLR8 (29, 53). When these TLRs
become activated, the adapter molecule MyD88 is recruited, which in turn recruits IRAK-4 and IRAK-1.
Subsequently, through activation of several signaling molecules, eventually IRF-7, NF-kB and IRF-3 are
activated and translocated to the nucleus, leading to the production of IFN-a. and IFN-. Interestingly, the
pDC is the only known cell type that constitutively expresses high levels of IRF-7 and thus high levels of
IFN can be produced by these cells (61, 105).

SARS-CoV typically does not induce an IFN response in infected cell cultures although substantial
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amounts of the IFN inducing dsRNA are generated during infection (18, 119, 125, 134). This suggests that
SARS-CoV is able to inhibit the induction of IFNs, either actively or passively. Several potential mecha-
nisms through which SARS-CoV can inhibit IFN induction have been described recently. Double membrane
vesicles are formed after CoV infection, and it is hypothesized that these complexes shield viral RNA from
sensing molecules (118, 123). Recently it was shown that 2’-0-methylation of CoV mRNA is involved in
inhibiting IFN responses in infected cells as well (150). In contrast to wild type CoVs, CoV mutants lack-
ing the 2’-0-methyltransferase activity induced high levels of IFNs. Interestingly, induction of IFNs was
dependent of the cytoplasmatic RNA sensor MDA-5. Another possibility is that one of the SARS-CoV viral
proteins sequesters the genomic RNA in such a way that host-sensing proteins do not detect it as has
been demonstrated for several other viruses, such as VP35 from Ebola and NS1 of influenza (44, 59). It
remains to be proven if SARS-CoV actively inhibits IFN production or just escapes from the induction of
IFNs. Spiegel et al. showed that although SARS-CoV does not induce IFN, IRF-3 initially translocates to the
nucleus of infected cells in SARS-CoV infected cells (119). However, at a later time point after infection,
IRF-3 was again localized in the cytoplasm. Furthermore, SARS-CoV interfered with IRF-3 hyperphosphory-
lation, dimerization, and binding to cofactor chromatin binding protein. Also studies using expression
plasmids that contain one of the SARS-CoV proteins have demonstrated that SARS-CoV proteins ORF3b,
ORF6, the N protein and the papain-like protease (PLP) are able to inhibit IFN production by affecting
the IRF3 activation pathway (33, 62). More recently, other groups demonstrated that SARS-CoV does not
activate IRF-3 and NF-xB or induce IFN in infected cells, but that subsequent treatment with Poly:IC or
infection with Sendai virus still results in IFN production (32, 132, 148). In addition, when recombinant
SARS-CoV, deleted for one of their accessory ORFs, was used to infect cells, none of the deletion mutants
were able to induce IFN but Sendai virus infection did induce IFN-B production in these cells (32). Appar-
ently, SARS-CoV does not induce the IFN sensing pathway, but SARS-CoV does not actively block sensing
of other viral proteins or stimuli either.

In contrast to most studies performed in in vitro cell cultures, human pDCs are able to produce IFN
upon incubation with SARS-CoV (9). PDCs are known to be the most potent producers of IFN-o. in the
human body, producing 10-100 times more type | IFNs than other cell types, and type | and type Ill IFNs
account for 60% of the total genes expressed in activated pDCs (115, 52). While IFNs cannot be detected
in SARS-CoV infected myeloid DCs (mDCs), pDCs rapidly produce and secrete considerable amounts of
IFN-oc and IFN-p upon SARS-CoV infection. Furthermore, using MHV as a CoV model, it was observed that
rapid IFN induction in pDCs is dependent on TLR7 and MyD88. These sensing molecules induce expression
of IFN-a. upon viral infection through IRF-7, constitutively expressed in pDCs, suggesting that the pDC
restricted TLR7/IRF-7 IFN induction pathway is not affected by the virus. It is still unclear whether DCs
are infected by SARS-CoV, and so far no conclusive evidence on infection of DCs by SARS-CoV has been
reported (8, 72, 130, 149). On the other hand, active viral replication may not be necessary to mount an
efficient IFN response (8, 120). Castiletti et al. observed that SARS-CoV induces IFN-o. and IFN-y in peri-
pheral blood mononuclear cells (PBMCs)from healthy donors and that this IFN response was even more
robust when PBMCs were incubated with (paraformaldehyde) fixed SARS-CoV infected Vero cells (8). In
addition, Spiegel et al. found that both live and UV inactivated SARS-CoV were able to induce type I IFNs
in DC cultures (120). In line with these results, a study analyzing IFN levels in 40 well described SARS
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patients found high levels of type I IFNs in plasma and robust IFN stimulated gene expression in pre-crisis
SARS patients (7). Although there is no direct proof yet that pDCs are responsible for the induction of
IFNs during SARS-CoV infection in vivo, the fact that pDCs are able to produce type | IFNs upon SARS-CoV
infection in vitro is suggestive for their role in vivo. However, it is still possible that another cell type is
accountable for the IFN production during SARS. For example, for several other RNA viruses it has been
shown that alveolar macrophages, not pDCs, are the main type | IFN producers early in infection (67).

SARS-CoV blocks IFN signaling

As soon as IFN-a and IFN-B bind to the common type | IFN receptor (composed of the products of the
IFNAR1 and the IFNAR2 genes), conformational changes in the intracellular domain of the receptor lead
to the activation of the JAK/STAT signaling pathway (94, 107). The cytoplasmic tails of IFNAR1 and IFNAR2
associate with tyrosine kinase 2 (Tyk2) and tyrosine kinase janus 1 (JAK1) respectively, leading to bind-
ing and activation of signal transducers and activators of transcription (STAT) 1 and STAT2. After STAT1
and STAT2 have formed a stable hetero-dimer, the complex is translocated into the nucleus where it
associates with IRF-9 to form the heterotrimer I1SGF3(4, 109). This complex binds to the IFN stimulated
response element (ISRE) resulting in transcription of IFN stimulated genes (ISGs), like PKR, 2’5°0AS, MX,
ISG15, 1SG20 and 1SG54. More than 300 ISGs are induced by IFN-a/B, leading to a wide array of biological
effects in the host cell (107). For example, the G1/S phase specific cyclin-dependent kinase inhibitor p21
triggers cell-cycle arrest, while proteins such as procaspases, PKR and OAS, have an antiviral effect by
causing apoptosis (3, 19, 85). Additionally, ISGs can have immunomodulatory effects by promoting the
presentation of viral antigens through upregulated expression of the MHC class | molecules, by promoting
maturation of DCs or by upregulating the activities of NK cells (73-74). The combined expression of these
ISGs by a cell is collectively known as an “antiviral state”.

Recently it was demonstrated that SARS-CoV does not only prevent the induction of type I IFNs, but
that several SARS-CoV proteins also block different steps in the IFN signaling pathway (figure 1.4). For
example, the ORF7a protein and the nsp1 gene product were shown to inhibit cellular protein synthesis
and to promote host cell mRNA degradation, respectively (58, 63). In addition, the SARS-CoV proteins
ORF3b and ORF 6 inhibit IFN signaling through the JAK/STAT pathway both passively and actively (62).
Inhibition of IFN signaling by ORF6 was described in detail by Frieman et al.(34). They demonstrated that
ORF6 tethers karyopherin a2 and karyopherin 31 to the ER/Golgi membrane, inhibiting the nuclear import
of STAT1 and thus preventing transcription of the 1SGs.

The presence of type I IFNs and ISGs in SARS-CoV infected humans raises the question to what
extent these pathways play a role in SARS pathogenesis. Pre-treatment of cells with IFN before infection
prevents SARS-CoV replication in these cells (14, 72, 119). In addition, Haagmans et al. showed that IFN-o.
protects type | pneumocytes from SARS-CoV infection in macaques (41). Considering these observa-
tions, IFN treatment starting early after onset of clinical symptoms may also be effective in human SARS
patients. Insights in the complex regulation of the IFN response during SARS-CoV may provide clues for
intervention strategies based on the use of IFNs.
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Figure 1.4. Impression of different routes of IFN induction and IFN signaling and how these can be affected by SARS-CoV
proteins. For example, the SARS-CoV proteins ORF3B, ORF6, N and PLP block IFN induction by inhibiting IRF3 activation.
In addition, the ORF7a protein and the nsp1 gene product inhibit cellular protein synthesis and promote host cell mRNA
degradation, respectively. ORF3b and ORF 6 have been shown to interfere with IFN signaling.

Adaptive immune response after SARS-CoV infection

Adaptive immune responses will develop shortly after innate immune responses have been triggered. In
SARS-CoV infection, relatively little is known about the cells that participate in the early innate immune
response. Studies in mice have demonstrated that NK celldeficient mice clear SARS-CoV efficiently (35).
On the other hand, SARS-CoV specific antibodies, memory B cells as well as memory T cells have been
detected in recovered SARS patients (27, 76, 83, 92, 138). Neutralizing antibodies to SARS-CoV are broadly
elicited in SARS patients and immune sera of these patients cross neutralize diverse human SARS-CoV
strains (99). Immunization studies in African green monkeys with a chimeric virus containing a parainflu-
enza-spike protein and studies with spike protein-encoding DNA vaccines in SARS-CoV challenged mice
revealed that the SARS-CoV S protein is the dominant protective antigen (6, 140). In addition, it has been
shown that the humoral response alone is sufficient to inhibit viral replication in SARS-CoV mouse model
in which mice suffer from mild disease (124, 140). In another study, using a model in which mice were
infected the mouse adapted SARS-CoV strain MA15, it was demonstrated that B cells alone do not suffice
and that T cells are required for protection against SARS-CoV (147). T cell responses play an important
role in viral infection, not only destroying virus infected cells directly, but T cells are also key in activat-
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ing other immune cells during infection and establishing memory to a renewed exposure to the same
pathogen. It must be noted that the levels of antibodies, memory B cells and memory T cells decrease
over time after SARS-CoV infection (126). It is not yet known what causes this decrease and how this
might influence protection against a possible second SARS-CoV infection.
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OUTLINE OF THIS THESIS

Currently it is hypothesized that SARS pathology in humans is caused by a disproportional immune re-
sponse by the host, characterized by excessive induction of a range of inflammatory cytokines. Despite
the fact that many studies have been performed to unravel different aspects of SARS-CoV infection in
vitro, relatively little is still known about the series of events leading up to the immunopathogenic host
response in vivo, the cell types involved and how various host factors influence the outcome of disease.
Pathological changes observed in SARS animal models differ from what is seen in natural human disease
and infection with wild type SARS-CoV is rarely lethal in these animals. However, the fact that SARS-CoV
causes limited clinical disease in most animal models - despite high viral loads in the lungs - may offer
opportunities to unravel the pathogenic pathways that are activated in SARS-CoV infection and to identify
the key players involved in the immune response against SARS-CoV. The aim of this thesis is to shed more
light on the factors that determine the course of SARS pathogenesis and to identify some of the key host
factors involved in this process.

A range of techniques was used to analyze and compare several “classic” parameters of SARS-CoV
infection, such as viral replication, immunohistochemistry and histopathology in different models. Ad-
ditionally, host responses to SARS-CoV infection in these models were analyzed using genomics, giving
a broader view of the SARS-CoV mediated induction of antiviral and pathogenic pathways. Combining
these techniques, we have studied different host parameters of SARS pathogenesis in several SARS-CoV
infection models. We were able to compare the SARS induced host response at sequential time points
after infection in different animal species, in young and aged hosts and in various organs.

In summary, viral replication and host gene expression profiles in the lungs of SARS-CoV infected
macaques were analyzed during the acute phase of SARS to gain insight into the early events that take
place after infection. This analysis revealed activation of a strong antiviral response, including the induc-
tion of IFNs, in the lungs of SARS-CoV infected macaques, as well as induction of several inflammatory
cytokines (chapter 2). Further analysis of the SARS mediated host response was performed by comparing
host gene expression in macaque lungs to gene expression in PBMCs from these same macaques. From
this analysis we conclude that SARS-CoV does not replicate in PBMCs and that, although a significant host
response was detected in these cells, this response is mainly driven by cytokines, like IFN, produced in
the lung after infection (chapter 3). To study the source of antiviral IFNs produced in the lungs during
SARS-CoV infection, experiments in SARS-CoV infected mice and dendritic cells in vitro were performed.
In addition, pDCs were depleted in SARS-CoV infected BALB/c mice to unravel the host genomic response
induced by these cells (chapter 4). Next, antiviral pathways induced by cytokines like IFN-y were further
analyzed in vitro (chapter 5). On the other hand, pathogenic host pathways were further characterised
in SARS-CoV infected (aged) macaques and ferrets, which show gross pathological changes in the lungs
(chapter 6 and 7). Since SARS-CoV causes severe disease mainly in elderly people, SARS-CoV infection
in young macaques was compared to the response in aged macaques, showing that aged macaques
develop significantly more pathology coinciding with increased activation of pathogenic pathways, which
both could be reduced by therapeutic treatment with recombinant IFN (chapter 6). Theoretically, several
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pathogenic pathways may potentially contribute to SARS-CoV pathology, such as induction of proinflam-
matory cytokines, but also the RAS might be involved. Treatment with a recombinant ACE2 protein, the
SARS-CoV cellular receptor, but also an important RAS enzyme, might have a beneficial effect on SARS
mediated pathogenesis, which was tested in SARS-CoV infected ferrets. (chapter 7). Finally, the findings
of this thesis are evaluated in the summarizing discussion (chapter 8).
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ABSTRACT

The pathogenesis of severe acute respiratory syndrome coronavirus (SARS-CoV) is likely mediated by
disproportional immune responses and the ability of the virus to circumvent innate immunity. Using
functional genomics, we analyzed early host responses to SARS-CoV infection in the lungs of adolescent
cynomolgus macaques (Macaca fascicularis) that show lung pathology similar to that observed in human
adults with SARS. Analysis of gene signatures revealed induction of a strong innate immune response
characterized by the stimulation of various cytokine and chemokine genes, including interleukin (IL)-
6, IL-8 and IP-10, which corresponds to the host response seen in acute respiratory distress syndrome
(ARDS). As opposed to many in vitro experiments, SARS-CoV induced a wide range of type | interfer-
ons (IFN) and nuclear translocation of phosphorylated signal transducer and activator of transcription
(STAT)1 in the lungs of macaques. Using immunohistochemistry we revealed that these antiviral signaling
pathways were differentially regulated in distinctive subsets of cells. Our studies emphasize that the
induction of early IFN signaling may be critical to confer protection against SARS-CoV infection and high-
light the strength of combining functional genomics with immunohistochemistry to further unravel the
pathogenesis of SARS.
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INTRODUCTION

Infection with SARS-CoV causes lower respiratory tract disease with clinical symptoms that include fe-
ver, malaise, and lymphopenia (36). Approximately 20-30% of SARS patients required management in
intensive care units, and the overall fatality rate approached 10%. Interestingly, children seemed to be
relatively resistant to SARS, but the reason for this restriction is not known (10, 16, 27). The clinical course
of SARS follows three phases (37-38). In the first phase, there is active viral replication and patients ex-
perience systemic symptoms. In the second phase, virus levels start to decrease while antibodies, which
are effective in controlling infection, increase. However, pneumonia and immunopathological injury also
develop in this phase. Ultimately, in the third phase, fatal cases of SARS progress to severe pneumonia
and ARDS, characterized by the presence of diffuse alveolar damage (DAD) (25, 36). It has been hypoth-
esized that the pathological changes are caused by a disproportional immune response, illustrated by
elevated levels of inflammatory cytokines and chemokines, such as CXCL10o (IP-10), CCL2 (MCP-1), IL-6,
IL-8, IL-12, IL-1B and IFN-y (17-18, 39, 50, 53, 55). These in vivo data have been confirmed with in vitro
experiments, demonstrating that SARS-CoV infection induces a range of cytokines and chemokines in
diverse cell types (5, 26, 35, 46, 48, 54).

In contrast, production of type | IFNs seems to be inhibited or delayed by SARS-CoV in vitro (5, 26,
35, 44-46, 48, 58). Moreover, no IFN-a. or IFN-f has been detected in the sera of SARS patients or in lungs
of SARS-CoV infected mice (13, 32, 51). Recent in vitro studies demonstrated that type | IFN inhibition or
delay may be orchestrated by SARS-CoV proteins ORF 3B, ORF 6 and N (23). The inhibition of IFN produc-
tion would benefit SARS-CoV replication, since pre-treatment of cells with IFN before SARS-CoV infection
efficiently prevents replication in these cells (7, 33, 40, 44, 57). Furthermore, prophylactic treatment of
macaques with pegylated-IFN-a. reduces SARS-CoV replication in the lungs (14).

Although IFN production was absent in clinical samples, gene and protein expression profiles in
these patients were likely impacted by clinical treatments and concurrent pre-existing disease. In addi-
tion, most if not all virus-host response information is from clinical blood/sera samples that were taken
relatively late during infection—little is known about what happens early during infection. Animal studies
are of great value to decipher the host’s initial innate immune response, without confounding clinical
treatment (steroid and mechanical ventilation) or underlying co-morbidity. In order to elucidate early
host responses during the acute phase of SARS-CoV infection, we infected cynomolgus macaques with
SARS-CoV and used macaque-specific microarrays and RT-PCR techniques to study host gene expression
profiles. Adolescent cynomolgus macaques infected with SARS-CoV develop DAD similar to SARS patients,
but clear most of the virus in the lungs by day 6 (25). Because SARS-CoV replicates predominantly in
the lower respiratory tract of macaques, the virus infects a range of cells, including type | and type Il
pneumocytes, that are different from those analyzed in vitro. The ability to simultaneously examine virus
replication and host-response gene expression profiles in the lungs of these animals during the acute
phase of SARS offers the opportunity to further unravel the pathogenesis of SARS.
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MATERIALS AND METHODS

SARS-CoV infection

Six cynomolgus macaques (Macaca fascicularis) were infected intratracheally with 1x10° TCID,  SARS-CoV
(HKU-39849) as described earlier (14). Virus stocks were generated in Vero E6 cells, defective in IFN pro-
duction. Two animals were euthanized on day 1 after infection and four animals were euthanized on day
4. In addition, four animals were mock (PBS) infected and euthanized on day 4, serving as a negative
control group. One lung from each monkey was fixed in 10% formalin for histopathology and immunobhis-
tochemistry while the other was used for real-time PCR and microarrays. Lung samples were randomly
excised from three different lung areas (cranial, medial, caudal) and stored in RNAlater (Ambion). Sixteen
pieces of lung were taken from the SARS-CoV infected animals, 2-3 pieces of lung per animal. Twelve
pieces of lung were taken from the mock-infected animals, 3 pieces of lung per animal. Individual lung
samples in RNAlater were transferred to TRIZOL Reagent (Invitrogen), homogenized using Polytron PT2100
tissue grinders (Kinematica), and then processed to extract RNA. All experiments were executed under
a biosafety level 3, and approval for animal experiments was obtained from the Institutional Animal
Welfare Committee.

Oligonucleotide Microarray analysis

Infected macaque lung samples were co-hybridized with a reference mock-infected macaque lung sam-
ple on macaque oligonucleotide arrays containing 131 viral probes, corresponding to 26 viruses, and
22,559 rhesus probes, corresponding to ~18,000 rhesus genes. The reference mock-infected sample was
created by pooling equal mass quantities of total RNA extracted from the 12 individual lung pieces from
mock-infected animals. An Agilent 2100 bioanalyzer was used to check the purity of the total RNA prior
to cRNA probe production with the Agilent Low RNA Input Fluorescent Linear Amplification kit (Agilent
Technologies Inc., Palo Alto, CA). Arrays were scanned with an Agilent DNA microarray scanner, and image
analysis was performed using Agilent Feature Extractor Software (Agilent Technologies). Each microar-
ray experiment was done with two technical replicates using dye reversal (20). All data were entered
into a custom-designed database (Expression Array Manager) and analyzed with Resolver® 4.0 (Rosetta
Biosoftware) and Spotfire DecisionSite™ for Functional Genomics (Spotfire). In our data analysis, genes
were selected to be included for transcriptional profile based on two criteria: a greater than 99.99% prob-
ability of being differentially expressed (p = 0.0001) and an expression level change of 2 fold or greater.
Ingenuity Pathway Analysis (Ingenuity Systems) was used to functionally annotate genes according to
biological processes and canonical pathways. In accordance with proposed MIAME standards, primary
data are available in the public domain through Expression Array Manager at http://expression.microslu.
washington.edu/expression /index.html (2).

Quantitative real time RT-PCR

RT-PCR was performed to detect SARS-CoV mRNA and to validate cellular gene expression changes as
detected with microarrays. Each reaction was run in triplicate using Tagman 2x PCR Universal Master
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Mix (Applied Biosystems, Foster City, CA) with primers and probe specific for the SARS-CoV nucleoprotein
gene (25), or for macaque cellular genes (sequences shown in table 2.1). Differences in gene expression
are represented as the fold change in gene expression relative to a calibrator and normalized to a refer-
ence, using the 2-**“method (30). GAPDH (glyceraldehydes-3-phosphate dehydrogenase) or 185 rRNA
were used as endogenous controls to normalize quantification of the target gene. The samples from the
mock-infected macaques were used as a calibrator.

Table 2.1. Primers and probes used for quantitative RT-PCR

Gene Primer sequence
IFN-B fw: 5” GCC-TCA-AGG-ACA-GGA-TGA-ACT-T 3’
| rv: 57 CGT-CCT-CCT-TCT-GGA-ACT-GC 3’
probe: 6-FAM-CAT-CCC-TGA-GGA-AAT-TAA-GCA-GCC-GC-TAMRA
CXCL1o fw: 5’ CCA-AGT-CAA-TTT-TGT-CCA-CAT-GTT 3’
| rv: 5 CAG-ACA-CCT-CTT-CTC-ACC-CTT-CTT 3’
probe: 6-FAM-AGA-TCA-TTG-CTA-CAA-TGA-A-TAMRA
IL-6 fw: 5" TGC-TTT-CAC-ACA-TGT-TAC-TCC-TGT-T 3’
| rv: 5° CAT-CCT-CGA-CGG-CAT-CTC-A 37
probe: 6-FAM-ATG-TCT-CCT-TTC-TCA-GGG-C-TAMRA
IL-8 fw: 5° CAG-CCT-TCC-TGC-TTT-CTG-CA 3’
| rv: 5° TGC-ACT-CAC-ATC-TAA-GTT-CTT-TAG-CAC 3’
| probe: 6-FAM-AAC-TGC-ACC-TTC-ACA-CAG-A-TAMRA

Immunohistochemistry

Formalin-fixed, paraffin embedded lung samples from SARS-CoV infected and mock-infected macaques
were stained for SARS-CoV, phosphorylated STAT1, and IFN-f3 using mouse-anti-SARS-nucleocapsid (Clone
Ncap4, mouse IgG2b, Imgenex), mouse-anti-phospho-STAT1 (Clone ST1P-11As5, mouse IgG2a-k, Zymed Lab-
oratories), and rabbit-anti-IFN-B (Chemicon) respectively. After deparaffinization, antigen retrieval was
performed using a citrate buffer for the SARS-CoV and STAT1 staining. No antigen retrieval was performed
when staining for IFN-B. Goat-anti-mouse 1gG2a HRP, goat-anti-mouse IgG2b AP (Southern Biotech), and
anti-rabbit 1gG-HRP (DAKO) were used as secondary antibodies. Signals were developed with Fast Red and
DAB (Sigma) and counterstained with Mayer’s hematoxylin.

In vitro SARS-CoV and STAT1 staining

MA104 cells (African Green Monkey foetal kidney cells, ECACC) were cultured in Eagle’s Minimal Essential
Medium (EMEM, Cambrex) supplemented with 2mM glutamine, 1% non-essential amino acids and 10%
foetal bovine serum. Cells were seeded in 96-well plates (Greiner Bio-one) and infected with SARS-CoV
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(MOl 0.5) and 24 hours after infection selected wells were treated with universal type | IFN (5000 U/ml,
Sigma) for 30 minutes at 37°C. Subsequently, cells were fixed with 10% neutral-buffered formalin and
treated with 70% ethanol. SARS-CoV infected cells were visualized using purified human IgG from a cova-
lescent SARS patient (CSL), followed by staining with an antibody to human IgG, linked to Alexa Fluor 594
(Invitrogen). Phosphorylated STAT1 was visualized using mouse-anti-phospho-STAT1 (Zymed), followed by
staining with a FITC-linked antibody to mouse IgG.

RESULTS

SARS-CoV replication and global gene expression in lungs of SARS-CoV infected
macaques

Six cynomolgus macaques were inoculated with SARS-CoV strain HKU-39849 and lung tissues were col-
lected at day 1 (n = 2, 1A-1B) or day 4 (n = 4, 4A-4D). No lesions or clinical symptoms were detected on
day 1 after SARS-CoV infection, whereas on day 4, three out of four monkeys were lethargic with one of
these animals showing mildly labored breathing. Pathological changes at day 4 post infection included
DAD, characterized by flooding of the alveoli with edema fluid, infiltration of neutrophils, damage to
the alveolar and bronchial epithelia and occasional type 2 pneumocyte hyperplasia, as described earlier
(14). Four mock-infected animals were included in the study to serve as a reference for host response
without viral challenge and to examine outbred inter-animal variation. Our previous experience with A/
Texas/36/91 influenza virus demonstrated that viral mRNA was detected in representative samples of
the lung rather than throughout the whole lung (1). Based on this experience, the level of infection in
separate lung samples was evaluated using RT-PCR.

SARS-CoV mRNA was detected in all animals, and 13 pieces out of the total of 16 lung pieces from
infected animals contained high levels of virus, while the 3 remaining pieces of lung contained very low
levels of virus (~3-4 logs lower, figure 2.1A). No viral RNA could be detected in the samples from the
mock-infected animals. For gene expression experiments, lung samples from SARS-CoV infected animals
were compared to a reference lung sample from mock-infected animals. The three samples with lower vi-
rus levels (1A-low, 4A-low, and 4D-low) were analyzed individually as not to dilute the gene expression of
pooled pulmonary samples with higher SARS-CoV levels and also to potentially further define pulmonary
infection. Samples from animals with high viral mRNA levels showed greater gene expression changes
(~2000 genes day 1, ~800 genes day 4) compared to samples from animals with low-levels of viral mRNA
(~400 genes), indicating a response of lung tissue to the virus (figure 2.1B). Additionally, the two day 1
animals showed higher numbers of differentially expressed genes than the day 4 animals. In contrast,
gene expression analysis of the separate mock samples revealed limited differentially expressed genes.

In order to examine how gene expression would be influenced by presence of virus, timing after
inoculation, and individual animal variation, global expression profiling was performed. Hierarchical
clustering methods were used to order rows (genes) and columns (samples) to identify groups of genes
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Figure 2.1. SARS-CoV mRNA levels and global gene expression in lungs of SARS-CoV
infected macaques.

(A) RT-PCR was performed on all individual pulmonary samples from SARS-CoV infected
animals and mock-infected animals to determine SARS-CoV levels. Samples from SARS-
CoV infected animals that were pooled for microarray studies are indicated with circles.
The 3 samples with lower levels of virus were hybridized separately. The 12 samples from
mock-infected animals (i.e., PBS) were pooled and served as a reference sample. The
number after PBS refers to the animal (i.e., PBS 1) while the number after the dash refers
to the lung piece (i.e., PBS 1-1). (B) Using microarrays, gene expression in SARS-CoV infec-
ted animals was compared to gene expression in mock-infected animals. The bar graph
shows the total number of genes considered to be differentially expressed, defined as an
absolute fold change > 2 with P < 0.0001. Samples 1A and 1B (day 1), and 4A-4D (day 4) are
composed of the pooled individual pulmonary samples shown in figure 2.1A. Samples 1A
low, 4A low, and 4B low are the outliers from figure 2.1A. Separate mock samples (i.e.,
PBS) were compared to the total mock pool.

or samples with similar expression patterns (6, 41). These data were plotted as a heat map where each
matrix entry represents a gene expression value (figure 2.2A). Red corresponds to higher gene expression
than that of the controls; green corresponds to lower gene expression. This analysis yielded 2050 genes
with day 1 samples on one side of the heat map and day 4 samples on the other side of the heat map,
indicating an influence of timing after inoculation. There are two major roots to the hierarchical dendro-
gram with the larger root composed of all the day 1 samples and the three day 4 samples with the high-
est virus levels. The smaller root is composed of the remaining day 4 samples with the lowest SARS-CoV
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Figure 2.2. Unsupervised
Global Gene Expression
Profile of SARS-CoV infected
macaques and individual
variation in mock-infected
animals.

(A) Gene expression pro-
files result from comparing
gene expression in lungs
of experimental animals
versus gene expression in
lungs of mock-infected ani-
mals (pooled). Genes were
included if they met the cri-
teria of a two-fold change
or more (p < 0.0001). A two-
of-nine strategy allowed
samples to cluster together
if profile similarities existed
based on timing of inocula-
tion (n=2 samples for day
1).

(B) The number after PBS
refers to the animal (i.e.,
PBS 1) while the number
after the dash refers to
the lung piece (i.e., PBS
1-1). Thirty eight genes
are displayed with an ab-
solute fold change > 2 and
p < 0.0001 in at least two
animal samples. Upregu-
lated genes are indicated
in bold underline. Only
one gene, HLA-DQA1, was
downregulated > 5. No up-
regulated genes met these
criteria in mock-infected
animals. Separate mock
samples (i.e., PBS 1-1) were
compared to the total mock
pool.
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levels. Although transcriptional profiling shows some variation when comparing samples from the same
animal, the underlying gene expression is similar with a reduction in fold change in the “low” samples.
These comparisons suggest that both individual animal variation and the “asynchronous” nature of the
infection in the animals’ lungs are factors involved in determining transcription of cellular genes. To
validate that the host-response from infected animals comprises a stronger transcriptional profile than
individual variation from mock-infected animals, differential gene expression patterns in the separate
mock samples were investigated, but only 38 genes were differentially expressed (figure 2.2B). These
results suggest that underlying basal levels of gene transcription do not confound expression levels after
infection. Even in a basal state, some low-level lung-to-lung variations were identified within the same
animal but not enough to disrupt segregation of lung pieces based on animal.

Common and unique temporal host responses to SARS-CoV infection

In order to elucidate common responses to SARS-CoV throughout the infection as well as unique respons-
es at different time points after inoculation, a Venn diagram was generated with each set (circle) holding
to the parameters of an absolute fold change » 2 and p < 0.0001 in at least two animals (figure 2.3A). The
day 1 set contained 1278 genes and the day 4 set contained 950 genes. When examining host responses
that were similar throughout the course of the infection, the intersection of the day 1 and day 4 sets
indicates 597 genes show shared responses. The heat map of these 597 genes is shown in figure 2.3B.
If more stringent criteria were used to find common responses in all six animals, using the 1278 genes
from the day set and the 129 genes that are differentially expressed in all day 4 animals, a subset of 97
genes was identified. This subset included IFN-stimulated genes (ISG), like IFITs, MX1, GBP1, and G1P2,
and also various chemokines and cytokines, such as CXCLio (IP-10), CCL2 (MCP-1), IL-6, and IL-8 (figure
2.51). These same cytokines and chemokines have been reported to be upregulated in human SARS cases
(18, 39, 53, 55). This set also included cathepsin L (CTSL), which has been shown to be required for SARS-
CoV entry into a cell (43). Even though only 97 genes were commonly regulated in all animals, indicated
with blue bars in figure 2.3B, the heat map highlights that the other 500 genes show similar expression
trends. Both sets of common-response genes showed similar functionality: cellular growth and prolifera-
tion, cell death, cellular movement, immune response, and cell-to-cell signaling.

Next, we analyzed genes that were differentially expressed exclusively on either day 1 or day 4, in
order to find signature gene expression patterns for each day. Genes identified as unique responses at
day 1 (681 genes) and at day 4 (353 genes) in the Venn diagram showed unique functionality (figure
2.30). The gene expression profile at day 1 shows a prominent innate host response to viral infection; top
functional categories on day 1 are the immune response, the hematological system, and the immune and
lymphatic system. Genes like IFN-y, CCLg4 (MIP-1-B), CSF3, IL1A and TNF are included in these categories.
At day 4, a smaller panel of unique differentially expressed genes that play a role in cell cycle, cellular
assembly, and DNA repair were identified like CCNB2, CCNE1, CDCAs5, CENPA, CHAF1A and PRC1.

42



Day 1 Day 4
(2 of 2) (2 of 4)
1278 seq 681 353 950 seq
Cc
Day 1 Day 4

. DNA replication,
immune and P
: recombiniation, and
lymphatic system repair
hematological cellular assembly
system
mmine respense _ celvete . -

Figure 2.3. Common and unique temporal gene responses to SARS-CoV infection.

(A) The Venn diagram shows genes with an absolute fold change > 2 and p < 0.0001 in two of out of the two day 1
samples (left circle) or two out of the four day 4 samples (right circle). (B) The heat map includes the 597 genes from
the grey Venn diagram intersections. The right column highlights the 97 genes that are commonly regulated in all 6
samples with blue. All 97 genes are listed in supplementary figure 2.51. All gene expression profiles are the results of
comparing gene expression in lungs of experimental animals versus gene expression in lungs of mock-infected animals
(pooled). (C) Functional annotation was used to categorize the 681 unique genes at day 1, and the 353 unique genes at
day 4. The percentage of genes within the top functional categories is indicated in the day 1 and the day 4 bargraph,
with a white line indicating the percentage of genes found at the alternative day. Cell-to-cell signaling and cell death,
other top categories on day 1, and cell death, cellular growth and proliferation, additional top categories on day 4,
are not included in the bar graph as these categories were observed to have more genes differentially expressed in
the common signature.
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Immune response, cell cycle and lung repair genes with strongly induced or
reduced expression

In order to investigate genes that are most strongly regulated after SARS-CoV infection, genes included in
the Venn diagram (figure 2.3A) that also held to an absolute fold change > 5 were queried (figure 2.52).
From this set, genes that were involved in the immune response and lung repair processes were used
to generate a heat map (figure 2.4). A number of genes that have been reported to be upregulated in
SARS patient sera, such as CCL2 (MCP-1), CXCL10 (IP-10), IL-6, and IL-8, were strongly (~20 fold) induced
in all animals. Many cell-cycle and matrix genes indicative of tissue repair processes were also highly
differentially expressed at day 4 (e.g., ANLN, AREG, CDC2, CDKN3, CKS2, FOSL1, and KIF2C). Likewise, tis-
sue factor pathway inhibitor 2 (TFPI2), an anticoagulant, was strongly upregulated during infection in
all animals (averaging ~20 fold), as well as PLSCR1, SERPINE1 (PAI1), and THBS1, all genes involved in
pro-coagulation and platelet activation, were induced. Concomitant expression of TFPI2 with these pro-
coagulation genes, might function as an inhibitory response to restrain the activation of the coagulation
pathway during acute inflammation.

Surprisingly, expression of diverse IFN-o. genes and expression of IFN-f was upregulated ~10-20 fold
in the day 1 samples. Furthermore, IFN-y, a type Il IFN, was efficiently transcribed on day 1 after SARS-
CoV infection (~5 fold). Other genes associated with the induction of IFNs like DDX58 (Rig-1), IRF-7, and
STAT1, were also highly induced (~8 fold). Upregulation of type I IFNs in these SARS-CoV infected ma-
caques is remarkable, since SARS-CoV inhibits IFN production in many in vitro studies. We did not detect
induced IFN-B mRNA expression using Ma1o4 cells or Caco2 cells and the SARS-CoV-HKU virus (data not
shown). Not only IFNs, but also several IFN responsive genes (e.g., G1P2, GBP1/2, IFI/IFITs, MX1/2, 1SG20
and 0AS1/2/L) were highly transcribed, showing a persistent activation of the innate immune response.
Furthermore, suppressor of cytokine signaling 1 (SOCS1) is induced at the onset of infection, presumably
to establish negative feedback to attenuate cytokine signaling. Of note, IFIT1 (ISG56/IFI56), often used to
gauge IFN induction, was upregulated an average of ~13 fold.

Pathogenic and antiviral pathways induced by SARS-CoV

To further explore some of the pathogenic and antiviral pathways that are induced after SARS-CoV infec-
tion, we investigated the transcription of various cytokines, chemokines, IFNs, I1SGs and transcription
factors involved in the JAK/STAT pathway. As can be seen in figure 2.5A, a wide range of chemokines and
cytokines are differentially expressed after SARS-CoV infection in macaque lungs, especially on day 1 after
infection. Besides previously mentioned chemokines, we detected monocyte chemotactic protein genes
like CCL8 (MCP-2) and CCLy (MCP-3), but also CCL11 (eotaxin), a chemotactic protein for eosinophils. In
the samples with low SARS-CoV mRNA levels, the induction of chemokines is less evident, suggesting that
the presence of these molecules is restricted to areas in the lung where virus is present. Furthermore,
SARS-CoV infected macaques showed a stronger induction of IFNs (14 unique genes) and 1SGs (20 unique
genes) on day 1 than day 4 and when virus was present at high levels. Note that besides IFN-o, IFN-f
and IFN-y also the IFN-A’s (IL-29, IL-28A, IL-28B), which are type | IFNs, were induced in samples with
high SARS-CoV levels. In the absence of viral RNA no IFNs, but interestingly, a number of 1SGs (17 unique
genes) were detected, suggesting paracrine stimulation (figure 2.5B).
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Figure 2.4. Immune response,
cell cycle and lung repair genes
with strongly induced or reduced
expression.

A selection of genes, involved in
the immune response, cell cycle or
lung repair processes, that showed
an absolute fold change > 5 and p <
0.0001 in both day 1 animals and/
or in at least two of the four day
4 animals was made. Genes with
an absolute fold change > 5 in both
day 1 animals and in at least two
of the four day 4 animals are indi-
cated with bold, underlined text. A
full summary of genes that show
an absolute fold change > 5 and p
<0.0001 after SARS-CoV infection is
given in supplementary figure 2.52.
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Figure 2.5. Innate host response profile from tissues
showing presence or absence of viral mRNA.

Using a bioset that contained a selection of genes
involved in pathological and antiviral pathways, a
heatmap was created showing all genes with ex-
pression changes » 2 and p < 0.0001 in at least one
of the samples with high SARS-CoV levels (A) or in
at least one of the samples with low SARS-CoV le-
vels (B). Although there is some functional overlap
with genes, the heat map is segregated by func-
tional annotations. Chemokines (yellow), classical
antiviral genes (blue), interleukins (white), JAK/STAT
pathway, interferons, or interferon stimulated genes
(red), and transcriptional factors (pink). Genes with
an absolute fold change > 5 in two day 1 animals
and in at least two of the four day 4 animals are
indicated with bold, underlined text.



Confirmation of IL-6, IL-8, IP-10/CXCL10 and IFN-B expression with RT-PCR and
correlation with SARS-CoV levels
Differential expression of a selection of strongly upregulated genes, CXCLio (IP-10), IL-6, IL-8 and IFN-f3,

was confirmed using RT-PCR (figure 2.6). In accordance to the microarray data, the RT-PCR data showed

that CXCL1o (IP-10), IL-6, IL-8 and IFN-3 were all expressed at levels that were approximately 100 times

higher in the SARS-CoV infected animals at day 1 than in the uninfected control animals and were still
elevated on day 4 after infection. As can be seen in figure 2.6, the induction of IFN-f was strongly cor-

related to the presence of virus (r

spearman

=0.88, p < 0.0001). For CXCL10 (IP-10), IL-6 and IL-8 the correlation

is less evident, which is not surprising since these cytokines can be induced by other factors than the

virus itself.
104 104y r=0.73, P=0.0012
103 103
9 102 102 e
=401 10 ) 7
100 1000 PR
10 01+
R 102 10 10¢ 105 105 107 108

Relative gene expression (fold change relative to calibrator)

- o
o o
“ A

0 102
|
=10t

-
)
>

10

-
o o
cY

‘2. 102
o 10!

-
[}
°

10

ool

mock pt
A
B

1
1
4A
4B
4c
4D

mock p
A

1B
4A
4B
4
4D

1

mock pool

-
o
=

-
o
©

3
Z o
10
10

Q102

£l

4A
4B
4C
4D

1
1

mock pool

104, r=0.68, P=0.0038

10°] 4 i i
1)
102 10° 104 105 10° 107 108

104, r=0.69, P=0.0032

108 -
102 . *
10 e
100 -
101 :

102 10% 104 105 10 107 10%

104, r=0.89, P<0.0001

103

102 '“.L.:.
10° .
100] * ' ¥

1014

102 10% 104 105 10° 107 10°

SARS-CoV rel. gene expression
(fold change relative to calibrator)

Figure 2.6. Confirmation of microarray
results with RT-PCR and correlation of
induced genes with presence of SARS-CoV.
Quantitative RT-PCR for IL-6, IL-8, CXCL10
(IP-10) and IFN-B was performed on all
separate lung samples. Expression levels
of these genes were plotted against the
presence of SARS-CoV in these samples
(as detected by RT-PCR). Correlation coeffi-
cients were determined using Spearman’s
correlation test.
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Detection of IFN-B and phosphorylated STAT1 protein in lung of SARS-CoV infected
macaques

In order to visualize the host response in the lungs of SARS-CoV infected macaques, IFN-f3 production and
translocation of phosphorylated STAT1 was studied using immunohistochemistry. In the lungs of the SARS-
CoV infected macaques a modest number of cells stained positive for IFN- at day 1 post infection, whereas
no IFN-B positive cells could be detected in mock-infected macaques (figure 2.7A-C). Notably, most of the
cells that stained positive for IFN-3 were located very close to blood vessels, but not in the alveoli where
most SARS-CoV antigen positive cells (mainly type Il pneumocytes at 1 day post infection) are located.

To examine if the IFNs that are produced in the lungs of these SARS-CoV infected macaques are bio-
logically active and able to induce STAT1 phosphorylation and translocation, lung sections of the infected
macaques were stained with antibodies against phosphorylated STAT1. As shown in figures 2.7D-E, no
phosphorylated STAT1 could be detected in the lungs of PBS infected macaques, while in the lungs of
SARS-CoV infected macaques cells with phosphorylated STAT1 in their nucleus were abundantly present.
Subsequently, the same pieces of lung from SARS-CoV infected macaques at day 1 were double stained
for phosphorlylated STAT1 and SARS-CoV (figure 2.7F). Notably, phosphorylated STAT1 was not detected in
the nucleus of SARS-CoV infected cells (type Il pneumocytes), while cells directly adjacent to these SARS-
CoV infected cells stained for phosphorylated STAT1, in many but not all foci containing SARS-CoV positive
cells. Thus type | IFNs are produced in the lungs of SARS-CoV infected macaques, and are able to activate
the JAK/STAT pathway. However, translocation of STAT1 does not occur in SARS-CoV infected pneumocytes.
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Figure 2.7. Detection of IFN-B and phosphorylated STAT1 in lung of SARS-CoV infected macaques using
immunohistochemistry.

(A) Lack of IFN-f expression in lungs of mock-infected macaques (40x) and (B-C) expression of IFN-B (red)
in lungs of SARS-CoV infected macaques at day 1 post infection (40x, 100x respectively, arrowheads). (D) Lack
of phosphorylated STAT1 in lungs of mock-infected macaques (40x) and (E) abundant presence of phospho-
rylated STAT1 (brown) in lungs of SARS-CoV infected macaques at day 1 post infection (40x, arrowheads). No
detection of phosphorylated STAT1 (brown) in SARS-CoV infected cells (red) (4ox, arrowheads).
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Detection of STAT1 translocation after SARS-CoV infection in vitro

Although recent studies indicate that the SARS-CoV ORF6 protein is able to inhibit nuclear translocation
of STAT1 in vitro, this was not demonstrated in experiments using infectious SARS-CoV (23). In order to
assess if SARS-CoV inhibits phosphorylation and translocation of STAT1, MA104 cells were infected with
SARS-CoV for 24 hours and then either fixed directly or treated with type I IFN. Cells infected with SARS-
CoV, but not treated with IFN, stained positive for SARS-CoV (data not shown), but lacked staining for
phosphorylated STAT1, indicating that SARS-CoV or other soluble mediators are not able to induce STAT1
phosphorylation (figure 2.8). After treatment of the MA104 cells with IFN, phosphorylated STAT1 could be
detected in the nucleus of most cells, but not in the nucleus of SARS-CoV infected cells (figure 2.8). This
demonstrates that SARS-CoV inhibits the translocation of phosphorylated STAT1 to the nucleus, confirm-
ing our in vivo data. Besides inhibiting translocation of phosphorylated STAT1, SARS-CoV also seems to
reduce STAT1 phosphorylation, as the majority of SARS-CoV infected cells did not contain phosphorylated
STAT1 in their cytoplasm, or at low levels.

SARS-CoV SARS-CoV + IFN

pSTAT1 pSTAT1 SARS-CoV Merge

Figure 2.8. Inhibition of STAT1 phosphorylation and nuclear translocation in SARS-CoV infected MA104 cells.

MA104 cells were infected with SARS-CoV for 24 hours and then either fixed directly (left panel) or treated with type
I'IFN and then fixed. Subsequently cells were stained for phosphorylated STAT1 and SARS-CoV. The most right panel
shows a merge of the two middle panels, showing an inhibition on STAT1 phosphorylation and translocation in SARS-
CoV infected cells.

DISCUSSION

Pathogenic viruses escape the antiviral action of the IFN system by inhibiting both IFN production and
signaling pathways. Here we report that, even though production and signaling of type I IFNs is inhibited
by SARS-CoV in vitro as well as in SARS-CoV infected cells in vivo, high levels of type I IFNs are induced
in the lungs of SARS-CoV infected macaques. These IFNs are able to activate STAT1, followed by the
transcription of numerous 1SGs. Using immunohistochemistry we revealed that these antiviral signaling
pathways were differentially regulated in distinctive subsets of cells. Our results emphasize the strength
of combining functional genomics with immunohistochemistry to further unravel the pathogenesis of
SARS-CoV infection in cynomolgus macaques.
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This study represents the first functional genomics investigation of SARS-CoV infection cynomolgus ma-
caques. All experimental animals showed signs of infection because viral mRNA could be detected in
random samples from the lung, indicating that the virus had spread throughout the whole lung at the
time of necropsy. Furthermore, pathological examination of SARS-CoV infected macaques at day 4 post
infection revealed multifocal DAD (14). Unlike 10% of humans with SARS, which are mainly restricted to
the elderly, young-adult macaques used in this study do not succumb to SARS-CoV infection. However,
the SARS-CoV induced pathology in these macaques likely resembles the pathological changes seen in
the majority of human SARS patients that recover from the disease. Although none of the current animal
models has fully reproduced all features of SARS, the most important aspects of this disease are observed
in experimentally infected macaques, providing valuable insights into the initial innate immune response
after infection, without confounding clinical treatment or underlying co-morbidity.

Using macaque-specific microarrays, we were able to observe that with early infection, high levels
of viral mRNA corresponded to a strong cellular host response. This strong host response is dominated
by genes involved in the immune response and includes a wide range of genes corresponding with
what is seen in human ARDS. During the acute phase of human ARDS, activated neutrophils and mac-
rophages enter the alveoli and produce a number of cytokines and chemokines such as IL-6, IL-8, and
CXCL1o (IP-10) (52). These genes are also postulated to predict adverse SARS patient outcome (49) and
were found in the lungs of our SARS-CoV infected macaques. During the chronic phase of human ARDS,
type Il pneumocytes start to proliferate and differentiate in order to repair the damaged lung. At day 4,
the macaque lung shows similar evidence of lung repair and numerous genes are upregulated that are
involved in cellular growth and proliferation, cell cycle, and DNA replication and repair. Genes involved
in cell cycle regulation and proliferation have been previously reported in coronavirus infections other
than SARS-CoV and characterized by an accumulation of infected cells in the Go/G1 phase (47-48). We
also detected a strong presence of genes involved in the coagulation pathway, including TFPI2, SERPINE1
(PAIn) and TIMP1. The idea of a pro-coagulation profile mimics the clinical-pathological observations of
SARS patients that showed unusually disseminated small vessel thromboses in the lungs (12, 37). Ad-
ditionally, cathepsin L was upregulated in all SARS-CoV infected macaques. Induction of this gene after
SARS-CoV infection is quite interesting since cathepsin L is an endosomal protease that is necessary for
SARS-CoV to infect a cell (43).

Remarkably, SARS-CoV infection in macaques leads to a strong transcription of IFNs. Not only IFN-c,
IFN- and IFN-A, all type I IFNs, but also IFN-y, a type Il IFN, were all highly upregulated, especially on
day 1 after infection. The expression of IFN-, which strongly correlated to the amount of virus present,
continued throughout day 4 and was confirmed using immunohistochemistry; IFN-§ positive cells could
be detected in the lungs of the SARS-CoV infected macaques. The induction of IFN-f3 in these SARS-CoV
infected macaques is surprising since several reports have shown that SARS-CoV inhibits or delays type
| IFN production in a number of cell types (5, 26, 35, 45-46, 48, 58). For example, SARS-CoV blocks a step
in the activation of IRF-3, a transcription factor that is required for IFN-f induction (44). In addition, the
SARS-CoV proteins ORF3B, ORF6 and nucleocapsid have been shown to function as IFN antagonists as well
as the SARS-CoV nsp1 gene that prevents the production of Sendai virus induced IFN- in 293 cells (19, 23).
Interestingly, it was recently shown that plasmacytoid dendritic cells (pDCs) are able to produce IFN-o
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and IFN-B after SARS-CoV infection, while conventional DCs did not produce these type | IFNs (4). PDCs
are known for their ability to produce very high amounts of IFN-oc and IFN-B and are considered first-line
sentinels in immune surveillance in the lung (3, 8-9, 31, 42). We speculate that the IFN-B producing cells
detected in the lungs of SARS-CoV infected macaques are pDCs. Future studies may address the nature
of these IFN producing cells once technical difficulties in detecting pDCs in macaque tissues have been
tackled. These studies may also shed light on whether decreasing numbers of pDCs observed in clinical
blood samples from human SARS patients are caused by sequestering of pDCs by the lungs, destruction
of pDCs by SARS-CoV, or destruction or suppression of pDCs by steroid treatment (56).

When IFNs are produced, they bind to their receptors on the cell membrane, after which STAT1, a key
member of the JAK/STAT pathway, is phosphorylated and subsequently translocated to the nucleus, fol-
lowed by the production of a wide range of IFN stimulated genes. In vitro, SARS-CoV inhibited transloca-
tion of STAT1 to the nucleus and phosphorylation of STAT1 was strongly reduced. However, the inhibition
of STAT1 phosphorylation was not absolute because cells with low levels of phosphorylated STAT1 in their
cytoplasm were also detected. In accordance with our data, Kopecky-Bromberg et al. recently showed
that the SARS-CoV protein ORF6 is able to inhibit STAT1 translocation (23). This strategy is not unique to
SARS-CoV. Other viruses have been shown to be able to block signaling of IFNs by affecting phosphoryla-
tion and/or translocation of the STAT proteins. For example, Measles Virus V protein inhibits translocation
of STAT1, but does not affect phosphorylation, whereas Measles Virus P protein blocks both these pro-
cesses (11). Other paramyxoviruses, like Rinderpest Virus, Nipah Virus, Hendra Virus and Mumps Virus,
but also flaviviruses like West Nile Virus and Japanese Encephalitis Virus are able to block activation of
STAT1 and STAT2 (24, 28-29, 34). Inhibition of STAT1 phosphorylation is not always complete. For example,
Sendai virus suppresses tyrosine phosphorylation of STAT1 during the early stages of infection, but this
block becomes leaky after a couple of hours with phosphorylated STAT1 accumulating in the cytoplasm (22).
In contrast to these in vitro data, we observed phosphorylated STAT1 in the nuclei of numerous cells
in the lungs of SARS-CoV infected macaques, indicating that these cells had been activated by the IFNs
produced in the lung. However, phosphorylated STAT1 was not detected in SARS-CoV infected cells. The
observations made in this study indicate that SARS-CoV infected macaques produce IFNs in response to
virus infection and are further capable of activating the STAT1 pathway in cells surrounding the SARS-CoV
infected cells.

The importance of IFNs in controlling SARS-CoV infection has been suggested in several animal
studies. Mice clear SARS-CoV in the absence of NK cells, T cells, or B cells, suggesting that innate immune
responses are sufficient to limit SARS-CoV infection in these animals (13). Indeed, STAT1 knock out mice,
which are resistant to the effects of IFNs, to some extent show a worsening of pulmonary disease and
an increase in viral replication in the lungs compared to normal mice after infection with SARS-CoV (15).
Although IFN-treatment was not conducted in SARS-CoV infection mouse studies, prophylactic treatment
of macaques with pegylated IFN-o. protects type | pneumocytes from infection with SARS-CoV (14). In
addition, potent antiviral activity is observed in vitro when cells are treated with IFNs before they are
infected with SARS-CoV (7, 33, 40). Although we cannot determine the effect of neutralizing IFN-B in
SARS-CoV infected animals, based on the experiments utilizing recombinant IFNs in these animals, we
postulate that type | IFNs are partly responsible for the relatively mild clinical symptoms that are seen in
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SARS-CoV infected macaques. In addition, a recent study again demonstrated the importance of IFNs in
viral infections, as macaques infected with the highly pathogenic and fatal 1918 influenza virus showed
limited induction of type I IFNs (only IFNA4 reached fold changes > 5) and delayed induction of ISGs, while
macaques infected with the low-pathogenic K173 influenza virus showed a strong induction of these an-
tiviral molecules early during infection (21). Notably, IFN-B was not upregulated (absolute fold change <
2) in any of the influenza virus infected animals, even in those animals that recovered, unlike SARS-CoV
infected macaques that showed a very strong presence of IFN-f3.

In conclusion, our study demonstrates that cynomolgus macaques can be infected with SARS-CoV,
as indicated by presence of viral mRNA at different locations throughout the lung at day 1 and day 4,
with gross pathology becoming noticeable at day 4. Furthermore, we show that infection of cynomolgus
macaques with SARS-CoV leads to a strong immune response, including the induction of various cyto-
kines and chemokines, resembling the host response seen in human SARS patients. Strikingly, despite
the fact that SARS-CoV infection blocks the production of IFNs in vitro, type | IFNs are strongly induced
in the lungs of SARS-CoV infected macaques. The production of IFN early during infection, leads to wide
spread activation of STAT1 and the production of IFN stimulated genes. This argues that, although SARS-
CoV blocks IFN signaling in infected cells, locally produced IFNs are capable of activating non-infected
cells and possibly can prevent infection of these cells. Thus, SARS-CoV infection in macaques leads to
the differential activation of both pathogenic and antiviral signaling pathways in vivo and the outcome
may be determined by the relative contribution of these signaling pathways.
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ABSTRACT

Severe acute respiratory syndrome coronavirus (SARS-CoV) infection causes acute lung injury and acute
respiratory distress syndrome. While most pathogenesis studies have focused on the lower respira-
tory tract, few included other compartments. We analyzed the early transcriptional host response in
PBMC from young-adult cynomolgus macaques infected with SARS-CoV. Although no viral RNA could be
detected in PBMCs derived from SARS-CoV infected macaques, antiviral and proinflammatory pathways
were induced in these cells. Pathway analysis revealed a dominance of genes involved in interferon
signaling and pathogen recognition. On the other hand, genes induced in SARS-CoV infected cells like
type | IFNs and CCL2, were not differentially expressed in PBMCs. Despite the fact that host gene expres-
sion in PBMCs and lungs of SARS-CoV infected macaques showed limited overlap, our analysis revealed
that those transcriptional host responses in PBMCs may serve as bio-indicators that reflect early host
responses in the lungs
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INTRODUCTION

SARS-CoV causes a severe infection of the lower respiratory tract that is hypothesized to be mediated
by a disproportional host immune response, characterized by uncontrolled induction of proinflamma-
tory cytokines. In severe cases SARS-CoV infection lead to acute respiratory distress syndrome (ARDS),
characterized by inflammation, pulmonary oedema combined with infiltration of polymorphonuclear leu-
kocytes and macrophages (34). Similar to SARS-CoV infection in humans, a wide range of cytokines and
chemokines are detected in the lungs of SARS-CoV infected macaques (9). SARS-CoV replicates efficiently
in the lungs of young adult macaques but only mild pathology is observed. In contrast, SARS-CoV medi-
ated pathology in aged macaques is more severe and has characteristics similar to those seen in human
SARS patients. The lack of a proper antiviral response in aged SARS-CoV infected macaques, characterized
by lower levels of type | interferon (IFN) as compared to young adult macaques, might be one of the
reasons for the observed differences (30).

Other SARS-CoV induced disease symptoms besides lower respiratory infection, include fever, my-
algia and headaches, and in some patients diarrhea (19, 25). In line with these findings, SARS-CoV RNA
has not only been detected in the lungs but also in respiratory secretions, faeces and urine (5). Although
SARS-CoV does not seem to replicate in human PBMCs, analysis of the blood may be informative to fur-
ther characterize the pathogenesis of SARS. A number of chemokines and cytokines have been detected
in sera from SARS patients (4, 14, 32). Other studies have associated characteristics of the transcriptional
host response in PBMCs to disease outcome in human SARS patients, suggesting host responses in the
blood could function as a prognostic marker for disease severity (4). Since only few clinical samples are
available, mainly taken relatively late during infection, more research is needed to determine whether
SARS-CoV replicates in PBMCs and to characterize the SARS-CoV induced host responses in PBMCs. In this
study, we employed an animal model to analyze the host response in PBMCs after SARS-CoV infection.
We examined SARS-CoV replication and SARS-CoV induced host responses in PBMCs derived from SARS-
CoV infected young adult macaques and compared host responses in the blood and lungs early during
infection, which can be of value when using PBMCs for diagnostic and prognostic purposes.

MATERIALS AND METHODS

Lung and PBMC samples from SARS-CoV infected macaques

Lung tissues collected at time of necropsy at day 4 and peripheral blood samples collected just before
infection (day o) and at day 1, day 2 and day 4 after infection were used from four young adult cynomol-
gus macaques (Macaca fascicularis), 3-5 years old, that were inoculated with SARS-CoV strain HKU39849
in a previous study (30). Necropsies and sampling for histology/immunohistochemistry were performed
as described previously (12). Upon collection, lung tissues were stored in RNA later (Invitrogen) and
PBMCs were collected in Tempus Blood RNA tubes (Applied Biosystems) after which samples were frozen
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at -80°C. Approval for animal experiments was obtained from the Institutional Animal Welfare Committee
and performed according to Dutch guidelines for animal experimentation.

Isolation of RNA from lung tissue and PBMCs

RNA was isolated from homogenized post mortem tissue samples using Trizol Reagent (Invitrogen) and
the RNeasy mini kit (Qiagen). RNA was extracted from PBMCs using the Tempus Spin RNA isolation re-
agent kit (Applied Biosystems) according to the manufacturer’s instructions. After RNA isolation from
PBMC samples, RNA was purified by removing globin mRNA using the GLOBINclear kit (Ambion).

SARS-CoV specific RT-PCR

cDNA synthesis was performed with 1 ug of total RNA and Superscript Il RT (Invitrogen) with oligo(dT),
according to the manufacturer’s instructions. Semi-quantitative RT-PCR was performed to detect SARS-CoV
mRNA (17). Differences in SARS-CoV gene expression are represented as the fold change in gene expres-
sion relative to a calibrator and normalized to a reference, using the 2-2*“ method (20). GAPDH (glyc-
eraldehydes-3-phosphate dehydrogenase) was used as endogenous control to normalize quantification
of the target gene. RNA derived from lung tissue from four young macaques from a previous study was
used as negative control and served as the calibrator. Average results (+ S.E.M.) for SARS-CoV infected
macaques were expressed as fold change compared to values in young adults PBS-infected animals, in
the case of the lungs and to values in PBMCs at day o in the case of PBMC samples from day 1, day 2
and day 4 after SARS-CoV infection.

Microarray analysis

Microarray analysis was performed using Agilent rhesus macaque 4x 44 K microarrays using the manufac-
turer’s one-color analysis protocol (Agilent). Data from lung samples were normalized using a variance
stabilization algorithm (VSN) and data from PBMC samples were normalized using quantile normaliza-
tion (13). All gene expression data described here are publicly available at http://viromics.washington.
edu. Differential gene expression between the different groups (lungs from SARS-CoV infected macaques
versus lungs from PBS infected macaques, PBMCs from SARS-CoV macaques at day 1, day 2 or day 4
after infection versus PBMCs taken before SARS-CoV infection) was determined by LIMMA (version 2.12.0)
(31). Correction for multiple testing was achieved by requiring a false discovery rate (FDR) of 0.05, cal-
culated with the Benjamini-Hochberg procedure (3). To understand the gene functions and the biological
processes represented in the data and obtain differentially expressed molecular and cellular functions,
Ingenuity Pathways Knowledge Base (http://www.ingenuity.com/) was used. Heat maps were produced
using complete linkage and Euclidian distance in Spotfire DecisionSite for Functional Genomics version
9.1 (http://www.spotfire.com/).
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RESULTS AND DISCUSSION

In order to analyze SARS-CoV mediated host responses in young adult macaques, four cynomolgus
macaques were inoculated with SARS-CoV strain HKU-39849 after which blood samples were collected
at days 1, 2 and 4 after infection and lung tissues at day 4 after infection. SARS-CoV infection of young
adult macaques did not cause clinical symptoms and limited pulmonary consolidation was observed
(30). The lesions in the lungs consisted of acute exudative diffuse alveolar damage and multifocal mild
chronic lymphoplasmacytic tracheo-bronchoadenitis, characterized by moderate numbers of lympho-
cytes, plasma cells, macrophages, some neutrophils and occasional eosinophils in the lamina propria of
the bronchi, focally surrounding and infiltrating the submucosal glands (30). RNA isolated from lungs and
PBMCs from the SARS-CoV infected macaques was used to analyze SARS-CoV replication with a virus spe-
cific RT-PCR. Although SARS-CoV-induced pathological changes are limited in these young adult macaques,
SARS-CoV efficiently replicates to high titers in the lungs of all SARS-CoV infected macaques (figure 3.1A).
In PBMCs derived from these same animals, however, no virus could be detected at different days after
infection (figure 3.1B).

Figure 3.1. SARS-CoV RNA levels in lung and PBMCs.
Fold increases in SARS-CoV gene transcripts in lungs
from SARS-CoV infected macaques at day 4 after infec-
tion as compared to the lungs from PBS infected ani-

>

_% 1o° mals (A) and SARS-CoV gene transcripts in PBMCs from
] g 10° SARS-CoV infected macaques at day 1, day 2 and day
2 _§ "’: 4 after SARS-CoV infection as compared to basal levels
s 102 before infection (B) were determined using RT-PCR. The
g ::1 detection limit is represented as a dotted line.

10°

mac1! mac2 mac3 mac4

D d1
3 == d2
e
3 =
e

&
35
VI) o
Z
g D.L.

mac1! mac2 mac3 mac4

To get a broad overview of host responses in PBMCs at the different time points after infection, micro-
array studies were performed and all genes differentially expressed at any of the time points were
represented in a heatmap (figure 3.2A). Genes with an absolute fold change of at least 2 as compared to
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expression in PBMCs taken before SARS-CoV infection, with a FDR lower than 0.05, were considered to be
differentially expressed. Using these criteria, 611 genes were differentially expressed at day 1, 404 genes
at day 2 and 186 genes at day 4 after SARS-CoV infection (figure 3.2B). A similar pattern, with numbers
of differentially expressed genes peaking at day 1 and decreasing till day 4, was observed in the lungs of
SARS-CoV infected macaques, but also in other SARS models (2, 9, 30) (de Lang et al., this thesis). Further
analysis of host responses after SARS-CoV infection in macaque PBMCs showed that the majority of genes
that were differentially expressed in PBMCs from SARS-CoV infected macaques were upregulated and a
much smaller portion was downregulated.

A B

d1

d4

d1 d2 d4

Figure 3.2. Genes differentially expressed in PBMCs from SARS-CoV infected macaques. All genes differentially ex-
pressed (absolute fold change >2, p< 0.05) either at day 1, 2 or 4 after infection in PBMCs from SARS-CoV infected
macaques are represented in a heatmap (A). Genes depicted in red are upregulated compared to genes in the control
group (PBMCs derived before SARS-CoV infection) and genes depicted in green are downregulated compared to the
control group. Genes with a p-value higher than o.05 were depicted in grey. The minimum and the maximum values
of the color range in the heatmap were -4 and 4 respectively, using the log (base 2) fold change expression values.
Common and unique genes within the sets of differentially expressed genes from PBMCs derived at the three different
time points were determined by creating a Venn diagram (B).

Using Ingenuity Knowledge Base a more detailed analysis was performed to order the differentially
expressed genes within a context of biological processes and pathways. These analyses revealed that
pathways activated in macaque PBMCs were quite similar at the different days after infection, although
the number of genes differentially expressed varied between the different time points. Overall, 120
genes were significantly regulated on all days, making up 20% of the total number of differentially ex-
pressed genes at day 1 and almost 65% of the genes significantly regulated at day 4. This indicates that
the response on day 4 is mainly a remainder of genes activated at day 1 after infection (figure 3.2B).
Early transcriptional host responses in PBMCs at day 1 after SARS-CoV infection are dominated by genes
involved in recognition of invading pathogens and subsequent antiviral and inflammatory pathways.
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Genes encoding for a range of pattern recognition receptors (PRRs), like the NOD-like receptors (NLRs)
NLRP3 and NOD2, several Toll-like receptors (TLRs), the RNA helicases RIG-I (DDX58) and MDA-5 (IFIH1),
but also molecules involved in transducing signals from the PRRs downstream like the adaptor molecule
MyD88, are upregulated in PBMCs from SARS-CoV infected macaques (figure 3.3).

Activation by viral and bacterial PAMPs, cytokines, stress molecules and other factors
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Figure 3.3. Schematic representation of PRR signaling pathways activated in PBMCs. Genes
that were differentially expressed within these pathways (absolute fold change >2, p< 0.05)
in macaque PBMCs at day 1 after infection are depicted in red when upregulated or in green,
when downregulated as compared to day o. Intensity of coloring was relative to the log
ratio fold changes in gene transcription which ranged from -1,02 to 5,60. The PRR signaling
pathway was adapted from Ingenuity Knowledge Base.

NLRs are mainly involved in generating inflammatory and apoptotic responses. Together with PYCARD,
caspase 1 and caspase 5, the latter two also induced in macaque PBMCs, the NLR protein NLRP3 can
form an inflammasome (8, 22). The inflammasome is a multimeric structure that plays an important
role in the activation of proinflammatory responses and is expressed in myeloid cells. Activation of the
inflammasome leads to caspase 1 mediated processing and production of the proinflammatory cytokines
IL-1B and IL-18. Different host factors, like moieties associated with danger and damage, as well as for-
eign molecules and pathogen-derived components can activate the inflammasome. In addition, several
components of the inflammasome can be induced by IFN-y, which is induced in the lungs of SARS-CoV
infected macaques. The fact that a number of genes involved in formation of the inflammasome are
upregulated in PBMCs, further illustrated by induced expression of IL-1f, indicates that proinflammatory
pathways are activated within these cells. Besides forming an inflammasome, activated NLRs are able
to induce proinflammatory cytokines by engaging with the triggering receptor expressed on myeloid
cells-1 (TREM1), also induced in macaque PBMCs upon SARS-CoV infection (24). This receptor is mainly
expressed on subgroups of monocytes, macrophages and neutrophils and interaction between NLRs and
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TREM1 leads to amplified induction of proinflammatory cytokines. CCL7, upregulated in PBMCs, is one of
the cytokines typically upregulated after TREM1 activation (10, 29).

TREM1 does not only interact with the NLRs, but also with the TLRs, resulting in activation of proin-
flammatory genes as CCL2, CCL3, IL-8, IL-1B and TNF-, through the transcription factor NF-kB (29). TLRs
are another family of PRRs, involved in the induction of both inflammatory and antiviral responses. The
TLRs are expressed both on the cell surface and within the cell in endosomes, depending on the subtype,
and recognize the highly conserved pathogen-associated molecular patterns (PAMPs) after which they
activate signaling pathways in the cell (1). Several TLR genes were upregulated in PBMCs from SARS-CoV
infected macaques, namely TLR2, TLR3, TLR4, TLR5 and TLR7. Expression of TLRs can be regulated by vari-
ous pathogens, but since no SARS-CoV RNA could be detected in these PBMCs, expression of these mol-
ecules is most likely induced by host factors, such as cytokines. For example, TLR2 and TLR4 expression
can be induced by IL-1f3 and IFN-y, TLR3 expression can be induced by IFN-o. and TLRs5 and TLR7 can be
induced by IL-6 (23, 27, 33, 37). All of these cytokines are upregulated in the macaque lung after SARS-CoV
infection and could be responsible for the observed upregulation of TLRs in the blood.

Activation of TLRs does not only lead to activation of proinflammatory pathways, but induces antivi-
ral pathways as well. Elevated expression levels of genes involved in IFN production, signaling as well as
IFN stimulated genes (ISGs) indicate that antiviral pathways are readily activated in PBMCs from SARS-CoV
infected macaques. For instance, the interferon regulatory factor (IRF)-7 and IRF9, which are activated
by PRRs, are upregulated in PBMCs at day 1 after infection. Especially IRF7 plays an important role in
the induction of type I IFNs, since it regulates many IFN-a. genes (21). Although no IFNs were detected in
PBMCs, several genes involved in IFN signaling, such as JAK2 and STAT1, as well as ISGs like IFIT1, IFIT3,
IFI35, OAS genes and MX genes were induced in these cells.

At day 2 and 4 after SARS-CoV infection, similar canonical pathways were activated as on day 1 after
infection, including pathways involved in recognition of viruses, IFN production and IFN signaling but also
pathways involved in communication between innate and adaptive immunity. Although similar pathways
were activated at different time points after infection in PBMCs, fewer genes within each pathway were
differentially expressed. A set of 149 genes was uniquely expressed in PBMCs at day 2 after infection,
as shown in the Venn diagram in figure 3.2B. Further analysis of this specific gene set showed that also
these genes were mainly involved in the previously mentioned pathways. Apparently, at day 2 after infec-
tion other genes within these same pathways were additionally differentially expressed. IFNs were not
differentially upregulated genes in macaque PBMCs at any time point. Thus, PBMCs in SARS-CoV infected
macaques seem to respond to mediators released from the lungs at an early stage, illustrated by strong
activation of IFN related pathways as well as proinflammatory pathways.

In comparison to 186 genes differentially expressed in macaque PBMCs at day 4 after infection, 358
genes were differentially expressed in the lungs of these macaques at the same day after infection. The
higher number of differentially expressed genes in the lungs compared to PBMCs reflects the fact that
the lungs are the main site of viral infection. As shown in the Venn diagram (figure 3.4), only 55 genes
showed an overlap between both gene sets. A set of 48 genes was differentially expressed in lungs and
PBMCs at all time points with the majority of these genes being involved in the recognition of invading
pathogens and IFN signaling. This set included genes like DDX58, DHX58, IRF7, ISGs, IFIT genes, OAS genes
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and STAT1, but also the proinflammatory chemokine CXCL10 and IFN-y. Interestingly, IFN-y was downregu-
lated in PBMCs at all time points, but upregulated in the lung. One other gene in this set, the Charcot-
Leyden crystal (CLC) gene, was downregulated both in PBMCs and in the lung. In SARS patients with
severe disease the CLC protein is highly upregulated, possibly this induction takes place in a later phase
of infection (16, 26). In the lungs, increased expression of IFNs and CCL2 could be detected. The fact that
CCL2 is not induced in PBMCs at any of the time points, is indicative for the absence of viral particles in
the blood, as CCL2 has been shown to be directly induced by SARS-CoV infection through signaling via the
ACE2 receptor (6). Increased levels of CCL2, a monocyte attractant, have been associated with ARDS and
have been observed in SARS patients as well (14, 28). In line with this, CCL2 is upregulated in the lungs
of SARS-CoV infected macaques, mice and even ferrets, in which only a very limited number of genes
is upregulated after SARS-CoV infection (9, 30)(de Lang et al., manuscript submitted and this thesis).
IFN production has also been detected in lungs of mice and ferrets upon infection and we have shown
that diverse types of IFNs are induced in murine pDCs by SARS-CoV particles (de Lang et al., manuscript
submitted).

PBMC d4 Lung d4
*Retinoic acid «Activation of IRF by *Hypercytokinemia/
mediated apoptosis cytosolic PRRs hyperchemokinemia
signaling *Role of PRRs in *Regulation of cytokine
*TLR signaling recognition of viruses and production in
.cAMP mediated bacteria macrophages and

A . . . T-helper cells
signaling eInterferon signaling
*Chemokine signaling

Figure 3.4. Similarities and differences between host responses in PBMCs and the lung. Common and
unique genes within the sets of differentially expressed genes (absolute fold change >2, p< 0.05) at
day 4 in PBMCs and at day 4 in the lungs of SARS-CoV infected macaques were represented in a Venn
diagram. The most important canonical pathways, as determined with Ingenuity, are listed for each
Venn area, representing pathways uniquely activated in either PBMCs or lungs at day 4 after SARS-CoV
infection or pathways commonly activated in both compartments.

Besides IFNs and the proinflammatory chemokine CCL2 also other proinflammatory genes are induced
in the macaque lung that are not detected in PBMCs, such as IL-6, CCL13, GZMB, CCL4, CCL8 and CXCL11,
but also CCL11, and CXCLg. Many of these chemokines and cytokines are involved in respiratory diseases
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such as damage of the lung, eosinophilia of the airway, asthma and airway hyperresponsiveness. On
the other hand, in PBMCs from the SARS-CoV infected macaques 131 genes were uniquely expressed as
compared to lung and this set included genes involved in retinoic acid mediated apoptosis, with upregu-
lation of several PARP genes and TRAIL genes and genes involved in TLR signaling such as TLR2 and TLR3,
which were upregulated at day 4 in PBMCs. In addition, a number of genes involved in cyclic adenosine
monophosphate (cAMP) mediated signaling were uniquely expressed in PBMCs at day 4 after infection.
CAMP is a second messenger that plays in important role in many biological processes by transferring
and amplifying signals from the cell surface, from molecules such as hormones or cytokines, to target
molecules inside the cell. In figure 3.5 the differences in cytokine and chemokine induction between
PBMCs and lungs after SARS-CoV infection are illustrated by a heatmap that shows differential expression
data of a wide range of cytokine and chemokine genes. While only few genes are differentially expressed
both in PBMCs and the lung, such as CXCL10 and CXCL1, clearly more proinflammatory genes as well as
IFNs are differentially expressed in the lung. Some cytokines such as IL-27 and CCL23 are exclusively up-
regulated in PBMCs. IL-27 is a cytokine related to IL-12A that is produced by antigen presenting cells and
involved in the regulation of T-helper cell differentiation (35) . CCL23 (MIP-3) and CXCL3 (MIP-2B) are che-
moattractants for macrophages and T-cells. Expression of these cytokines can all be upregulated by IL-1f3,
expressed in PBMCs after SARS-CoV infection, but most likely also by other cytokines such as IFNs (7, 11).

Figure 3.5. Induction of cytokines and chemokines in PBMCs and

CeL17 lung after SARS-CoV infection. Expression of a wide range of cyto-
CX(E; kines and chemokines was evaluated in PBMCs and lungs from
ccL23 SARS-CoV infected macaques. Genes depicted in red and green
CXCL3 represent genes that are differentially expressed (absolute fold
’l(:':; change »2, p< 0.05) with upregulated genes represented in red
coLa and downregulated genes represented in green. Genes depic-

ted in dark grey have a p-value <0.05 but do not make the
fold change cutoff. Genes depicted in light grey have a p-value
higher than o.05.
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In conclusion, this is the first study that examined SARS-CoV mediated host responses in PBMCs early
during infection in an animal model. Using genomics, host responses in PBMCs from SARS-CoV infected
macaques were analyzed and compared to host responses in the lung, the main site of infection. Al-
though no viral RNA was detected in PBMCs, more than 6oo genes were differentially expressed at day
1 after SARS-CoV infection, mainly involved in activation of antiviral and proinflammatory pathways.
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However, IFNs and CCL2, indicative of the presence of SARS-CoV particles, were not upregulated in PBMCs,
corresponding with the absence of viral RNA in RT-PCR analysis. Upregulation of PRRs like NLRs and TLRs
and other genes involved in recognition of invading viruses, suggests that blood cells are being prepared
for interaction with SARS-CoV, probably by IFNs and proinflammatory cytokines produced in the lung (15).
The fact that a set of genes is induced in PBMCs but not in the lungs is most likely caused by the distinct
cell types in the lungs and PBMC.

Transcriptional gene expression profiles in PBMCs from human SARS patients have been used to
correlate to SARS disease outcome (4, 18, 26, 36). While Reghunathan et al. observed activation of proin-
flammatory pathways in PBMCs from SARS patients but no proinflammatory cytokines and chemokines,
other groups did report increased transcription of proinflammatory cytokines and chemokines such as
IL-1B, IL-8, TNF-c, CXCL10 and CCL2, some of which have been associated with poor disease outcome
when detected early after the onset of disease symptoms (4, 32, 36). In addition, while IFN-induced
genes are downregulated in PBMCs from acute phase SARS patients in one study, these same genes are
upregulated in another study that also detected elevated levels of IFN-a protein in sera from human
SARS patients during the acute phase of disease (4, 36). These mixed results found in PBMCs from hu-
man SARS patients may be explained by variation in type of patients included, treatments given, time
of sampling and assays used to analyze results, but may also signify the great variety in host responses
seen in different SARS patients due to factors as age and comorbidities. In this study we show that gene
expression profiles in PBMCs do not accurately represent the genes activated in the lungs of SARS-CoV
infected macaques early during infection but may reflect downstream activation of mediators, mainly
IFNs, produced in the lungs.
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ABSTRACT

Interferons (IFNs) inhibit severe acute respiratory syndrome coronavirus (SARS-CoV) replication and might
be valuable for SARS treatment. In this study we demonstrate that treatment of Vero E6 cells with in-
terleukin-4 (IL-4) decreased the susceptibility of these cells to SARS-CoV infection. In contrast to IFNs,
IL-4 did not show antiviral activity when administered immediately after SARS-CoV infection, suggesting
that IL-4 acts early during the SARS-CoV replication cycle. Indeed, binding of recombinant SARS-CoV spike
protein to Vero E6 cells was diminished on cells treated with IL-4, but also on cells exposed to IFN-y.
Consistent with these observations, IL-4 and IFN-y downregulated cell-surface expression of angiotensin-
converting enzyme 2 (ACE2), the SARS-CoV receptor. Besides diminished ACE2 cell-surface expression,
ACE2 mRNA levels were also decreased after treatment with these cytokines. These findings suggest that
IL-4 and IFN-y inhibit SARS-CoV replication partly through downregulation of ACE2.
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INTRODUCTION

Severe acute respiratory syndrome (SARS) emerged late 2002/early 2003 in Guangdong Province, China,
and spread rapidly to several countries in Asia, North America and Europe, causing disease in almost
8000 people, of whom nearly 10% died. Only a few months after the first emergence of SARS, a newly
discovered coronavirus (CoV) was identified as its etiological agent (6, 19, 31). SARS-CoV is a positive
stranded RNA virus with a genome of about 30 kb in length that is structurally similar to that of other
group 2 coronaviruses (27, 32, 35). It enters the host cell by binding of the spike (S) protein S1 domain
to angiotensin-converting enzyme 2 (ACE2), the SARS-CoV receptor (22). Subsequently, the S2 domain
fuses with the cellular membrane (24). ACE2 is a component of the renin-angiotensin system and mainly
involved in the regulation of heart function and blood pressure (1, 4). It is expressed in vascular en-
dothelia, heart, kidney and testis, but also in epithelia of the small intestine and in alveolar epithelial
cells (5, 11-12). Recently it was shown that ACE2 also acts as a receptor for human coronavirus NL63
(HCoV-NL63) (13).

SARS-CoV replicates predominantly in the lower respiratory tract and causes diffuse alveolar dam-
age, leading to severe respiratory distress (21, 30). Treatment of SARS patients was mainly based on the
use of ribavirin and corticosteroids, but the efficacy of these drugs has not been proven. Several groups
have examined the antiviral effect of interferons (IFNs) against SARS-CoV. In vitro studies have shown that
human recombinant IFNs inhibit SARS-CoV replication and that IFN-f and IFN-y combined have a synergis-
tic antiviral effect against this virus (3, 29, 33). Furthermore, we have demonstrated that pegylated IFN-o
protected type-l pneumocytes from infection with SARS-CoV in cynomolgous macaques (10). Usually IFNs
achieve their antiviral effect through the induction of various proteins that block viral replication in the
infected cell. To further explore the antiviral effect of IFNs and other cytokines specifically against SARS-
CoV infection, we treated Vero E6 cells with various amounts of IFN-y, tumor necrosis factor (TNF)-o. or
interleukin (IL)-4 and infected these cells with SARS-CoV.

MATERIALS AND METHODS

Cells and cytokine treatment

Vero E6 cells (ATCC) were grown in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10%
fetal bovine serum (FBS), sodiumbicarbonate and 20 mM Hepes buffer. Unless stated otherwise, recombi-
nant human (r-hu) IL-4 (BD Pharmingen), r-hu IFN-y, r-hu TNF-c, r-hu IL-13, r-hu IL-10 (Peprotech Inc.) and
r-hu IFN-a. (Roche) were added to cell cultures at a concentration of 10 ng/ml, 48 h urs before infection.
As a specificity control, r-hu IL-4 was pre-incubated with a neutralizing IL-4 antibody (Ebiosciences) for
30 minutes at 37° C before addition to the cells. All treatments were done in quadruplets (96-well experi-
ments) or triplicate (6-well and 24-well experiments).
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Infection of Vero E6 cells and immunohistochemistry

Vero E6 cells grown in 96-well plates (Greiner Bio-one) were infected with 10° 50% tissue culture infec-
tive doses (TCIDSO) SARS-CoV (HKU-39849) or HSV-1, by adding the virus directly to Vero E6 cell cultures.
After 16 hours, cells were fixed with 10% neutral-buffered formalin and treated with 70% ethanol (10 min
RT). SARS-CoV infected cells were visualized using purified human 1gG from a convalescent SARS patient
(CSL), followed by staining with an antibody to human IgG, linked to horseradish peroxidase (Amersham
Biosciences). HSV infected cells were stained using a rabbit anti HSV-1 antiserum, followed by staining
with an antibody to rabbit IgG, linked to horseradish peroxidase (DAKO). In the case of the HCoV-NL63
infection, Vero E6 cells cultured in the presence or absence of IL.-4 were infected with 10 TCID,  HCoV-
NL63. The inoculum was removed after 1 hour and replaced with fresh medium. After 48 hours, the
supernatant from these cells was titrated on fresh Vero E6 cells. Antiviral activity of IL-4 against SARS-CoV
was determined by plaque titration. Vero E6 cells were grown in 24-well plates (Greiner Bio-one) in the
presence or absence of IL-4 and infected with 10° TCID,, SARS-CoV. After 1 h, the inoculum was removed
and fresh medium was added. Supernatant from these cultures was taken at 16 h and plaque titrated
by inoculating fresh Vero E6 cells, cultured in 6-well plates (Greiner Bio-one), for 1 h. Subsequently, cells
were washed and culture medium containing 0.5% low melting point agarose was added. The plates were
incubated at 37°C for 3 days, plaques were counted in wells containing approximately 10-100 plaques and
the results were expressed as PFU/ml.

SARS-CoV and ACE2 RT-PCR

RT-PCR with primers and probe specific for the nucleoprotein gene of SARS-CoV was used to quantify
SARS-CoV in infected cells, as described earlier (21). Serial dilutions of the SARS-CoV stock were used as
a standard. ACE2 mRNA levels were determined using the ACE2 Tagman Gene Expression Assay (Applied
Biosystems). Differences in ACE2 expression were represented as the fold change in gene expression
normalized to a reference, using the 2-**“method (25). The housekeeping gene GAPDH was used as the
reference and the IFN-y/TNF-a treated cells were used as the calibrator, since those cells had the lowest
ACE2 expression.

Spike protein binding studies

Binding of the SARS-CoV S protein was analyzed using flow cytometry. A His-tagged S protein (Protein
Sciences) was incubated with cytokine-treated and mock-treated Vero E6 cells for 1 hour at 4°C, followed
by aHis-FITC (Invitrogen) staining, to detect binding of the S protein.

ACE2 expression studies

Vero E6 cells, with or without cytokine treatment, were stained with a polyclonal goat aACE2 antibody (R&D
Systems) followed by staining with an anti-goat-FITC antibody (Sigma). As a control for background staining
of the aACE2 antibody, cells were incubated with normal goat serum (MP Biomedicals). Staining of the
ACE2 receptor on Vero E6 cells could be blocked with soluble ACE2 protein (R&D systems), but not with the
soluble ACE protein (R&D systems), demonstrating the specificity of the ACE2 antibody (data not shown).
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RESULTS

Susceptibility of Vero E6 cells to SARS-CoV or HSV infection after cytokine treatment
Vero E6 cells were treated with 1, 10 or 100 ng/ml of IL-4, IL-10, IFN-y, TNF-c. or a combination of IFN-y and
TNF-o. and infected with SARS-CoV or herpes simplex virus (HSV)-1. While treatment with TNF-a (figure
5.1A) or IL-10 (data not shown) had no antiviral effect against SARS-CoV or HSV-1, pretreatment with IFN-y
(figure 5.1B) or a combination of IFN-y and TNF-a. (figure 5.1C) dose dependently reduced the number of
infected cells per well after infection with either one of these viruses, as demonstrated previously (3, 7).
Surprisingly, recombinant human IL-4 also exerted SARS-CoV antiviral activity, which was not observed
against HSV infection (figure 5.1D), suggesting a virus specific antiviral activity. We also tested the anti-
viral activity of IL-4 against HCoV-NL63, another coronavirus that also uses the ACE2 receptor to enter the
cell (13). Compared to untreated control cells, viral excretion from infected Vero E6 cells was reduced by
more than 1 log after IL-4 treatment (figure 5.2).

Figure 5.1. Susceptibility of Vero E6 cells to SARS-
A B CoV or HSV-1 infection after treatment with TNF-a
TNF-a IFN-y = | (), IFN-y (B), IFN-y combined with TNF-a (C) or
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Antiviral activity of IL-4 against SARS-CoV
We further evaluated the antiviral effect of IL-4 against SARS-CoV using a SARS-CoV-specific RT-PCR and
plaque titration on Vero E6 cells. After pretreatment of the cells with 10 ng/ml IL-4 for 48 hours and sub-
sequent infection, excretion of SARS-CoV from the treated cells was diminished by 1 log, just as SARS-CoV
RNA levels in these cells (figure 5.3A-B). The antiviral effect of IL-4 was abrogated after pre-incubation
with a neutralizing IL-4 antibody (figure 5.3A-B). These results further demonstrate that IL-4 has a modest
antiviral activity against SARS-CoV infection in Vero E6 cells.

To determine which step of the SARS-CoV life cycle is affected by IL-4, conditioned medium from
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Figure 5.2. Antiviral activity of IL-4 against HCoV-NL63.
1044 Titration of supernatant after infection of Vero E6 cells
with 10° TCID_ HCoV-NL63. Error bars indicate standard
errors.
— 1034
E 10
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Vero E6 cells that were treated with IL-4 (10 ng/ml) was removed and the cells were washed before they
were infected with SARS-CoV. Removal of IL-4 conditioned medium from the Vero E6 cells after 48 hours
of treatment still conferred protection agains not inhibit replication of SARS-CoV once it has entered the
cell and needs to be added to the cells at an earlier time point. Thus, IL-4 most likely has an antiviral
effect on an early step of the SARS-CoV life cycle in Vero E6 cells.

Figure 5.3. Antiviral activity of IL-4
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Binding of recombinant SARS-CoV spike protein to cytokine treated Vero E6 cells

Since IL-4 treatment reduced excretion of virus, viral replication and infection, only when administered
before SARS-CoV infection, binding of the SARS-CoV S protein to cytokine treated Vero E6 cells was ana-
lyzed using flow cytometry. As shown in figure 5.4A, treatment with IL-4 reduced the ability of Vero E6
cells to bind recombinant S protein. Because IFN-y combined with TNF-a also reduced susceptibility of
Vero E6 cells to SARS-CoV, we analyzed binding of the S protein to these cells after IFN-y/TNF-a. treat-
ment and demonstrated that 10 ng/ml IFN-y/TNF-o. reduced the binding capacity of the S protein to a
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background level (figure 5.4B). These data suggest that these cytokines influence expression of the cel-
lular receptor for SARS-CoV, ACE2.

Figure 5.4. Binding of recombinant SARS-CoV
A B S protein to Vero E6 cells after treatment

IL-4 |FN-’YI TNF-o with 10 ng/ml IL-4 (A) or a combination of 10
ng/ml IFN-y and 10 ng/ml TNF-a (B). Dotted
lines represent cytokine-treated cells, while
thick lines represent mock treated control
cells. The shaded areas represent back-
ground staining.

w w
< <

Events

10° 10!

S protein bound to Vero E6 cells

Effect of cytokine treatment on ACE2 expression

To examine if IL-4 and IFN-y/TNF-a decrease susceptibility to SARS-CoV infection through an effect on
cell surface ACE2 expression, we analysed ACE2 expression after cytokine treatment. As shown in figure
5.5A, 10 ng/ml IL-4 downregulated ACE2 expression and pre-incubation with a neutralizing IL-4 antibody
abolished the IL-4 effect (figure 5.5B). Similarly, treatment of Vero E6 cells with 100 ng/ml IL-13 - also
a Th2 cytokine - downregulated ACE2 expression and inhibited SARS-CoV replication (data not shown).
Background staining was determined by incubating the cells with normal goat serum followed by the
secondary antibody (figure 5.5).

A more pronounced decrease in ACE2 expression was observed after treatment with a combination
of 10 ng/ml IFN-y and 10 ng/ml TNF-a. compared to treatment with these cytokines separately (figure
5.5C-E). After removal of the cytokines, ACE2 expression was restored only gradually to pre-treatment
levels (data not shown) whereas addition of fresh IFN-y and TNF-a. at 48 h further decreased ACE2 expres-
sion to background level (figure 5.5F). Downregulation of ACE2 was not caused by an overall inhibitory
effect on cell surface protein expression; IFN-y and IL-4 both upregulated MHC class | expression on Vero
E6 cells (figure 5.5G and 5.5H).

When ACE2 expression on Vero E6 cells was followed in time after treatment with IL-4, a gradual
decrease in ACE2 expression was observed, which was maximal at 48 hours after treatment (figure 5.6A).
The decrease in ACE2 expression over time, correlated with decreased susceptibility to SARS-CoV infec-
tion (figure 5.6B). These experiments also demonstrate that IL-4 only displayed antiviral activity when
administered at least 24 h before infection with SARS-CoV (figure 5.6B). In contrast, treatment with IFN-o.
1 hour after SARS-CoV infection reduced replication by at least 1 log (not shown). These results further
substantiate our hypothesis that IL-4 inhibits SARS-CoV replication through downregulation of ACE2.
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Figure 5.5. Influence of cytokine treatment on ACE2 expression. ACE2
expression was determined after treatment with 10 ng/ml IL-4 (A),
IL-4 pre-incubated with a neutralizing antibody (B), 10 ng/ml TNF-a.
(), 10 ng/ml IFN-y (D) or 10 ng/ml IFN-y combined with 10 ng/ml
TNF-o (E), all at 48 h. Vero E6 cells were incubated for 96 h in the
presence of 10 ng/ml IFN-y combined with 10 ng/ml TNF-c. (F). HLA-A,
B, C expression on Vero E6 cells after treatment with 10 ng/ml IL-4 (G)
or IFN-y combined with TNF-o. (H). Dotted lines represent cytokine-
treated cells, while thick lines represent mock treated control cells.
The shaded areas represent background staining.
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Figure 5.6. ACE2 expression and SARS-CoV
susceptibility at different time points after
IL-4 treatment. ACE2 expression on Vero E6
cells was monitored at different time points
after IL-4 treatment relative to control cells
(A). Susceptibility of Vero E6 cells to SARS-CoV
was monitored at different time points before
and after treatment with 10 ng/ml IL-4 (B).
Shown is the number of SARS-CoV infected
cells per well.

The fact that ACE2 downregulation after IL-4 treatment is a gradual process and that ACE2 expression

recovers slowly when cytokines are removed, suggests that ACE2 is downregulated at the mRNA level.
Using an ACE2-specific Tagman, we observed reduced ACE2 mRNA levels in Vero E6 cells after 48 hours of
IL-4 or IFN-y/TNF-a. treatment (figure 5.7). This implicates that downregulation of ACE2 by these cytokines

is regulated at transcription level.
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Figure 5.7. ACE2 mRNA levels in Vero E6

1000- cells after treatment with 10 ng/ml IL-4

or a combination of 10 ng/ml IFN-y and

° —|— 10 ng/ml TNF-a compared to ACE2 mRNA

E 100- levels in untreated control cells. ACE2

2 5 mRNA levels in untreated control cell an

© 2 in IL-4 treated cells are represented as the

; g fold change in gene expression relative to

.E < 104 the IFN-y/TNF-a. treated cells, which were

% —T1 used as the calibrator. GAPDH was used
e

as an endogenous control.

Control IL-4 IFN/TNF

DISCUSSION

It is well established that IFNs inhibit replication of many different viruses, including SARS-CoV (3, 10,
29, 33). When IFNs bind to their receptors, downstream signaling from these receptors can block one or
more steps in the virus life cycle. IL-4 on the other hand does not induce these proteins and may even
antagonise the protective effects of IFN (26). In general, the Th2-derived cytokine IL-4 is not considered
to display antiviral activity. In fact, only a few studies have demonstrated IL-4 mediated inhibition of
viral replication (8, 23). Furthermore, expression of IL-4 by recombinant ectromelia virus or vaccinia vi-
rus exacerbated infection in vivo and the administration of recombinant IL-4 delayed virus clearance in
influenza virus-infected mice (17, 28, 34). In this study we demonstrate that treatment of Vero E6 cells
with IL-4 decreased susceptibility of these cells to SARS-CoV infection by 10-100 fold. Interestingly, ACE2
expression on the cell surface was downregulated after treatment with IL-4 or IFN-y. Therefore, we pos-
tulate that IL-4 and IFN-y may decrease susceptibility to SARS-CoV infection partially through modulation
of ACE2 cell-surface expression. Cytokine-mediated downregulation of viral receptors has been reported
earlier in the case of the coxsackievirus-adenovirus receptor, which can be downregulated synergistically
by IFN-y and TNF-a in vitro (39).

In this study we show that the antiviral activity of IL-4 was not observed when IL-4 was added after
SARS-CoV infection. This suggests that IL-4 inhibits entry of the virus, possibly through an effect on the
viral receptor ACE2. In line with these observations, IL-4 does not have an antiviral effect against HSV,
but does show antiviral activity against HCoV-NL63, which also utilizes ACE2 as a receptor. Subsequent
experiments revealed that ACE2 expression indeed is downregulated by IL-4. Confirmation of ACE2’s in-
volvement as an intermediate of the IL-4 antiviral activity is hard to proof because of its essential role in
SARS-CoV infection.

ACE2 is a component of the renin-angiotensin system and enzymatically cleaves angiotensin I into
angiotensin 1-9 and angiotensin Il into angiotensin 1-7 (5, 38). Several studies have reported regulation
of ACE2 expression, most likely related to its enzymatic activity. ACE2 protein expression is downregu-
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lated in the kidneys of hypertensive or diabetic rats (4, 37), whereas ACE2 upregulation has been dem-
onstrated after blocking of the angiotensin Il-receptors in the kidneys of rats during pregnancy, and in
the human failing heart (2, 4, 9, 16, 37). Furthermore, it was recently shown that ACE2 is downregulated
in the lungs of mice after acute lung injury, including SARS-CoV infection (20). Most probably, ACE2 can
be regulated by several different factors and expression of this protein is dynamic on various cell types.
Recently it was reported that ACE2 expression is dependent on the differentiation state of epithelia; ACE2
was poorly expressed on undifferentiated airway epithelial cells, while it was abundantly expressed on
well-differentiated cells (18). It will be of interest to study the effect of IL-4 and IFN-y on ACE2 expression
on these cells.

The ACE2 downregulation was cytokine-specific; while IFN-y and IL-4 both downregulated ACE2 ex-
pression, IFN-a, a cytokine that inhibits SARS-CoV replication in vivo and in vitro, did not affect ACE2
expression on Vero E6 cells (data not shown). Treatment of Vero E6 cells with IL-13 on the other hand also
downregulated ACE2, suggesting the involvement of the IL-4 type Il receptor in the IL-4 induced antiviral
activity. However, this hypothesis could not be further substantiated because antibodies against the IL-4
type Il receptor tested were not reactive on non-human primate Vero E6 cells. Forced downregulation
of ACE2 expression by cytokines may reveal a novel antiviral strategy against SARS-CoV infection. Po-
tentially, addition of cytokines able to downregulate ACE2 expression could further improve the efficacy
of IFN-a. based anti SARS-CoV therapy. However, downregulation of ACE2 may have a potential negative
effects on SARS pathogenesis, since it was recently reported that ACE2 has a protective role in acute lung
failure in mice (15). Therefore it will be necessary to explore the consequences of ACE2 downregulation
on SARS pathogenesis.

The most important finding of this study is the observation that cytokines modulate ACE2 expres-
sion. The physiological relevance of the IL-4 induced antiviral activity may be limited because this cyto-
kine is probably not produced in large quantities during natural SARS-CoV infection (14, 40). However,
vaccination strategies utilizing inactivated SARS-CoV or subunits in the presence of specific alum based
adjuvants, may skew immune response to TH2 or THo, allowing the production of IL-4 upon restimulation
(36). The relevance of ACE2 expression modulation by IFN-y in the pathogenesis of SARS and NL-63 CoV
needs further investigation.
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ABSTRACT

The emergence of viral respiratory pathogens with pandemic potential, such as severe acute respiratory
syndrome coronavirus (SARS-CoV) and influenza A HsN1, urges the need for deciphering their pathogen-
esis to develop new intervention strategies. SARS-CoV infection causes acute lung injury (ALI) that may
develop into life-threatening acute respiratory distress syndrome (ARDS) with advanced age correlating
positively with adverse disease outcome. The molecular pathways, however, that cause virus-induced
ALI/ARDS in aged individuals are ill-defined. Here, we show that SARS-CoV-infected aged macaques de-
velop more severe pathology than young adult animals, even though viral replication levels are similar.
Comprehensive genomic analyses indicate that aged macaques have a stronger host response to virus
infection than young adult macaques, with an increase in differential expression of genes associated
with inflammation, with NF-xkB as central player, whereas expression of type | interferon (IFN)-f is
reduced. Therapeutic treatment of SARS-CoV-infected aged macaques with type I IFN reduces pathology
and diminishes proinflammatory gene expression, including interleukin-8 (IL-8) levels, without affecting
virus replication in the lungs. Thus, ALl in SARS-CoV infected aged macaques developed as a result of an
exacerbated innate host response. The anti-inflammatory action of type I IFN reveals a potential interven-
tion strategy for virus-induced ALI.
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INTRODUCTION

The zoonotic transmission of severe acute respiratory syndrome coronavirus (SARS-CoV) caused pneu-
monic disease in humans with an overall mortality rate of ~10%. The exact reasons why some individuals
succumbed to the infection while others remained relatively unaffected have not been clarified. Aging,
an important risk factor in SARS-CoV-associated disease, is associated with changes in immunity (39,
42, 52). Consequently, elderly individuals are at greater risk of contracting more severe and longer last-
ing infections with increased morbidity and mortality, exemplified by respiratory tract infections caused
by influenza A virus and severe acute respiratory syndrome (SARS) coronavirus (43, 50-51). The clinical
course of SARS-CoV-induced disease follows a triphasic pattern (50). The first phase is characterized by
fever, myalgia and other systemic symptoms that are likely caused by the increase in viral replication
and cytolysis. The second phase of the disease is characterized by a decrease in viral replication that
correlates with the onset of IgG conversion. Interestingly, it is also in this phase that severe clinical wors-
ening is seen, which can not be explained by uncontrolled viral replication. It has been hypothesized
that the diffuse alveolar lung damage in this phase is caused by an over exuberant host response (29,
32, 50). The majority of patients recovers after 1-2 weeks, but up to one-third of the patients progress to
the third phase and develop severe inflammation of the lung, characterized by acute respiratory distress
syndrome (ARDS) (63). The clinical course and outcome of SARS-CoV disease are more favorable in chil-
dren younger than 12 years of age as compared to adolescents and adults (28, 38, 66); elderly patients
have a poor prognosis, with mortality rates of up to ~50% (50).

For SARS-CoV-associated disease in humans, it has been hypothesized that seemingly excessive
proinflammatory responses, illustrated by elevated levels of inflammatory cytokines and chemokines,
mediate immune-pathology resulting in acute lung injury (ALI) and ARDS (11, 46, 50, 59, 65). Direct
support for this concept, however, is scarce. ALl and ARDS are typified by inflammation, with increased
permeability of the alveolar-capillary barrier, resulting in pulmonary edema, hypoxia, and accumulation
of polymorphonuclear leukocytes and macrophages. Inflammatory cytokines, among which IL-1 and
IL-8, play a major role in mediating and amplifying ALI/ARDS (63) and are elevated in SARS-CoV-infected
patients as well (11, 46). In vitro experiments confirm that SARS-CoV infection induces expression of
cytokines/chemokines in a range of cell types (13, 37, 59). Moreover, infection of cynomolgus macaques
with SARS-CoV leads to a strong immune response, with expression of various cytokines/chemokines,
resembling the host response seen in human SARS patients (15). Nevertheless, the determinants that
lead to severe virus-associated ALI/ARDS and that cause people to succumb to infection remain largely
obscure, restraining development of appropriate treatments.

As advanced age is a predictor of adverse clinical outcome in both ARDS and SARS-CoV infections
(50, 62), we used age as predisposing factor to study the pathogenesis of SARS-CoV in a macaque model.
By performing comparative analyses of young adult and aged SARS-CoV-infected macaques regarding
pathology, virus replication and host response, insight into the pathogenesis of SARS-CoV is obtained and
a potential therapeutic intervention strategy for virus-induced ALl is revealed.
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MATERIALS AND METHODS

Macaque studies

Six young adult cynomolgus macaques (Macaca fascicularis), 3-5 years old, four of which carried active
temperature transponders in the peritoneal cavity, and four aged cynomolgus macaques, 10-18 years
old, which all carried active temperature transponders, were inoculated with SARS-CoV strain HKU39849,
as described previously (15, 19, 26, 36). Two additional aged animals (17 and 19 years old), previously
infected with SARS-CoV strain HKU39849 (26), were enrolled in this study as well. Four young adult mock
(PBS) infected animals from a previous study (15) and four aged macaques were taken as controls. Lung
tissues stored in RNA-later from three cynomolgus macaques, 13 years old, previously inoculated with
SARS-CoV strain HKU39849 and treated with pegylated IFN-o. at a dose of 3 ug/kg intramuscularly on days
1 and 3 after infection, were taken along for molecular analyses (26). All animals were infected with
the same dose of virus, using the same inoculation procedure, by the same person to minimize inter-
experiment variation. All animals were checked daily for clinical signs and anaesthetised with ketamine
on days o, 2 and 4 after infection to collect oral, nasal, and rectal swabs (26). All animals were euthanized
on day 4 post infection. Necropsies and sampling for histology/immunohistochemistry were performed as
described (26). The percentage of affected lung tissue from each lung lobe was determined at necropsy,
recorded on a schematic diagram of the lung and the area of affected lung tissue was subsequently
calculated (gross pathology score).

Ethics
Approval for animal experiments was obtained from the Institutional Animal Welfare Committee and
performed according to Dutch guidelines for animal experimentation.

Immunohistochemistry

Serial 3 um lung sections were stained using mouse-anti-SARS-nucleocapsid IgG2a (clone Ncapg; Im-
genex) 1:1600, mouse-anti-human neutrophil elastase (clone NP-57; DAKO) 1:10, mouse-anti-human CD68
(clone KP1; DAKO) 1:200, mouse-anti-human pankeratin (clone AE1/AE3; Neomarkers) 1:100, rabbit anti
p-NF-kB pé5 (Santa Cruz) or rabbit control and isotype antibodies (clones 11711 and 20102; R&D), ac-
cording to standard protocols (26, 36). Quantitative assessment of SARS-CoV infection in the lungs was
performed as described previously (26).

RNA-extraction and quantitative RT-PCR

RNA from 200 ul of swabs was isolated with the Magnapure LC total nucleic acid isolation kit (Roche)
external lysis protocol and eluted in 100 ul. SARS-CoV RNA was quantified on the ABI prism 7700, with
use of the Tagman Reverse Transcription Reagents and Tagman PCR Core Reagent kit (Applied Biosys-
tems), using 20 wl isolated RNA, 1x Tagman buffer, 5.5 mM MgCl, 1.2 mM dNTPs, 0.25 U Amplitag gold
DNA polymerase, 0.25 U Multiscribe reverse transcriptase, 0.4 U RNAse-inhibitor, 200 nM primers, and 100
nM probe (36). Amplification parameters were 30 min at 48°C, 10 min at 95°C, and 40 cycles of 15 s at
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95°C, and 1 min at 60°C. RNA dilutions isolated from a SARS-CoV stock were used as a standard. Average
results (= s.e.m.) for young adult (n = 6) and aged macaque (n = 4) groups were expressed as SARS-CoV
equivalents per ml swab medium.

Lung tissue samples (0.3-0.5 gram) were taken for RT-PCR and microarray analysis in RNA-later
(Ambion, Inc.). RNA was isolated from homogenized post mortem tissue samples using Trizol Reagent
(Invitrogen) and the RNeasy mini kit (Qiagen). cDNA synthesis was performed with 1 ug total RNA and
Superscript Ill RT (Invitrogen) with oligo(dT), according to the manufacturer’s instructions. Semi-quanti-
tative RT-PCR was performed to detect SARS-CoV mRNA and to validate cellular gene expression changes
as detected with microarrays (15). Differences in gene expression are represented as the fold change
in gene expression relative to a calibrator and normalized to a reference, using the 2-2% method (40).
GAPDH (glyceraldehydes-3-phosphate dehydrogenase) was used as endogenous control to normalize
quantification of the target gene. The samples from the young adult PBS-infected macaques were used
as a calibrator. Average results (= s.e.m.) for young adult (n = 6), aged (n = 6), and IFN-a-treated aged
(n = 3) macaque groups were expressed as fold change compared to young adult PBS-infected animals,
respectively (40). In addition, groups were based on severity of pathology: young adult macaques (n =
6), aged macaques with pathology (n = 4), and aged macaques with severe pathology with >40% of lungs
affected (n = 2) (Supplementary figure 6.4). As titration of lung homogenates gave inconsistent results in
our hands and because the effects of endogenous and exogenous IFN may influence titration outcomes,
we chose tagman and immunohistochemistry to determine viral replication levels in the lung.

Isolation and activation of PBMC

PBMC from healthy blood donors were isolated from heparinized venous blood using Lymphoprep (Axis-
Shield). PBMC were resuspended at 2 x 10¢/ml in RPMI 1640 medium (Biowhittaker) supplemented with
L-glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 ug/ml), and 10% fetal calf serum in 50-ml
tubes (Greiner Bio-one). Freshly isolated PBMC were incubated with IL-18 (5 ng/ml; eBioscience), IFN-o
2a (1000 U/ml, 100U/ml, or 10U/ml; Roferon-A; Roche) or both for 24 hours in duplo or triplo per donor.
Total RNA from stimulated PBMC was isolated using Trizol Reagent (Invitrogen) and the RNeasy mini kit
(Qiagen). cDNA synthesis was performed with 100 ng total RNA and Superscript Il RT (Invitrogen) with
oligo(dT), according to the manufacturer’s instructions. Semi-quantitative RT-PCR was performed for IL-8
(15) and IL-1B (Tagman gene expression assays; Applied Biosystems) as described previously using the
2-44¢ method (40). Average results (= s.e.m.) were expressed as fold change compared to untreated
(mock) cells (40).

Statistical analysis

Data (RT-PCR and gross pathology scores for SARS-CoV-infected young adult versus aged and aged versus
aged animals treated with IFN) were compared using Student’s t-test with Welch’s correction. Differences
were considered significant at p < 0.05. One-way ANOVA and Bonferroni’s multiple comparison test were
used for the comparison of data in groups based on severity of pathology (low, medium, high) and in
vitro IFN inhibition experiments. Correlation coefficients were determined using Spearman’s correlation
test.
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RNA labeling, microarray hybridization, scanning and data preprocessing

Pooled total RNA (2.4 ug) from one-three separate lung pieces of all animals (including previously infect-
ed animals), with substantial SARS-CoV replication (> 10° fold change), was labeled using the One-Cycle
Target Labeling Assay (Affymetrix) and hybridized onto Affymetrix GeneChip Rhesus Macaque Genome
Arrays (Affymetrix), according to the manufacturer’s recommendations. Image analysis was performed
using Gene Chip Operating Software (Affymetrix). Microarray Suite version 5.0 software (Affymetrix) was
used to generate .dat and .cel files for each experiment. All data were normalized using a variance sta-
bilization algorithm (VSN) (30). Transformed probe values were summarized into one value per probe set
by the median polish method (60).

Microarray data analysis

Probe set (gene) wise comparisons between the experimental conditions (aged, young adult and IFN-
treated animals versus young adult or aged PBS-infected animals and directly compared to each other)
were performed by LIMMA (version 2.12.0) (58). Correction for multiple testing was achieved by requiring
a false discovery rate (FDR) of 0.05, calculated with the Benjamini-Hochberg procedure (8). To under-
stand the gene functions and the biological processes represented in the data and obtain differentially
expressed molecular and cellular functions, Ingenuity Pathways Knowledge Base (http://www.ingenuity.
com/) was used. Heat maps of proinflammatory pathways were produced using complete linkage and
Euclidian distance in Spotfire DecisionSite for Functional Genomics version 9.1 (http://www.spotfire.com/)
and Ingenuity Pathways Knowledge Base (http://www.ingenuity.com/), using log (base 2) transformed
expression values with minimum and maximum values of the color range being -4 and 4, respectively.
Differences between conditions in expression of specific proinflammatory pathways, e.g. direct compari-
son of defined gene sets (aged versus young adult and aged versus aged IFN-treated animals), were
tested by Goeman'’s global test procedure (24). Hierarchical clustering analysis of normalized log-2 based
hybridization signals of individual young adult and aged macaques of a set of gene transcripts that were
identified as being differentially regulated (fold change = 2; FDR < 0.05) in at least one of the compari-
sons of young adult versus young adult PBS or aged versus aged PBS animals were created using Spotfire
DecisionSite for Functional Genomics version 9.1 (http://www.spotfire.com/) with complete linkage and
Eucledian distance parameters.

RESULTS

SARS-CoV causes more severe pathology in aged than in young adult macaques

To obtain further insights in the pathogenesis of SARS-CoV, six aged (10-19 years old) and six young
adult (3-5 years old) cynomolgus macaques were infected with SARS-CoV HKU39849 and euthanized four
days after infection. Four young adult and four aged PBS-infected cynomolgus macaques were used as
negative controls. During the 4-day experiment, some of the SARS-CoV-infected aged animals displayed
decreased activity and mildly labored breathing. All aged infected macaques showed an increase in body
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temperature either during the night or during the day one to two days after infection (figure 6.1A). The
lungs of aged macaques showed large (multi)focal pulmonary consolidation that was severe (~40-60% of
affected lung tissue) in two macaques (figure 6.1B and figure 6.51).
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Figure 6.1. Aged macaques are more prone to develop SARS-CoV-associated disease than young adults. (A) Fluctuations
in body temperatures in four young adult and four aged SARS-CoV-infected macaques measured by transponders in
the peritoneal cavity. Temperatures are shown from day six prior to infection until four days post infection. The arrow
indicates day zero when animals were infected. Grey horizontal lines mark the average range of temperature fluctua-
tions prior to infection. (B) Macroscopic appearance of (consolidated) lung tissue of young adult and aged SARS-CoV
infected macaques at day 4 post infection. Lesions are arrowed. (C) Gross pathology scores of aged and young adult
macaque groups were determined after necropsy and averaged (+ standard error of the mean (s.e.m.)).

Microscopic examination revealed typical ALl-associated lesions, similar to what has been seen in SARS-
CoV-infected humans that progress to ARDS (51). Lesions involved the alveoli and terminal bronchioli,
showing areas with acute or more advanced phases of diffuse alveolar damage (figure 6.2). Lumina of al-
veoli were variably filled with protein rich edema fluid, cellular debris, alveolar macrophages and neutro-
phils, eosinophils, and lymphocytes (figure 6.2 and figure 6.52A-B). Moderately thickened alveolar walls
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were lined by cuboidal epithelial cells (type Il pneumocyte hyperplasia; figure 6.2 and figure 6.52C). The
epithelial origin of these enlarged type Il pneumocytes with large vacuolated nuclei, prominent nucleoli
and abundant vesicular cytoplasm was confirmed by keratin staining (figure 6.52D). Hyaline membranes
and multinucleated giant cells were occasionally observed in the alveoli (figure 6.52E-F). In contrast,
all young adult animals remained free of clinical symptoms and had no or less extensive pulmonary
consolidation (figure 6.1A-C). Hyaline membranes were not observed in SARS-CoV-infected young adult
macaques. A multifocal mild chronic lymphoplasmacytic tracheo-bronchoadenitis, characterized by mod-
erate numbers of lymphocytes, plasma cells, macrophages, less neutrophils and occasional eosinophils
in the lamina propria of the bronchi, focally surrounding and infiltrating the submucosal glands, was
observed in all young adult macaques, but not in aged macaques (figure 6.2). Our data were confirmed
by retrospective analysis of earlier experiments in which aged animals were used (15, 19, 26, 36). Overall,
aged macaques develop more severe SARS-CoV-associated ALl than young adults.

Negative control

Young adult

Bronchiole Alveoli

Trachea

Figure 6.2. Histology of lungs from SARS-CoV-infected aged macaques. Lesions in lungs of PBS-infected (left panel) and
SARS-CoV infected young adult (middle panel) and aged (right panel) macaques showing diffuse alveolar damage,
characterized by disruption of alveolar walls causing edema and type Il pneumocyte hyperplasia with influx of inflam-
matory cells in the alveoli and bronchioles. In the trachea, a multifocal mild chronic lymphoplasmacytic tracheobron-
choadenitis was observed in young adult macaques.
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The level of viral replication in aged and young adult macaques is similar

Because viral replication is important for disease pathogenesis, we determined virus titers in aged and
young adult animals. Virus excretion in the throat (figure 6.3A) and nose (figure 6.3B) of aged and young
adult macaques at days 2 and 4 post infection was not significantly different. Moreover, no significant
difference in quantity of SARS-CoV mRNA in the lungs of young adult and aged animals was observed
(figure 6.3C). Differences in the nature and percentage of SARS-CoV-infected cells in the lungs of aged
and young adult macaques were not seen either (figure 6.3D). Apparently, augmented pathology in aged
macaques cannot be rationalized by increased viral replication.

A 104 [ Young adult Figure 6.3. Viral replication levels |.n ?ARS-CoV-mfected aged
. Aged and young adult macaques are similar. (A-B) SARS-CoV re-
= 10 plication in the throat (A) and nose (B) of SARS-CoV infected
2 E aged (black bars) and young adult (white bars) macaques
QF 10 at day 2 and 4 post infection as determined by real-time
gn% RT-PCR. Viral RNA levels are displayed as TCID, equivalents
2] EJ 10" (eq.)/ml swab medium (= s.e.m.). (C) Average fold change
= in SARS-CoV MRNA levels (= s.e.m.) in the lungs of aged
100 and young adult macaques compared to PBS-infected ani-
Day 2 Day 4 mals as determined by real-time RT-PCR and depicted on a
Days post infection log-scale. (D) Lung sections of SARS-CoV-infected aged and
young adult macaques were stained with a mouse-anti-
105+ [ Young adult SARS-nucleocapsid IgG2a. Sections were counterstained
N Aged with hematoxylin. Original magnifications are X20.
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The host response to SARS-CoV infection is stronger in aged than in young adult
macaques

To understand why SARS-CoV-infection in aged macaques results in more severe pathology than in young
adult macaques, we determined global gene expression profiles by analyzing total RNA isolated from the
lungs using microarray analysis. Hierarchical clustering methods were used to order gene transcripts and
individual aged and young adult animals to identify groups of animals with similar expression patterns.
These data were plotted as a heat map in which each entry represents a gene expression value (figure
6.4). As expected in an animal experiment with outbred animals, the inter-animal variation was relatively
high (figure 6.53). There were two major roots to the hierarchical dendogram, with one root containing
the PBS-infected control animals, and the second root containing the SARS-CoV-infected animals. The
root of the PBS-infected control animals was divided in two minor roots, clustering young adults together
and aged animals as a group. These data suggest that the baseline expression patterns are different
in young adult and aged macaques. The root of the SARS-CoV-infected animals was also divided in two
minor roots, largely clustering young adult animals together and grouping aged infected macaques. The
hierarchical clustering heat map suggests that both age and SARS-CoV infection are key factors involved
in determining transcription of cellular genes.

P e i Ry

Figure 6.4. Global gene expression profiles
of individual young adult and aged ani-
mals. Global gene expression profiles of
normalized log-2 based hybridization sig-
nals of individual young adult and aged
macaques of a set of gene transcripts that
were identified as being differentially re-
gulated (fold change = 2; FDR < 0.05) in
at least one of the comparisons of gene
expression in the lungs of experimen-
tally SARS-CoV-infected aged and young
adult macaques versus gene expression
in the lungs of PBS-infected macaques,
and genes were included if they met the
criteria of an absolute fold change of =

TTAROLONRILO®OOTNW O 2-fold (FDR < 0.05) in at least one expe-
EE2EE2TEE2TTTTET i

g 8 ‘8 g 8 8 g g S 5505532025 3 | riment The data were‘plotted as a heat

O I I I T g g g g’g g 22’22"% &n map, where each matrix entry represents

DT T TV gg o oo o a gene expression value. Normalized log-2
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g g g g 2222 S5S5 55 S based hybridization signals ranged from 3
o000 o o o reen) to 14 (red). Dendograms (trees
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of the heat map represent the degree of
relatedness between the samples, with
short branches denoting a high degree of
similarity and long branches denoting a
low degree of similarity.
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To determine whether aged and young adult animals respond differently to SARS-CoV-infection, their gene
expression profiles were compared. In a direct comparison of aged (n = 6) versus young adult (n = 6)
SARS-CoV-infected animals using an ANOVA-based analysis called LIMMA, 202 gene transcripts were dif-
ferentially expressed (fold change = 2; p < 0.05; Table S1). Upon analysis of these gene transcripts within
the context of biological processes and pathways using Ingenuity Pathways Knowledge Base, this subset
of genes showed indications for an innate host response to viral infection. Among the top significantly
differentially regulated (p < 0.005) functional categories were immune response, inflammatory response
and hematological system development and function, which included genes like F3, IL1RL1, IL1RN, IL-6,
IL-8, S100A8, SERPINA1, SERPINA3, NP, ACPP, TFPI2, SPP1, IGF1, EDN3, DEFB1 and SOCS3 (figure 6.5A) most
of which were upregulated in SARS-CoV-infected aged animals compared to young adult infected animals.
In addition, three of the most significantly regulated molecular/cellular functions (p < 0.005) were associ-
ated with a proinflammatory response and included cell death, cell movement, and cell-to-cell signaling
(figure 6.5A). The top gene interaction network, showing the interplay between genes during the host
response to viral infection, contained NF-kB as central node (figure 6.5B). NF-xB is a redox-sensitive tran-
scription factor implicated to play a major role in proinflammatory host responses and the development
of ALI/ARDS (16, 31). Several of the 202 differentially expressed gene transcripts, among which IL1RN,
SERPINA1, IL-8, F3 and TFPI2, are target genes for NF-kB. Thus, significant differences exist in the host
response to SARS-CoV infection, corresponding with age.

To obtain a more in-depth view of the host response to infection, global gene expression profiles
were determined in lungs of SARS-CoV-infected aged (n = 6) or young adult (n = 6) macaques in com-
parison to aged or young adult PBS-infected macaques (n = 4), respectively. Aged macaques differentially
expressed 1577 gene transcripts (figure 6.6A). Gene ontology analysis revealed that the majority of genes
in the aged macaque group compared to aged PBS-infected animals were associated with a proinflamma-
tory response and included cellular growth and proliferation, cell death, cell movement, and cell-to-cell
signaling (figure 6.6B). Although SARS-CoV-infected young adult macaques differentially expressed much
less gene transcripts compared to young adult PBS-infected animals (figure 6.6A), the most significantly
regulated molecular/cellular functions also included cellular growth and proliferation, cell death, cell
movement, and cell-to-cell signaling (figure 6.6B). This suggested that the nature of the host response to
infection in aged and young adult animals was strikingly similar, even though the severity was different.

Because the above described gene ontology molecular/cellular functions are very broad, genes were
further subdivided based on available annotations to gain insight in differences in the host response to
infection in aged and young adult macaques compared to aged and young adult PBS-infected animals,
respectively. Heat maps were generated for differentially regulated genes with proinflammatory func-
tions such as cell adhesion (figure 6.6C), apoptosis (figure 6.6D), and cytokine/chemokine signaling
(figure 6.6E). The greater number of differentially expressed genes, as well as the brighter intensities
(fold changes in transcripts) included in the heat map for aged macaques, suggested that aged ma-
caques show a more zealous response to virus infection than young adult macaques. This assumption
was corroborated using Goeman’s global test (24) on the defined gene subsets cell adhesion, cytokine/
chemokine signaling, and apoptosis. When macaques were grouped according to severity of pathology in-
stead of age and compared to their respective PBS-infected controls, increased numbers of differentially
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Figure 6.5. Direct comparison of gene expression profiles in the lungs of aged and young adult SARS-CoV-infected
macaques. (A) Number of differentially expressed genes in the direct contrast of aged and young adult SARS-CoV-
infected macaques with functions in immune response, inflammatory response, hematological system development
and function, cell movement, cell death, or cell-to-cell signaling and interaction obtained from Ingenuity Pathways
Knowledge Base. (B) This diagram shows a gene interaction network from Ingenuity Pathways Knowledge Base with
genes that are differentially expressed in the contrast of aged and young adult SARS-CoV-infected animals. The central
node is NF-kB, a key transcription factor in inflammation and ARDS. Genes depicted in green are downregulated and
in red upregulated.

expressed gene transcripts and increased fold changes for differentially expressed genes in inflamma-
tory pathways correlated positively with gross pathology scores as well (figure 6.54). Our data show that
the innate host response to SARS-CoV infection changes during aging in macaques; age, pathology, and
proinflammatory host response go hand-in-hand.

In order to understand the host responses in the context of senescence, we directly compared lung
samples from PBS-infected aged (n = 4) and young adult (n = 4) macaques. LIMMA analysis revealed that
518 gene transcripts were differentially expressed (fold change = 2; p < 0.05), with categories such as
immunological disease, haematological system and development, cell death, cell movement, and cellular
growth and proliferation among the top significantly differentially regulated functions (p < 0.005). Only
14 out of the 518 differentially expressed gene transcripts were also differentially expressed in the direct
contrast of SARS-CoV-infected aged and young adult macaques. Our data indicate that significant differ-
ences exist in the basal gene expression levels of aged and young adult macaques, which may partly
explain why differences in pathology were observed after SARS-CoV infection.
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Figure 6.6. Aged macaques display a stronger host response to SARS-CoV infection than young adults. (A) Number of
differentially expressed gene transcripts in aged and young adult SARS-CoV-infected macaques compared to aged and
young adult PBS-infected animals, respectively (= 2-fold change, FDR<0.05, LIMMA analysis). (B) Number of differential-
ly expressed genes in aged and young adult macaque groups compared to aged and young adult PBS-infected animals,
respectively, with functions in cellular growth and proliferation, cell movement, cell death, or cell-to-cell signaling and
interaction obtained from Ingenuity Pathways Knowledge Base. White bars for young adult and black bars for aged
macaques. When SARS-CoV-infected aged and young adult macaques were compared directly, these cellular functions
were significantly differentially expressed as well. (C-E) Gene expression profiles showing differentially expressed
genes coding for proteins involved in cell adhesion (C), apopotosis (D), and cytokine/chemokine signaling (E) of aged
and young adult macaques. Gene sets were obtained from Ingenuity Pathways Knowledge Base and changed = 2-fold
in at least one of the macaque groups as compared to PBS-infected controls. The data presented are error-weighted
fold change averages for six young adult and aged animals. Genes shown in red were upregulated, in green downre-
gulated, and in grey not significantly diferentially expressed in infected animals relative to PBS-infected animals (log
(base 2) transformed expression values with minimum and maximum values of the color range being -4 and 4). Global
test analysis of the direct contrast of SARS-CoV-infected aged versus young adult animals showed that these pathways
were significantly differentially expressed (P < 0.05). See Table S2 and S3 for full gene names and expression values.

NF-KB signaling in SARS-CoV-infected macaques

As NF-xB target genes were differentially regulated in the direct comparison of SARS-CoV-infected aged
and young adult macaques (figure 6.5), we focussed on NF-xB in the indirect comparison of aged and
young adult SARS-CoV-infected macaques compared to aged and young adult PBS-infected animals,
respectively. A gene interaction network, showing the interplay between “immune response”-type genes
with NF-kB as central node, revealed that aged SARS-CoV-infected macaques showed a much more robust
regulation of these genes than young adult infected animals (figure 6.7A) compared to their respective
PBS-infected animals, which was corroborated by an analysis of differentially expressed target genes
of NF-kB (figure 6.7B). Several of these genes, among which VCAM1, F3, PTX3, and IL-8, have also been
implicated in development of ARDS (figure 6.7C) (18, 44, 63).

In order to visualize NF-kB-signaling in the lungs of SARS-CoV-infected aged and young adult ma-
caques, translocation of NF-kB was studied using immunohistochemistry with antibodies against phos-
phorylated NF-kB on day 4 after infection. As shown in figure 6.7D, hardly any phosphorylated NF-xB
could be detected in the nuclei of cells of PBS-infected macaques, while in the lungs of SARS-CoV-infected
animals, cells with phosphorylated NF-kB in their nuclei were abundantly present. Phosphorylated NF-kB
was detected primarily in the nuclei of non-infected cells (figure 6.7D). No obvious differences in the
translocation of NF-xB in the lungs of aged and young adult macaques were observed.

Type | interferon-B mRNA level is negatively correlated with gross pathology

Overall, our data indicate that SARS-CoV-infected aged macaques display a stronger proinflammatory host
response to infection than young adult macaques. For example, mRNA levels for IL-8, a key player in ALl/
ARDS and a potent chemotactic factor essential in acute inflammation that is induced by a wide range of
stimuli among which IL-1f, viral products, and oxidative stress, were strongly upregulated in SARS-CoV-
infected aged macaques as compared to young adult animals (figure 6.5B, 6.7B, 6.8A). Despite the overall
stronger activation of innate host gene responses in SARS-CoV-infected aged animals, microarray analy-
ses revealed that IFN-p, well-known for its antiviral activities, was not differentially expressed in aged
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Figure 6.7. NF-kB-signaling in aged and young adult macaques. (A) These diagrams show a gene interaction network
from Ingenuity Pathways Knowledge Base with genes that are differentially expressed in the contrast of aged SARS-
CoV-infected animals versus aged PBS-infected macaques. The central node is NF-kB, a key factor in inflammation and
development of ARDS. Genes depicted in green are downregulated and in red upregulated. As a reference, the same
network is shown for young adult animals (left panel) and aged animals (right panel). (B-C) Gene expression profiles
showing differentially expressed NF-xB target genes (B) and genes coding for proteins involved ARDS (C) of aged and
young adult macaques. Gene sets were obtained from Ingenuity Pathways Knowledge Base or literature and changed
= 2-fold in at least one of the macaque groups as compared to PBS-infected controls. The data presented are error-
weighted fold change averages for six young adult and aged animals. Genes shown in red were upregulated, in green
downregulated, and in grey not significantly diferentially expressed in infected animals relative to PBS-infected ani-
mals (log (base 2) transformed expression values with minimum and maximum values of the color range being -4 and
4). See Table S2 and S3 for full gene names and expression values. (D) Lung sections of PBS and SARS-CoV-infected aged
and young adult macaques were stained with an antibody against phosphorylated NF-xB (brown) and with a mouse-
anti-SARS-nucleocapsid IgG2a (red). Sections were counterstained with hematoxylin. Original magnifications are X4o.
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Figure 6.8. Quantitative RT-PCR confirmation of IFN-B mRNA
levels. (A) Quantitative RT-PCR for IL-8 was performed on
two-three separate lung samples per animal with substan-
tial virus replication. The data presented are error-weighted
(= s.e.m.) averages of the fold-change as compared to PBS-
infected controls for young adult (n = 6) and aged (n = 6)
animals. (B) Quantitative RT-PCR for IFN-B was performed on
two-three separate lung samples per animal with substan-
tial virus replication. The data presented are error-weighted
(= s.e.m.) averages of the fold-change as compared to PBS-
infected controls for young adult (n = 6) and aged (n = 6)
animals. (C) The expression level of IFN-B (fold change) per
animal was plotted against gross pathology score and the
—l_ correlation coefficient was determined using Spearman’s
correlation test.
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macaques compared to PBS-infected animals, in contrast to young adults (figure 6.6E). RT-PCR analysis
confirmed differential expression of IFN-B mRNA between young adult and aged macaques (figure 6.8B).
As shown in figure 6.3, this difference in IFN-f3 levels in aged and young adult macaques did not affect viral
replication efficiency. IFN- mRNA levels, however, negatively correlated with gross pathology (figure 6.8C).

Anti-inflammatory action of type | interferon mitigates pathology in SARS-CoV-
infected aged macaques

The observation of a reverse correlation of IFN-f3 and IL-8 mRNA levels with age after SARS-CoV infection
may reflect a physiological cross-regulation in which type | interferon and/or its respective signaling
pathways modulate proinflammatory host responses (4, 35). To corroborate this hypothesis, we treated
uninfected human PBMC with IL-1f, which is known to rapidly activate NF-xB-signaling (2, 5), and ob-
served the induction of proinflammatory cytokines in uninfected human PBMC, such as IL-1f and IL-8
(figure 6.8A-B). An anti-inflammatory effect of pegylated IFN-o. on IL-1B-induced responses was confirmed
in vitro, as a dose-dependent inhibition of IFN-a on recombinant IL-18-induced IL-1f3 and IL-8 mRNA levels
in human PBMC was observed (figure 6.9A-B).
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Figure 6.9. Anti-inflammatory type | IFN inhibits IL-1B-induced proinflammatory cytokine production in PBMCs. (A-B)
Induction of IL-13 (A) and IL-8 (B) mRNAs after treatment of human PBMC with IL-13 (5 ng/ml), IFN-a. (1000 U/ml,
100U/ml, or 10 U/ml) or both as determined by quantitative RT-PCR. The data presented are error-weighted (= s.e.m.)
averages of the fold-change as compared to untreated (Mock) PBMC. Shown are representative data from one out of
four donors.

Because type | IFNs can inhibit proinflammatory signaling pathways, among which NF-kB signaling path-
ways (4, 35), we examined whether exogenous administration of type I IFN in SARS-CoV-infected aged ma-
caques could influence SARS-CoV pathogenesis. Retrospective analyses of the lungs of SARS-CoV-infected
aged animals treated therapeutically with type | IFN (26) showed that SARS-CoV-infected IFN-treated aged
animals remained free of clinical symptoms and had no or less extensive pulmonary consolidation than
untreated aged macaques (figure 6.10A). Virus titers in the lungs, however, were similar between IFN-
treated and untreated aged macaques (figure 6.10B) and viral antigen expression in the lungs was not
significantly different (26).

In a direct comparison of the host response to infection in aged (n = 6) versus IFN-treated aged (n
= 3) macaques using LIMMA, 961 gene transcripts were differentially expressed (fold change = 2; p <
0.05). Upon analysis of these gene transcripts within the context of genetic pathways, four of the most
significantly regulated molecular/cellular functions (p < 0.005) were associated with a proinflammatory
response and included cellular growth and proliferation, cell death, cell movement, and cell-to-cell sig-
naling, indicating that significant differences exist in the host response to SARS-CoV infection in animals
treated with type | IFN compared to untreated aged macaques.

To obtain a broader view of the host response to infection, global gene expression profiles were de-
termined in lungs of SARS-CoV-infected aged (n = 6) or IFN-treated aged macaques (n = 3) in comparison
to aged PBS-infected macaques (n = 4). IFN-treated macaques differentially expressed (fold change = 2;
p < 0.05) approximately four-fold less gene transcripts than untreated aged macaques (figure 6.10C) as
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compared to PBS-infected animals. The most significantly regulated molecular/cellular functions in the
IFN-treated macaque group compared to PBS-infected animals were associated with a proinflammatory
response and included cellular growth and proliferation, cell death, cell movement, and cell-to-cell sig-
naling, similar to what was observed for the aged macaque group, although less genes per function were
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Figure 6.10. Anti-inflammatory type | IFN inhibits virus-
induced ALl in aged SARS-CoV-infected macaques. (A)
Gross pathology scores of lungs from macaques were de-
termined during necropsy and averaged (= s.e.m.). (B)
Average fold change (+ s.e.m.) in SARS-CoV mRNA levels
in the lungs of pegylated IFN-a-treated (n = 3) and untre-
ated aged (n = 6) macaques compared to aged PBS-infec-
ted (n = 4) animals as determined by real-time RT-PCR.
(C) Number of differentially expressed gene transcripts
compared to aged PBS-infected animals (= 2-fold change).
(D) Quantitative RT-PCR for IL-8 was performed on two-
three separate lung samples per animal with substantial
virus replication. The data presented are error-weighted
(= s.e.m.) averages of the fold-change as compared to
PBS-infected controls for aged animals (n = 6) and aged
animals treated with IFN-o (n = 3).
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differentially expressed (figure 6.S5A). These data suggested a common nature of the host response to
infection in aged and IFN-treated aged animals, although the severity seemed different.

To gain more insight in differences in the host response to infection in aged and IFN-treated ma-
caques compared to PBS-infected animals, heat maps were generated for differentially regulated genes
involved in proinflammatory pathways apoptosis (figure 6.55B) and cell adhesion (figure 6.55C). Using
Goeman’s global test (24) on the defined gene subsets cell adhesion and apoptosis, significant differ-
ences between aged and IFN-treated animals in these proinflammatory pathways were obtained, provid-
ing statistical evidence for a difference in host response of aged and IFN-treated animals to SARS-CoV
infection. Moreover, a decrease in differentially expressed target genes of NF-kB was observed (figure
6.55D). Most notably, a dramatic decrease in the expression of cytokine/chemokine mRNA levels was
observed, among which IL-8 (figure 6.10D, figure 6.55B-C). These data show that therapeutic treatment of
SARS-CoV-infected aged macaques with type I IFN primarily results in downregulation of proinflammatory
host responses.

DISCUSSION

Age, pathology and proinflammatory host response go hand-in-hand

The present study aimed at gaining insight into the pathogenesis of SARS-CoV by studying the relation-
ship between age, pathology, virus replication, and host response in a macaque model. In humans,
SARS-CoV infection progresses from an atypical pneumonia to acute diffuse alveolar damage and ARDS
(50). The overall human fatality rate reached ~10% and up to 50% in elderly (50-51). The acute lung
injury observed after SARS-CoV infection in aged macaques is similar to what has been seen in humans
that progress to ARDS (51). This disease process includes an acute exudative phase, consisting of severe
leukocyte infiltration, edema, the formation of hyaline membranes, and proliferation characterized by
type Il pneumocyte hyperplasia (27). SARS-CoV-infected aged macaques develop more severe pathology
than young adult animals, even though viral replication levels are similar. The chronic phase, which is
characterized by persistent intra-alveolar and interstitial fibrosis and mortality was not observed because
animals were sacrificed early after infection.

Comparative analyses of gene expression in aged and young adult SARS-CoV-infected macaques
revealed that the host response to SARS-CoV infection is similar in nature, but differs significantly in
severity in proinflammatory responses. Aged macaques had a stronger host response to virus infection
than young adult macaques, with an increase in differential expression of genes associated with inflam-
mation that center around the transcription factor NF-kB. Comparative analysis of PBS-infected aged
and young adult macaques revealed significant differences in gene expression as a result of aging only.
These observations are in line with earlier hypotheses that age-related accumulated oxidative damage
and a weakened antioxidative defense system cause a disturbance in the redox balance, resulting in
increased reactive oxygen species. Subsequently, the oxidative stress-induced redox imbalance activates
redox-sensitive transcription factors, such as NF-kB, followed by the induction of proinflammatory genes

138



including IL-1B, IL-6, TNFa and adhesion molecules, key players in the inflammatory process (14). Oxida-
tive stress may also potentiate the cellular responses to IL-1f (57), an early mediator of inflammation
(23). Thus, aging is associated not only with alterations in the adaptive immune responses, but also
with a proinflammatory state in the host (6, 10, 14, 20). Oxidative stress and toll-like receptor-4 signaling
via NF-kB triggered by viral lung pathogens, such as SARS-CoV, may further amplify the host response
ultimately resulting in ALl (31). Taking the host gene expression profiles of PBS-infected aged and young
adult macaques into account, we also observed a stronger activation of the proinflammatory pathways
in SARS-CoV-infected aged macaques than in young adults. The finding that genes activated by NF-kxB are
significantly differentially upregulated in aged macaques infected with SARS-CoV is in line with the role of
NF-kB as a redox-sensitive transcription factor in proinflammatory host responses and the development
of ALI/ARDS (16, 31). Given the fact that several SARS-CoV proteins block NF-kB signaling (17, 21, 34), we
hypothesize that NF-kB-signaling in non-infected cells is largely responsible for the upregulated expres-
sion of NF-kB target genes, such as IL-8, in aged compared to young adult macaques.

These observations are largely in line with transcriptome analyses in mice and SARS patients. In se-
vere SARS patients, cytokines/chemokine involvement as the illness progresses may lead to widespread
immune dysregulation and serious pathogenic events (11). Aged mice show more pathology than young
adult mice and the transcriptional profile in aged mice generally indicates a more robust proinflammatory
response to virus infection than in young mice (7, 55).

Type | IFN signaling

Previously, we demonstrated IFN induction and signaling in SARS-CoV-infected macaques early after infec-
tion(15). Based on the observation that plasmacytoid dendritic cells are able to produce type | IFNs after
SARS-CoV infection in vitro (12), it was speculated that these cells are the IFN-producing cells in lungs of
SARS-CoV-infected macaques. In addition, phosphorylated STAT-1 was observed in the nuclei of numerous
cells in the lungs of SARS-CoV-infected macaques, indicating that these cells had been activated by IFNs
or other agonists produced in the lung (15). In SARS-CoV-infected cells, however, STAT-1 signaling was
blocked (15), consistent with the fact that a range of SARS-CoV proteins can function as interferon an-
tagonists that inhibit IFN production and signaling (21, 34). Therefore, a large part of the genes activated
downstream of STAT-1, observed in genomics analyses, is likely due to signaling in non-infected cells (15).
In the current study, we observed that aged macaques expressed significantly lower levels of IFN-3 mRNA
than young adult macaques and that IFN-3 mRNA levels correlated negatively with severity of pathology.
Interestingly, aged and young adult SARS-CoV-infected macaques showed opposite expression patterns
for type | IFN-p and certain proinflammatory cytokines, such as IL-8. These data are corroborated by pre-
vious observations showing that higher amounts of proinflammatory cytokines, such as IL-1 and IL-8,
are produced upon stimulation of leukocytes of the elderly, whereas induction of type I IFNs is decreased
compared to young adults (33, 54, 67).

Cross-regulation between type | IFN and NF-KB signaling cascades

The observation of a reverse correlation of IFN-f and IL-8 mRNA levels with age after SARS-CoV infec-
tion may reflect a physiological cross-regulation between antiviral STAT-1 and proinflammatory NF-xB
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pathways. Evidence for such a cross-regulation between type | IFN/STAT-1 and proinflammatory/NF-kB sig-
naling pathways exists. Type | interferons exert significant anti-inflammatory effects and provide at least
partial protection from disease in collagen-induced arthritis, auto-immune encephalitis, and multiple
sclerosis (1, 9, 25, 53, 61). Not only inhibits IFN-beta expression of the IL-8 gene at the transcriptional lev-
el (47), type | IFNs can also activate TAM receptor tyrosine kinases that inhibit toll-like receptor-induced
cytokine-receptor cascades (48, 56) and induce the immunosuppresive cytokine IL-10 (3). Direct NF-kB/
STAT-1 protein-protein interactions (22) and modification of STAT-1 by acetylation, may be involved in this
process (35). A loss of type | IFN/STAT-1 signaling in aged macaques may negatively regulate interferon-
induced gene expression and type | IFN signaling, which may lead to enhanced inflammatory responses.
on the other hand, increased activation of NF-kB signaling pathways in aged macaques may negatively
regulate interferon-induced gene expression and type | IFN signaling (4, 49, 64), which may enhance
proinflammatory responses even further.

We have integrated our data and other findings on cross-regulation in a model (figure 6.11). The
model depicts the innate immune response to SARS-CoV infection as a coordinated series of signaling
pathways aimed at clearing the virus while not harming host cells. Upon SARS-CoV infection, infected
cells, depicted in the model as pneumocytes, produce inflammatory mediators that activate NF-xB, result-
ing in the production of proinflammatory cytokines and chemokines, such as IL-8. IL-1 is one of the cyto-
kines highly upregulated on day 1 after infection upon SARS-CoV infection of macaques (15)and capable of
activating NF-kB. At the same time, the virus is recognized by sentinel cells, such as pDCs, that produce
type | IFNs to signal that a foreign invader has entered the host. The production of IFN induces neighbor-
ing non-infected cells to remodel the intracellular environment by producing a range of antiviral proteins,

Figure 6.11. Model for cross-talk between
SARS-CoV “proinflammatory” and “antiviral” pa-
thways during SARS-CoV infection. SARS-

CoV infection results in activation of both

/ \ “antiviral” and “proinflammatory” pa-
thways. Subsets of uninfected cells, de-

pDC pneumocyte picted by pDCs, start producing type | IFN
(IFN-ar), which results in STAT-1 activation
in neighbouring cells, which in turn may

produce other mediators (e.g. IFN-B). The
SARS-CoV-infected cells produce inflam-
matory mediators, supposedly IL-1, which
l l results in NF-kB activation in neighbouring

IFN-af8 IL-1 uninfected cells and subsequent produc-

tion of inflammatory mediators, such as

/ l \ / l \ IL-8. Cross-regulation between “antiviral”
e and “proinflammatory” pathways allows

-« polarisation of antiviral or proinflammatory
eee 8@ @ @ responses thereby modulating pathology.

Modulation of transcription factors in the
/¢ \ // i\ uninfected cells, e.g. by aging, may affect

<« IFN-B IL-8 the overall outcome of the infection.
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aiding in a block of viral replication. A cross-regulation between the “antiviral” and “proinflammatory”
pathways occurs, which is a critical requirement to allow fine-tuning of the host response to infection and
return to homeostasis. Disease outcome may be determined by the relative contribution of “antiviral” and
“proinflammatory” pathways and apparently aging influences this intricate balance significantly.

Causal relationships between “antiviral” and “proinflammatory” pathways in macaques are difficult
to prove and future studies in specific gene knock-out mice should therefore further clarify the complex
interactions in the response to SARS-CoV. Our own in vitro experiments and the type | IFN intervention in
SARS-CoV-infected aged macaques indicate that type | IFNs can play a role in mitigating proinflammatory
host responses and severity of pathology. Therapeutic treatment of SARS-CoV-infected aged macaques
with type | IFN reduces pathology and diminishes proinflammatory gene expression, including IL-8 levels,
without affecting virus replication in the lungs. Antiviral effects of type | IFNs were not obvious, probably
due to the fact that SARS-CoV infected cells inhibit STAT-1 signaling and viral replication peaks early after
infection when treatment with pegylated IFN-o. started. Given the fact that phosphorylated NF-kB was
present mainly in the nuclei of non-infected cells in the lungs of SARS-CoV-infected macaques, these
cells are potential targets for the action of IFN and subsequent STAT-1 signaling. It remains uncertain
whether endogenously produced IFNs in young adult macaques are essential in the control of inflamma-
tory responses or that enhanced activation of inflammatory pathways simply does not occur. Our data
are in line with the observation that treatment of SARS-CoV-infected aged mice with type Il IFN-y, which
like type I IFN also signals via STAT-1, protected against lethal respiratory illness, seemingly without an
effect on viral replication (45). Moreover, in humans with SARS, use of type | IFNs was associated with
reduced disease-associated hypoxia and a more rapid resolution of radiographic lung abnormalities (41).
Whether the anti-inflammatory action of type I/l IFNs in macaques, mice and humans occurs via common
pathways and is interchangeable between host species remains to be determined. Assuming that there
is a conserved pathway in ALI/ARDS induced by multiple pathogens, including pandemic viruses that
may emerge from avian influenza, modulation of the host response by type | IFNs provides a promising
outlook for novel intervention strategies.

ACKNOWLEDGEMENTS

We thank R. Dias d’Ullois, M.A. Bijl, F. Zaaraoui-Boutahar and R. Lonsdale for technical assistance.

141



sarewd uewny-uou page ul A0D-SYVS 01 asU0dsal 150y S1euUl Paleqladexy

9 1a1dey)

SUPPORTING INFORMATION

R
P

B
i

Figure 6.51: Gross lesions in aged macaque. (A) SARS-CoV-induced lesions (white
arrows) in the lung are still visible after inflation with 10% neutral-buffered for-
malin. (B-C) Schematic diagrams of the lungs showing gross pathology lesions of
SARS-CoV-infected young adult (B) and aged (C) macaques.
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Figure 6.52: Histology and immunohistochemical detection of cells in lungs from SARS-CoV-infected
macaques. (A-B) Lesion in the lung of a SARS-CoV-infected aged macaque, characterized by thickened
alveolar walls lined by type Il pneumocytes (type Il pneumocyte hyperplasia) with influx of inflammatory
cells. Consecutive sections were stained with a mouse monoclonal anti-human CDé8 antibody for ma-
crophages (A) and a mouse monoclonal anti-human neutrophil elastase antibody for neutrophils (B). ).
Sections were counterstained with hematoxylin. Original magnifications are X4o0. (C) Lesions in the lung of
a SARS-CoV infected aged macaque showing diffuse alveolar damage, characterized by type Il pneumocyte
hyperplasia with influx of inflammatory cells. (D) Lesion in the lung of a SARS-CoV-infected aged macaque,
characterized by thickened alveolar walls lined by type Il pneumocytes stained with a mouse monoclonal
anti-human pankeratin antibody for epithelial cells. (E-F) Hyaline membranes (E) and syncytia (F) were
occasionally observed in the lungs of aged macaques.
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Gene symbol Young adult Aged
1 2 3 4 5 6 1 2 3 4 5 6
BMP1 6,62 6,93 6,88 6,68 7,22 7,06 6,15 6,23 6,24 6,63 6,62 7,14
ccL11 931 11,02 914 1084 78 730 | 991 881 1033 1084 882 7,54
cCL19 741 897 797 850 714 615 | 736 806 758 799 828 829
ccL3 844 941 708 931 924 899 | 1025 970 911 1064 976 838
ccL4L1 805 88 687 875 88 880 | 952 853 861 949 890 813
ccLs 982 10,13 718 1072 861 783 | 1127 1078 1020 1066 886 891
CXCL1///CXCL3| 897 927 899 992 78 801 [11,08 876 957 1160 947 873
CXCL10 1051 11,47 911 11830 921 913 1199 11,60 1099 11,97 1034 813
CXCL11 894 10,13 800 9,83 800 823 | 1082 1037 1004 1050 962 7,37
CXCL9 698 720 680 664 661 693 | 633 715 664 730 627 523
IFNB1 6,41 7,65 5,84 6,51 5,88 5,77 6,55 6,49 6,13 6,55 5,89 5,36
IL1RN 9,24 9,43 8,19 9,50 8,66 857 | 10,78 10,12 10,07 11,07 9,60 8,97
IL6 916 88 814 952 673 745 | 1020 976 98 11,47 917 872
IL8 7,59 8,57 7,64 8,84 7,36 7,02 | 11,46 8,06 9,40 11,77 10,41 9,38
MCP-1 1089 11,36 955 11,83 925 9,00 |1232 11,62 11,54 1227 11,09 1097
PPBP 5,53 5,34 5,43 5,35 5,88 6,58 5,31 7,02 513 5,44 5,25 5,58
SPP1 650 7,35 601 758 619 592 | 934 785 747 875 78 7,1
TNFSF13B 10,49 10,65 9,63 11,01 9,45 938 | 11,28 11,24 10,79 11,16 10,61 9,78

Figure 6.53: Global gene expression profiles of individual young adult and aged animals. For a subset of gene trans-
cripts, cytokines and chemokines, normalized log-2 based hybridization values for individual aged and young adult
macaques are shown.
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Figure 6.54: Microarray analyses of the lower respiratory tract of SARS-CoV-infected macaques displaying different
levels of severity of pathology. (A) Gross pathology scores of the lungs from aged and young adult macaques were
determined. Based on the severity of pathology, macaques were divided in three groups (low (young adult animals;
n = 6), medium (aged; n = 4), and high (aged; n = 2) pathology score), and average pathology scores (+ s.e.m.) are
shown. (B) Number of differentially expressed gene transcripts compared to uninfected animals (= 2-fold change) in
macaque groups. (C) Number of differentially expressed genes in macaque groups compared to PBS-infected animals
with functions in cellular growth and proliferation, cell movement, cell death, or cell-to-cell signaling and interaction
obtained from Ingenuity Pathways Knowledge Base. (D) Average fold change (+ s.e.m.) in SARS-CoV mRNA levels in the
lungs of macaques with low, medium and high pathology scores as compared to PBS-infected animals as determined
by real-time RT-PCR. (E-G) Gene expression profiles showing differentially expressed genes coding for proteins involved
in cell adhesion (E), proteins involved in apoptosis (F), and cytokines and chemokines (G) of macaque groups with
low, medium and high pathology scores as compared to PBS-infected animals. Genes displayed were obtained from
Ingenuity Pathways Knowledge Base and changed = 2-fold in at least one of the macaque groups as compared to
PBS-infected controls. The data presented are error-weighted averages. Genes shown in red were upregulated and in
green downregulated in infected animals relative to PBS-infected animals (log (base 2) transformed expression values
with minimum and maximum values of the color range being -4 and 4). Genes shown in grey were not significantly
differentially regulated. See Table S2 and S4 for full gene names and expression values.
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Figure 6.55: Microarray analyses of the lower respiratory tract of SARS-CoV-infected aged and aged macaques treated
with pegylated IFN-a. (A) Number of differentially expressed genes in macaque groups compared to PBS-infected
animals with functions in cell growth and proliferation, cell movement, cell death, or cell-to-cell signaling and inter-
action obtained from Ingenuity Pathways Knowledge Base. When SARS-CoV-infected aged macaques were compared
directly to IFN-treated aged macaques, these gene sets were significantly differentially expressed. (B-D) Gene expres-
sion profiles showing differentially expressed genes coding for proteins involved in apoptosis (B), cell adhesion (C),
or NF-kB-signaling (D) of IFNa-treated and untreated aged macaques. Genes displayed were obtained from Ingenuity
Pathways Knowledge Base or literature and changed = 2-fold in at least one of the groups as compared to PBS-infected
controls. The data presented are error-weighted averages. Genes shown in red were upregulated, in green downre-
gulated, and in grey not significantly differentially expressed in infected animals relative to PBS-infected animals (log
(base 2) transformed expression values with minimum and maximum values of the color range being -4 and 4). Global
test analysis of the direct contrast of SARS-CoV-infected aged versus IFN-treated aged animals showed that the cell
adhesion and apoptosis pathways were significantly differentially expressed (p < 0.05). See Table S2 and S3 for full
gene names and expression values.
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Supplementary Table S1  Annotated differentially expressed genes in aged versus
young adult SARS-CoV infected macaques.

Symbol Fold change Annotation

ACPP 1.09 acid phosphatase, prostate

ADRBK2 -1.02 adrenergic, beta, receptor kinase 2

AGER -1.25 advanced glycosylation end product-specific receptor
AGTR1 -1.30 angiotensin |l receptor, type 1

ANLN 1.64 anillin, actin binding protein

ANXA10 1.13 annexin A10

AQP3 1.42 aquaporin 3 (Gill blood group)

AREG 2.67 amphiregulin

ARLS5B 1.18 ADP-ribosylation factor-like 5B

ASIP -1.47 agouti signaling protein, nonagouti homolog (mouse)
ATP1B1 1.05 ATPase, Na+/K+ transporting, beta 1 polypeptide
C120RF5 1.51 chromosome 12 open reading frame 5

C150RF48 1.34 chromosome 15 open reading frame 48

C40RF43 1.27 chromosome 4 open reading frame 43

C50RF23 -1.01 chromosome 5 open reading frame 23

CCNB1 1.34 cyclin B1

CD300LG -1.44 CD300 molecule-like family member g

CD36 -1.21 CD36 molecule (thrombospondin receptor)

CDC20 1.01 cell division cycle 20 homolog (S. cerevisiae)

CDO1 1.31 cysteine dioxygenase, type |

CEACAM5 1.83 carcinoembryonic antigen-related cell adhesion molecule 5
CLDN1 1.40 claudin 1

COL3A1 -1.62 collagen, type llI, alpha 1

COL4A3 -1.32 collagen, type 1V, alpha 3 (Goodpasture antigen)
CSNK1A1 1.32 casein kinase 1, alpha 1

CTSL1 1.1 cathepsin L1

CYP1B1 2.10 cytochrome P450, family 1, subfamily B, polypeptide 1
CYP4B1 -1.08 cytochrome P450, family 4, subfamily B, polypeptide 1
DDX3Y -2.85 DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked
DEFB1 1.28 defensin, beta 1

DPP4 1.04 dipeptidyl-peptidase 4

ECT2 1.08 epithelial cell transforming sequence 2 oncogene
EDN3 -1.16 endothelin 3

EGFL6 -1.33 EGF-like-domain, multiple 6

EIF1AX 117 eukaryotic translation initiation factor 1A, X-linked
EIF1AY -2.02 eukaryotic translation initiation factor 1A, Y-linked
EIF5A 1.55 eukaryotic translation initiation factor 5A

EMP2 -1.08 epithelial membrane protein 2

ENPP6 -1.04 ectonucleotide pyrophosphatase/phosphodiesterase 6
EREG 2.69 epiregulin

F3 1.48 coagulation factor Il (thromboplastin, tissue factor)
FAM162B -1.18 family with sequence similarity 162, member B
FBLN5 -1.03 fibulin 5

FFAR2 1.35 free fatty acid receptor 2

FMO2 -1.62 flavin containing monooxygenase 2 (non-functional)
FNDC1 -1.54 fibronectin type 11l domain containing 1

GALNT3 1.28 UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 3
GAPDH 1.01 glyceraldehyde-3-phosphate dehydrogenase

GJAS -1.05 gap junction protein, alpha 5, 40kDa

GLS 1.01 glutaminase

GPM6B -1.03 glycoprotein M6B

GPR84 1.05 G protein-coupled receptor 84

GSTM5 -1.06 glutathione S-transferase mu 5

HHIP -1.13 hedgehog interacting protein

HK2 1.15 hexokinase 2

HPSE 1.04 heparanase

HTRA1 -1.02 HtrA serine peptidase 1

IGFBP5 -1.09 insulin-like growth factor binding protein 5
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SERPINA1
SERPINA3
SERPINB1
SERPINB5
SLC2A3
SLC6A14
SLIT3
SOCS3
SOSTDC1
SPP1
SPRR1B
STEAP1
TFPI2
TLR4
TNFRSF21
TRIP13
TUBA1C
TUBB2A

immunoglobulin lambda locus

immunoglobulin superfamily, member 10

interleukin 1 receptor-like 1

interleukin 1 receptor antagonist

interleukin 6 (interferon, beta 2)

interleukin 8

SLC7A5 pseudogene

indolethylamine N-methyltransferase

integrin, alpha 8

junction plakoglobin

KIAA0101

keratin 6A

keratin 6B

keratin 8

keratin 8 pseudogene 12

laminin, beta 1

leukemia inhibitory factor (cholinergic differentiation factor)
low density lipoprotein receptor-related protein 4
lymphocyte antigen 86

MAD2 mitotic arrest deficient-like 1 (yeast)

v-maf musculoaponeurotic fibrosarcoma oncogene homolog B (avian)
microRNA 21

matrix metallopeptidase 7 (matrilysin, uterine)

myelin protein zero-like 2

NEDD4 binding protein 2-like 1

nuclear factor (erythroid-derived 2)-like 3

nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, zeta
nucleoside phosphorylase

nucleophosmin (nucleolar phosphoprotein B23, numatrin)
osteoglycin

peptidyl arginine deiminase, type Il

3'-phosphoadenosine 5'-phosphosulfate synthase 2
pleckstrin homology-like domain, family A, member 2
protein kinase (cCAMP-dependent, catalytic) inhibitor beta
phospholipase A1 member A

pyrophosphatase (inorganic) 1

patched homolog 1 (Drosophila)

REV3-like, catalytic subunit of DNA polymerase zeta (yeast)
RPTOR independent companion of MTOR, complex 2
ribosomal modification protein rimK-like family member B
ribonucleotide reductase M2 polypeptide

S100 calcium binding protein A8

stearoyl-CoA desaturase 5

sodium channel, voltage-gated, type VII, alpha

SEC24 family, member D (S. cerevisiae)

sema domain, transmembrane domain (TM), and cytoplasmic domain, (semaphorin) 6D
serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 1
serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 3
serpin peptidase inhibitor, clade B (ovalbumin), member 1
serpin peptidase inhibitor, clade B (ovalbumin), member 5
solute carrier family 2 (facilitated glucose transporter), member 3
solute carrier family 6 (amino acid transporter), member 14
slit homolog 3 (Drosophila)

suppressor of cytokine signaling 3

sclerostin domain containing 1

secreted phosphoprotein 1

small proline-rich protein 1B (cornifin)

six transmembrane epithelial antigen of the prostate 1
tissue factor pathway inhibitor 2

toll-like receptor 4

tumor necrosis factor receptor superfamily, member 21
thyroid hormone receptor interactor 13

tubulin, alpha 1c

tubulin, beta 2A
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TXNDC17 1.00

UBE2C 1.33
UGCG 1.73
UGT8 1.05
UHRF1 1.30
WDFY1 1.17
WNK1 -1.41
XIST 3.29
XPO1 1.12
ZDHHC9 1.06

thioredoxin domain containing 17
ubiquitin-conjugating enzyme E2C

UDP-glucose ceramide glucosyltransferase

UDP glycosyltransferase 8

ubiquitin-like with PHD and ring finger domains 1
WD repeat and FYVE domain containing 1

WNK lysine deficient protein kinase 1

X (inactive)-specific transcript (non-protein coding)

exportin 1 (CRM1 homolog, yeast)
zinc finger, DHHC-type containing 9

Supplementary Table S2 Description of genes

Gene name
ADAM9
ANGPT1
APOE
BAK1
BGN
BMP1
BTG2
CAMP
CASP4
CCL11
CCL19
CCL25
CCL3
CCLA4LL1
CCL8
CCNB1
CCRI1
CCR5
CD47
CDHI13
CFB
CST6
CTNND1
CXCLI
CXCLI /// CXCL3
CXCL10
CXCL11
CXCL6
CXCL9
DKK3
EDNI1
EGFR
EPASI
EPHA2
F11R

Gene description

ADAM metallopeptidase domain 9
Angiopoietin 1

Apolipoprotein E
Bcl2-homologous antagonist/killer
Biglycan

Bone morphogenetic protein 1
B-cell translocation gene 2
Cathelicidin antimicrobial peptide
Caspase 4

Chemokine (C-C motif) ligand 11
Chemokine (C-C motif) ligand 19
Chemokine (C-C motif) ligand25
Chemokine (C-C motif) ligand 3
Chemokine (C-C motif) ligand 4 like 1
Chemokine (C-C motif) ligand 8
Cyclin B1

Chemokine (C-C motif) receptor 1
Chemokine (C-C motif) receptor 5
CDA47 antigen

Cadbherin 13

Complement factor B

Cytostatin 6

Catenin, delta 1

Chemokine (C-X-C motif) ligand 1
Chemokine CXCL1///CXCL3
Chemokine (C-X-C motif) ligand 10
Chemokine (C-X-C motif) ligand 11
Chemokine (C-X-C motif) ligand 6
Chemokine (C-X-C motif) ligand 9
Dickkopf homolog 3

Endothelin 1

Epidermal growth factor receptor
Endothelial PAS domain protein 1
Ephrin receptor A2

F11 receptor
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F3

FBLNS
FGF2
FOXP1
FUT3
GADDA45A
GZMA
GZMB
IFNB1
IGF1
IKBKB
IL15RA
ILIRN
1L2

1L29

IL6

IL8

IRF1

IRF7
ITGA6
ITPR1
KIT
LAMBI1
LAMCI
LGALS3BP
LMNBI1
MCP-1
MET
MMP9
MYBLI
MYBL2
MYC
NEO1

NP
PCDHAL11
PCDHAS
PIK3R1
PLA2G2A
PPBP
PTPRB
PTPRF
PTX3
RAD23B
S100A8
SERPINAL1
SERPINGI1
SFTPD
SLIT2
SOCS1
SPP1
STATI

Coagulation factor I11

Fibulin 5

Heparin-binding growth factor 2

Forkhead box F1

Fucosyltransferase 3

Growth arrest & DNA-damage-inducible protein 450
Granzyme A

Granzyme B

Interferon, beta

Insulin-like growth factor 1

Inhibitor « light polypeptide gene enhancer B-cells kinase beta
Interleukin 15 receptor, alpha

Interleukin I receptor antagonist

Interleukin 2

Interleukin 29

Interleukin 6

Interleukin 8

Interferon regulatory factor 1

Interferon regulatory factor 7

Integrin A6

Inositol 1,4,5-triphosphate receptor, type 1

V-kit Hardy-Zucker man4 feline sarcoma viral oncogene homolog
Laminin, beta 1

Laminin, gamma 1

Galectin 3 binding protein

Lamin B1

Chemokine (C-C motif) ligand 2

Met proto-oncogene tyrosine kinase

Matrix metallopeptidase 9

V-myb myeloblastosis viral oncogene homolog-like 1
V-myb myeloblastosis viral oncogene homolog-like 2
Myc proto-oncogene protein

Neogenin homolog 1

Nucleoside phosphorylase

Protocadherin 11

Protocadherin 5

Phosphoinositide-3-kinase, regulatory subunit 1
Phospholipase A2, group IIA

Chemokine (C-X-C motif) ligand 7

Protein tyrosine phosphatase, receptor type, B
Protein tyrosine phosphatase, receptor type, F
Pentraxin 3

UV excision repair protein RAD23B homlog B
S100 calcium-binding protein A8

Alpha- [ -antitrypsin

Serpin peptidase inhibitor 1 G1

Surfactant protein D

Slit homolog 2

Suppressor of cytokine signaling 1

Osteopontin

Signal transducer and activator of transcription 1
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STATI

Signal transducer and activator of transcription 1

TAPBP TAP-binding protein
TFPI2 Tissue factor pathway inhibitor 2
THBD Thrombomodulin
THBS3 Thrombospondin 3
TIMP3 Tissue inhibitpr of matrix metalloproteinase-3
TMOD1 Tropomodulin 1
TNFAIP3 Tumor necrosis factor, alpha-induced protein 3
TNFRSF17 Tumor necrosis factor receptor superfamily, member 17
TNFRSF19 Tumor necrosis factor receptor superfamily, member 19
TNFRSF21 Tumor necrosis factor receptor superfamily, member 21
TNFSF13B Tumor necrosis factor superfamily, member 13B
TOP2A DNA topoisomerase 11, alpha isozyme
TSTA3 Tissue specific transplantation antigen P35B
VCAMI Vascular cell adhesion molecule 1
Supplementary Table S3  Log (base 2)-transformed expression values of genes
in heat maps in Fig 6, Fig. 7, and Fig. S5.

Symbol Young Aged Aged +IFNa

ADAM9 0 0 -1.316

ANGPT{ 0 -1.321 0

BAK1 0 1.153 0

BMP1 0 -1.244 0

BTG2 1.099 0 0

CAMP 1.181 0 0

ccLi 3.067  3.337 0

ccL19 0 1.463 0

ccL2 3.717  4.639 0

ccLs 1.886 2425 0

ccLaLt 0 1.268 0

ccLs 3.556  4.467 2,57

CCNB1 0 2.285 0

CCR1 0 1.32 0

CCR5 1.069 156 0

CFB 1.631  1.183 0

CTNND1 0 -1.086 0

CXCL1 /// CXCL3 0 1.877 0

CXCL10 3.124  3.769 0

CXCL11 2.294  3.409 0

CXCL6 0 -1.161 -1.078

CXCL9 1251 1.037 0

DKK3 0 -1.155 0

EDN1 0 1.344 0

EGFR 1.128 0 0

EPAS1 0 -1.901 -1.517

EPHA2 0 1.154 0

F11R 0 0 -1.029

F3 0 1.897 0

FBLN5 0 -1.89 0

GADD45A 1.037  1.318 0

GZMA 0 -1.914 0

GzmB 0 1.365 0

IFNB1 1.084 0 0

IGF1 0 1.029 0

IL15RA 1.087 1538 0

IL1RN 1495 2164 0
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IL2 0 0 -1.436
IL29 0 1.047 0
IL6 2.924 4.009 0
IL8 0 2.665 0
IRF1 0 1.103 0
IRF7 2.228 2.33 1.962
ITGA6 -2.092 0 0
ITPR1 0 -1.334 0
KIT 0 -1.093 0
LAMB1 0 -1.572 0
LGALS3BP 2.431 1.638 1.632
LMNB1 0 1.739 0
MET 0 0 -1.575
MMP9 0 -1.007 -1.378
MYBL1 0 1.245 0
MYC 1.552 1.808 0
NEO1 0 -1.093 0
PCDHA5 1.369 1.342 0
PIK3R1 -1.03 0 0
PLA2G2A 0 2.039 0
PPBP 0 -2.438 -2.204
PTPRB 0 -1.575 0
PTPRF 0 -1.856 0
PTX3 2.954 3.46 0
RAD23B 1.082 0 0
S100A8 -2.516 0 0
SERPINA1 0 1.271 0
SERPING1 1.27 0 0
SLIT2 0 -1.435 0
socs1 1.087 1.649 1.161
SPP1 0 2.085 0
STAT1 2.226 2.222 1.758
TAPBP 1.594 0 0
TFPI2 0 2.966 0
THBD -1.121 -1.114 0
THBS3 1.015 0 0
TIMP3 0 -1.488 0
TMOD1 -1.382 -1.518 0
TNFAIP3 1.444 0 0
TNFRSF21 1.036 1.335 0
TNFSF13B 1.244 2.158 0
TOP2A 0 2.081 0
VCAM1 0 1.618 0

Supplementary Table S4  Log (base 2)-transformed expression values of genes

in heat maps in Fig. S4.

Symbol Low Medium High

ADAM9 1.18 0 0

ANGPT1 o] o] -2.105

APOE 0 0 -1.012

BAK1 0 1.066 1.327

BGN 0 0 -1.072

BMP1 0 -1.186 -1.36

BTG2 o] 1.099 0

CAMP -1.181 0 0

CASP4 0 1.014 0

CCL11 3.067 3.343 3.326

CCL19 0 1.518 1.354

CCL25 0 0 1.048

CCL3 1.886 2.242 2.791

ccCL4L1 0 0 1.268

CCL8 0 3.556 4.467

CCNB1 0 2.08 2.696

CCR1 0 0 1.32

CCR5 1.069 1.503 1.674

CD47 0 0 -1.036

CDH13 0 0 -1.175
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ABSTRACT

SARS-CoV causes a severe infection of the lower respiratory tract in several animal species. Analysis of
the host response to experimental SARS-CoV infection in ferrets revealed that several proinflammatory
genes, including, IL-1p, IL-6 and IL-8, were not induced despite high levels of SARS-CoV replication and
mild to moderate pathological changes in the lower respiratory tract. Compared to SARS-CoV infection in
macaques and mice, a repressed transcriptional host response associated with a viral tropism restricted
to type Il pneumocytes was observed in ferrets. Differentially regulated host pathways in SARS-CoV
infected ferrets may relate to the inability of recombinant interferon o and ACE2 to demonstrate efficacy
in this animal species. Thus, comparative transcriptional host response analysis in different animal spe-
cies may be instrumental in order to successfully design and test intervention strategies that target the
host.
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INTRODUCTION

In humans SARS-CoV causes a severe infection of the lower respiratory tract that is hypothesized to be
caused by a disproportional host immune response, illustrated by elevated levels of proinflammatory
cytokines and chemokines such as IL-1B, IL-6, IL-8, IL-12, CCL2 and CXCL1o (5, 11, 21, 27, 42, 47, 57, 66,
69). The severity of SARS pathology in a SARS-CoV infected host is most likely dependent on a fine bal-
ance between the activation of antiviral and pathogenic pathways through the induction of interferons
(IFNs) and proinflammatory cytokines, respectively. Eventually, uncontrolled induction of proinflamma-
tory cytokines can lead to acute respiratory distress syndrome (ARDS), characterized by inflammation,
pulmonary oedema combined with infiltration of polymorphonuclear leukocytes and macrophages (63).
To unravel the pathogenesis of SARS, a range of animal models have been established (14-15, 17, 32,
34-35, 40, 48, 65). In ferrets, commonly used as an animal model for experimental infection with human
respiratory viruses, SARS-CoV replicates efficiently, causing macroscopic and microscopic abnormalities in
the lungs (40, 56, 62). Several studies have used ferrets to test the efficacy of neutralizing antibodies and
vaccines to protect against SARS-CoV challenge (8, 10, 28, 52, 56, 64). In a previous study we have shown
that therapeutic treatment of aged SARS-CoV infected macaques with IFN-a significantly decreased SARS
induced gross pathology, not by reducing viral titers, but through an anti-inflammatory effect (53). Simi-
larly, mice infected with SARS-CoV show less pathological changes when treated with recombinant IFN-o
therapeutically (31). Prophylactic administration of IFN-o. in mice and macaques on the other hand,
significantly inhibits viral replication in the lungs (2, 18). To further extend these observations we now
studied ferrets treated with pegylated recombinant human IFN-a before or after SARS-CoV infection.

Angiotensin converting enzyme-2 (ACE2) is the cellular receptor for SARS-CoV, but this enzyme also
is one of the key players in the renin-angiotensin system (RAS) (13, 33, 58). Although mainly known
for its role in maintaining blood pressure homeostasis, the key RAS molecule angiotensin Il (ANG II) is
involved in the development of pulmonary hypertension by affecting pulmonary vasculature, leading to
vasoconstriction and proliferation, and by initiating inflammatory processes by signaling through the AT1
receptor (6, 36, 41, 51). In addition, the RAS has been directly linked to ARDS pathogenesis; polymor-
phisms in the ACE gene, a RAS enzyme that counterbalances ACE2 function, as well as ACE activity and
ACE levels have been associated with ARDS susceptibility and disease outcome (23, 39, 44). In contrast
to ACE, ACE2, whose enzymatic activity decreases ANG Il levels, has been shown to have a protective role
in lung damage. Depletion of the ACE2 gene in mice exposed to different acute lung injury (ALl) inducing
treatments leads to increased disease severity while treatment of these mice with AT1 receptor inhibitors
decreased disease severity again, illustrating the important role of ACE2-mediated ANG Il degradation in
the protection against pulmonary damage (24). In this study we treated SARS-CoV infected ferrets with
recombinant ACE2 and subsequently determined viral replication, pathological changes in the lungs and
host gene expression.
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MATERIALS AND METHODS

Experimental set-up of ferret studies

Groups of 6 female ferrets (4-5 months of age, Schimmel, the Netherlands) were treated with pegylated
recombinant IFN-a2b (priFN-a , Shering), intraperitoneally (IP) in a volume of 0.5 ml at days indicated.
priFN-a blood levels were determined using an ELISA (Bender MedSystems Diagnostics, Vienna, Austria)
using PEG-Intron as a standard. For the ACE2 experiment (6 ferrets/group), 1 group of ferrets was IP in-
jected with 4-10 mg/kg rhuACE2 1 day before SARS-CoV infection, a 2" and 3 group were IP injected with
800 ug/kg rhuACE2 or mut-rhuACE respectively at day -1 and day o before SARS-CoV infection and day
1 and day 2 after infection. One control group was IP injected with a PBS (0.1%BSA/PBS) buffer instead
of rhuACE2 and subsequently SARS-CoV infected. Ferrets were intratracheally (IT) inoculated with 1 x 10°
TCID, , SARS-CoV strain HKU39849. Animals were checked daily for clinical signs of disease and euthanized
at day 4 after infection. Another group of ferrets was also inoculated with 1 x10° TCID,, SARS-CoV strain
HKU39849, after which 5 ferrets were euthanized at day 1 after infection and 5 at day 4 after infection.
A negative control group of 5 ferrets was PBS infected and euthanized at day 4 after inoculation. After
euthanization lung tissue was collected and stored in RNAlater (Ambion) for RNA isolation, 10% formalin
for histopathology and cell culture medium for SARS-CoV titration. All experiments were executed under
biosafety level 3 and approval for animal experiments was obtained from the Institutional Animal Welfare
Committee and performed according to Dutch guidelines for animal experimentation.

IFN bioassay

Primary ferret splenocytes and ferret kidney cells were seeded in 96-well plates (Greiner Bio-one) and
incubated with recombinant IFN-a. (PEG-Intron, Schering) for 16 hours. Additionally, in parallel cells were
incubated with IFN-o. as a positive control for antiviral IFN activity, or left untreated as a negative con-
trol. After 16 hours cells were either infected with vesicular stomatitis virus (1 x 10 TCIDSO/mI) or left
uninfected. Cells were checked for CPE daily and two days after infection VSV induced CPE was complete
after which VSV infection was stopped by fixing cells for 15 minutes with 10% formalin. Subsequently
cells were stained with 0.05% Crystal Violet solution (VWR) for 30 minutes and washed. Splenocytes
were counted and kidney cells were treated with ethanol and absorbance values were measured, with
increased CPE leading to lower absorbance levels.

Recombinant ACE2 proteins

RhuACE2 and mut-rhuACE2 were a kind gift from JM Penninger and generation of these proteins have
been described earlier (24). SARS-CoV neutralizing activity of these proteins was evaluated by a neu-
tralization test in which different concentrations of rhuACE2 and mut-rhuACE2 were incubated with 1 x
10 TCIDSO/ml SARS-CoV for 1 hour. Subsequently this mixture was added to Vero E6 cell cultures for 1
hour, then cells were washed and fresh medium was added. The SARS-CoV infection was stopped after
8 hours after which SARS-CoV infected cells were stained with a SARS-CoV specific antibody and counted
as described before (12).
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Catalytic activity of the rhuACE2 and mut-rhuACE2 proteins was measured by using the fluorogenic
peptide Substrate VI (Mca-Tyr-Val-Ala-Asp-Ala-Pro-Lys(Dnp)-OH, R&D systems. ACE2 proteins at different
concentrations were incubated with the fluorescent substrate after which fluorescence was monitored
with the Tecan infinite F200 (Tecan).

SARS-CoV titration

Ferret lung tissue samples were homogenized in 1 ml virus transport medium, using ceramic spheres and
an automated homogenizer (MP biomedicals). After centrifugation, the homogenates were frozen at -70°C
until they were inoculated on Vero E6 cell cultures in 10-fold serial dilutions and cells were monitored
for CPE. The identity of the isolated virus was confirmed as SARS-CoV by performing RT-PCR using the
supernatant.

SARS-CoV and host gene RT-PCR

Ferret lung tissue samples were homogenized in 1 ml Trizol Reagent (Invitrogen), using ceramic spheres
and an automated homogenizer (MP biomedicals). Subsequently, RNA was extracted using the RNeasy
mini kit (Qiagen). Quantitative real-time RT-PCR was performed to detect SARS-CoV mRNA levels and to
detect host gene expression changes. First cDNA synthesis was performed using Superscript Ill RT (Invi-
trogen) and oligo(dT), according to the manufacturer’s instructions. Subsequently, each RT-PCR reaction
was run in triplicate using Tagman 2x PCR Universal Master Mix (Applied Biosystems) with primers and
probe specific for the SARS-CoV nucleoprotein gene (30), or for ferret cellular genes. Sequences for the
ferret host gene primers and probes are given in table 1. Differences in gene expression are represented
as the fold change in gene expression relative to a calibrator and normalized to a reference, using
the 2-24% method (37). GAPDH (glyceraldehydes-3-phosphate dehydrogenase) was used as endogenous
control to normalize quantification of the target gene. Samples from PBS-inoculated ferrets were used
as a calibrator. As a positive control for the induction of IL-1f, IL-6, IL-8 and CXCL1o, ferret PBMCs were
incubated with LPS, or medium as a negative control, for 24 hours after which RNA was isolated and used
for cDNA synthesis and RT-PCR.
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Table 7.1. Primers and probes used for quantitative RT-PCR

Gene

Primer sequence

GAPDH Fw: 5’-AACATCATCCCTGCTTCCACTGGT-3”

Rv: 5’-TGTTGAAGTCGCAGGAGACAACCT-3"

Probe: FAM-TGACCTGCCGCCTGGAGAAAGCTGCC-TAMRA
CXCL1o Fw: 5’-ACCAACCGCTGTCACCAA-3’

Rv: 5’-AGGACCTGGTACGTTCACTAAAA-3’

Probe: FAM-TCATCCTTCTGTCCGGGCACTAT-TAMRA
IL6 Fw: 5’-GGTTCATCCTTGGCAAAATCTCT-3

Rv: 5’-CCTGATTGAATTGAGACTGGAAGC-3’

Probe: FAM-AGCAAGGAGGCACTGGCAGAGAACAAC-TAMRA
IL8 Fw: 5’-CCAGGAAGAAACCAGACCAA-3’

Probe: FAM-TGCTTTCTGCAGTTCTGTGTGAAGC-TAMRA
IFNA2 Fw:5’-ACTACCTCAGCTCTTTGGGATGTG-3"

Rv: 5’-GGGGGAAGCCAAAGTCGTT-3

Probe: FAM-TTGTCGCAGGAGCATCAGGGCCC-TAMRA
IFNB Fw: 5’-GAAGGAACATCTGGAGGAAATC-3’

Rv: 5’-GATTTCTGCTTGCACTATTGTCC-3’

Probe: FAM-TGGCTTTCAGGTACCGCACGAT-TAMRA
ACE2 Fw: 5’-TTACCGACGAGAATATCCAAAACGA-3’
Rv: 5’-CACGGATGACCCACTCTGCT-3°

Probe: FAM-CCCAGCATGCCAAAACCTACCCACTA-TAMRA

I Rv: 5’-TGCACTGGCATCGGAGTT-3

RNA labeling, microarray hybridization, scanning and data preprocessing

RNA (100 ng) extracted from ferret lung was labeled using MessageAmp™ Premier RNA Amplification kit
(Applied Biosystems) and hybridized onto Affymetrix GeneChip Canine Genome 2.0 arrays, according to
the manufacturer’s recommendations. Image analysis was performed using Gene Chip Operating Software
(Affymetrix). Microarray Suite version 5.0 software (Affymetrix) was used to generate .dat and .cel files
for each experiment. All data were normalized using a variance stabilization algorithm (VSN) (22). Trans-
formed probe values were summarized into one value per probe set by the median polish method (61).
Primary data is available through http://www.virgo.nl in accordance with MIAME standards.
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Microarray data analysis

Probe set (gene) wise comparisons between the different groups (SARS-CoV infected ferrets euthanized
either at day 1 or at day 4 after infection compared to PBS infected animals) were performed by LIMMA
(version 2.12.0) (54). Correction for multiple testing was achieved by requiring a false discovery rate
(FDR) of 0.05, calculated with the Benjamini-Hochberg procedure (3). To understand the gene functions
and the biological processes represented in the data and obtain differentially expressed molecular and
cellular functions, Ingenuity Pathways Knowledge Base (http://www.ingenuity.com/) was used. The heat-
map that compares host gene expression in SARS-CoV infected ferret to gene expression in SARS-CoV
infected macaques and mice was generated using existing data from these animals (53) (de Lang et al,
submitted). The gene-set used for the heatmap was created by combining the 50 most differentially ex-
pressed genes in young adult SARS-CoV infected macaques. Subsequently, this list was filtered in order
to only include genes that were annotated both on the macaque chip and on the mouse and ferret chips,
resulting in a list of 29 genes. With this final set of genes heatmaps were created using expression data
from each species, always using the same comparison, namely SARS-CoV infected animals versus PBS
inoculated animals at day 4 after infection. In our data analysis, genes were considered differentially
expressed when the FDR is smaller than o.05 and the abs fold change is at least 2.

Immunohistochemistry

Serial 3 um lung sections were stained according to standard protocols (18, 30), with the modification
that we used mouse-anti-SARS-nucleocapsid IgG1 (Imgenex 5029) 1:400 with citrate buffer 10 mM, pH
6.0 (Sigma) as antigen retrieval. The slides were heated at 100°C for 15 min and after washing, sections
were incubated with horseradishperoxidase labeled goat-anti-mouse IgG1 (Southern Biotech) 1/100 in
PBS/0.1% BSA for 1 hour at RT. As controls, isotype control antibodies (clone 11711; R&D) were used.

RESULTS

Treatment of SARS-CoV infected ferrets with recombinant IFN-& and ACE2
We treated SARS-CoV infected ferrets prophylactically and therapeutically with pegylated recombinant
human IFN-o., shown to reduce SARS-mediated immunopathology in aged macaques (18). Although we
confirmed the biological activity of pegylated recombinant IFN-a. in vitro using ferret splenocytes (figure
7.1A) and ferret kidney cells (not shown) challenged with VSV and although we demonstrated high lev-
els of the recombinant protein circulating in ferrets after injection (figure 7.1B), treatment of SARS-CoV
infected ferrets with IFN-a did neither lead to significant differences in viral replication in the lung and
throat (figure 7.1C-D) nor to differences in gross and histopathology scores (data not shown).

To test whether ACE2 can be used as a therapeutic for SARS we used a recombinant human ACE2
(rhuACE2) protein to prevent SARS-CoV mediated pathology in ferrets. Treatment with rhuACE2 could have
an effect on SARS-CoV infection and pathogenesis at different levels, either by neutralizing viral particles
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Figure 7.1. IFN-a treatment of SARS-CoV infected ferrets. Pegylated recombinant human IFN-a is biologically active and
protects ferret splenocytes from VSV induced CPE in a dose dependent manner (A). Levels of circulating recombinant
IFN-o. in ferrets when injected with IFN-a before (round symbols) or directly after (triangular symbols) SARS-CoV
infection in comparison to the PBS control group (square symbols) (B). SARS-CoV titers in lungs of SARS-CoV infected
ferrets at day 4 after infection in different treatment groups (C). SARS-CoV titers in throat swabs of SARS-CoV infected
ferrets at different time points after infection in the pre-treatment group (round symbols), the post-treatment group
(triangular symbols) and the control groups (square symbols).

as a SARS-CoV receptor and thus decreasing the number of infected cells or through its enzymatic activity,
degrading ANG Il levels and thus preventing lung damage. Therefore, two different treatment strategies were
employed; either a high dose single shot of rhuACE2 before SARS-CoV infection to examine the neutralizing
effect of ACE2 treatment on viral levels (pre-treatment), and secondly, a lower dose ACE2 treatment for
several days after SARS-CoV infection to investigate the effect of the ACE2 enzyme on SARS mediated lung
damage (therapeutic treatment). A catalytically inactive mutant recombinant human ACE2 (mut-rhuACE2)
protein was taken along as a control for any pathological changes seen after rhuACE2 treatment.
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First, the enzymatic activity of the rhuACE2 and the mut-rhuACE2 proteins was evaluated using the
fluorogenic ACE2 substrate Mca-Y-V-A-D-A-P-K(Dnp)-OH. As expected, rhuACE2 protein was able to cleave
the proline/lysine bonds in the fluorogenic substrate in a dose dependent manner, while the mut-rhuACE2
and the negative control did not, demonstrating that the rhuACE2 protein, but not the mut-rhuACE2 pro-
tein, is enzymatically active (figure 7.2A). Subsequently, SARS-CoV neutralizing activity of the rhuACE2
and mut-rhuACE2 proteins was examined in a neutralization assay. Both ACE2 proteins were able to neu-
tralize SARS-CoV in a similar manner, showing that the ACE2 proteins are able to bind SARS-CoV particles
thus preventing infection of cells (figure 7.2B). It should be noted that the neutralizing capacity is limited
when compared to polyclonal (not shown) and monoclonal antibodies that neutralize SARS-CoV (59).

After establishing the enzymatic and neutralizing activity of the rhuACE2 protein, ferrets were pre-
treated with rhu-ACE2 and infected with SARS-CoV. As shown in figure 7.2C, pre-treatment with a high
dose single shot of rhuACE2 did not affect SARS-CoV levels in ferret lungs, as determined by titration
and RT-PCR. Additionally, no significant differences in viral levels were observed when SARS-CoV infected
ferrets were therapeutically treated with a lower dose of either rhuACE2 or mut-rhuACE2 (figure 7.2D).
When we analyzed macroscopical and microscopical pathological changes in the rhu-ACE2 treated ferrets
compared to those in untreated ferrets, again no significant differences were observed. Gross pathology
scores were around 30% in all treatment groups (not shown). Microscopically, mild pathological changes
were seen in both the rhuACE2 treated groups as in the control groups, characterized by multifocal mild
to moderate alveolar damage with limited numbers of infiltrating inflammatory cells (not shown). Note-
worthy, expression of endogenous ACE2 was decreased about 10 times in SARS-CoV infected ferrets, a
phenomenon that has been described in several SARS mouse models as well (49). In conclusion, neither
pre-treatment nor therapeutic post-treatment with rhuACE2 of SARS-CoV infected ferrets affected SARS-
CoV levels or SARS induced pathology in ferret lungs.

Induction of host gene expression in SARS-CoV infected ferrets

Given the inability of recombinant IFN and ACE2 to exert significant effects on SARS-CoV infection in fer-
rets, we considered that apart from a potentially limited biological activity of these molecules in ferrets,
differences in the host response to this virus in ferrets opposed to macaques and mice could hamper
the potency of these drugs. In order to examine the ferret host response to SARS-CoV infection in more
detail, ferret-specific RT-PCR assays were performed on the lungs of SARS-CoV (n = 6) and mock infected
ferrets (n = 5) to analyze expression of several host genes that have been reported to be activated in
humans and animal species infected with SARS-CoV. As shown in figure 7.3, induction of proinflammatory
cytokines IL-1f, IL-6 and IL-8 could not be detected in SARS-CoV infected ferrets at day 4 after infection,
whereas CXCL1o was upregulated approximately 10 fold. The fact that transcription of these proinflamma-
tory host genes was hardly induced in SARS-CoV infected ferrets lead us to examine the host response in
more detail by performing a microarray analysis on the lungs of SARS-CoV infected ferrets. RNA isolated
from the ferret lungs was hybridized to canine microarray chips (similar as described by other groups, (4,
50)) and expression data were directly compared to mock infected ferrets in order to identify genes that
were differentially expressed between the two groups. Applying an absolute fold change cut-off of 2 and
a FDR < 0.05, a total of 584 genes were found to be differentially expressed in SARS-CoV infected ferrets
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Figure 7.2. Neutralizing and catalytic activity of rhuACE2 in SARS-CoV infected ferrets. The rhuACE2 protein but not the
mut-rhuACE2 protein has catalytic capacities (A). ACE2 specific enzymatic activity was determined using a fluorogenic
ACE2 substrate. The X-axis represents 10 fold dilutions of the ACE2 protein while the Y-axis presents the amount of
fluorescence. SARS-CoV neutralizing activity of the rhuACE2 and mut-rhuACE2 proteins was determined with a neutra-
lization assay (B). The Y-axis represents the average number of SARS-CoV infected cells in a random microscopic field
after incubation of SARS-CoV with a certain concentration of ACE2, depicted on the X-axis. SARS-CoV levels in ferret
lungs. Viral levels were determined in lungs of SARS-CoV infected ferrets that were either pre-treated with a high dose
of rhuACE2 (A) or treated before and after infection with a lower dose of either rhuACE2 or mut-rhuACE2 (B). SARS-CoV
levels were determined using titration (dark bars), represented on the left Y-axis, and RT-PCR (open bars), represented
on the right Y-axis. SARS-CoV titration values are represented by the TCIDSO/mI and RT-PCR values are represented by
the relative SARS-CoV fold change in infected animals as compared to PBS infected animals. GAPDH was used as an
endogenous control.

at day 4 after infection. Interestingly, more than 95% of these genes (560) were downregulated compared
to mock infected animals and only a very small number of genes (24) were upregulated (figure 7.4A).
The small group of significantly upregulated genes included genes that have been found to be activated
in SARS-CoV infection in other species as well, including CCL2, CXCL1o, ISG15 and IFI6. Induction of IFN
induced genes like CXCL1o, I1SG15 and IFI6 is indicative of an active antiviral response in the SARS-CoV
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Figure 7.3. Induction of host cytokines and chemokines in the lungs of SARS-CoV infected ferrets. Fold increases in
gene transcription in SARS-CoV infected animals at day 4 after infection as compared to PBS infected animals were
determined using RT-PCR. Data are shown as the mean + the standard of the mean (SEM) for 5 ferrets.

infected ferrets. The total number of differentially expressed genes at day 4 after infection in SARS-CoV in-
fected ferrets was higher when comparing these results to gene expression data from SARS-CoV infected
BALB/c mice and cynomolgus macaques. However, both in SARS-CoV infected BALB/c mice as well as in
macaques the majority of activated genes are upregulated after infection.

Using Ingenuity, a functional analysis approach that looks for biological relations between genes,
we further examined the biological functions of the genes that are differentially expressed in SARS-
CoV infected ferrets revealing the top 4 most significantly regulated canonical pathways in SARS-CoV
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Figure 7.4. Characteristics of host gene expression in SARS-CoV infected ferrets. The number of differentially expressed
genes (Abs. fc. > 2, p-value < 0.05) in SARS-CoV infected ferrets, macaques and mice at day 4 after infection (A). Upre-
gulated genes are shown in red while downregulated genes are shown in green. Differentially expressed genes in SARS-
CoV infected ferrets were used to create a schematic representation of the 4 most significantly regulated canonical pa-
thways in the lungs of SARS-CoV infected ferrets at day 4 after infection, using Ingenuity Pathways Knowledge Base (B).

infected ferrets at day 4 compared to PBS infected animals (figure 7.4B). Genes differentially expressed
in these pathways were mainly downregulated in SARS-CoV infected ferrets compared to mock infected
ferrets, such as a number of genes involved in leukocyte extravasation signaling, the process by which
leukocytes migrate from blood to tissue during inflammation. In line with this observation, several
genes involved in chemokine signaling are downregulated as well. Interestingly, aldosterone signaling
in epithelial cells, important for maintaining blood pressure and electrolyte homeostasis and a process
associated with the RAS, was downregulated in the lungs of SARS-CoV infected ferrets. Aldosterone se-
cretion from the adrenal cortex increases the blood pressure and can be stimulated by ANG II. Another
significantly downregulated pathway in SARS-CoV infected ferrets, linked to the RAS and ANG I, is the
p70S6K signaling pathway, involved in cell cycle progression and cell survival. ANG Il is one of the proteins
that can induce uncontrolled activation of the p70S6K signaling pathway, leading to e. g. excessive and
abnormal cell growth. In addition to the pathway analysis we examined expression levels of genes that
are directly involved in the RAS, as this might provide more information about the RAS activation state and
thus about the potential efficacy of ACE2 treatment. Within the selected gene-set, containing genes like
ACE2, ACE, the AT1 and AT2 receptors as well as many downstream genes involved in RAS signaling path-
ways, practically none of these genes were differentially expressed in ferrets. Remarkably, only expression
levels of the ACE gene were significantly downregulated in ferrets. Applying the same set of genes to gene
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expression data from SARS-CoV infected macaques and mice revealed that in aged macaques the largest
number of genes within the set was activated compared to the other SARS models, coinciding with more
severe pathology in these animals. However, expression levels of the genes involved in the RAS were very
low (data not shown). The fact that several pathways that can potentially lead to pathology, including the
excessive induction of proinflammatory cytokines and pathways involved with the RAS are not upregulated
but downregulated in SARS-CoV infected ferrets could explain why treatments that affect those pathogenic
pathways are not effective.

While the host response to SARS-CoV infection in mice, macaques and especially aged macaques is
characterized by the induction of a wide range of proinflammatory cytokines and genes involved in cel-
lular movement and cell-to-cell signaling, these genes are not activated in SARS-CoV infected ferrets. In
order to further compare the different host responses in SARS-CoV infected ferrets, mice and macaques, a
set of the most highly regulated genes (either up- or down) in SARS-CoV infected young adult macaques
at day 4 after infection was created to examine expression of these genes in SARS-CoV infected ferrets
and mice. This set includes genes involved in the antiviral response like 1ISG15, STAT1, OASL and the MX
genes and genes with a proinflammatory function like CCL2, CCL3, CXCL10 and IL-6, but also many genes
involved in cellular processes like cellular movement, cell cycle progression and cell differentiation. Re-
sults of this comparison are visualized in figure 7.5, a graphic representation of gene expression within
this gene set in the lungs of the different SARS-CoV infected animals, demonstrating that many genes
that are differentially expressed after SARS-CoV infection in macaques are also significantly regulated
in SARS-CoV infected mice. In contrast, in SARS-CoV infected ferrets most of these genes were not acti-
vated, suggesting that several pathogenic pathways and many proinflammatory genes that are not only
activated in SARS-CoV infected mice and macaques, but also in humans with SARS are not significantly
induced in SARS-CoV infected ferrets when analyzing RNA from whole ferret lung tissue.

Since only few genes were activated in SARS-CoV infected ferrets at day 4 after infection, ferrets
(n = 5) were infected with SARS-CoV and euthanized at day 1 after inoculation to examine early host
responses to SARS-CoV infection in these animals (data not shown). The percentage of upregulated genes
at day 1 after infection was higher than on day 4, namely almost 50%. This set of upregulated genes con-
tained many genes involved in IRF activation and IFN signaling, such as DHX58, ISG15, STAT1, IRF1, 0AS1
and various IFIT genes, indicative of an active antiviral response early during infection, but also genes
involved in ubiquitination, like USP18 and HERCs. Only few genes with proinflammatory characteristics
were upregulated, such as CCL2 and CXCL10. We also analyzed expression of several antiviral and proin-
flammatory host genes by RT-PCR and found that both IFN-a. and IFN-f3 gene transcription was induced
more than 100 times and more than 10 times respectively on day 1 after infection (figure 7.6A-B). The
IFN inducible chemokine CXCL10 was also induced about 100 times compared to mock infected animals,
but expression of the proinflammatory cytokines IL-1f, IL-6 and IL-8 was hardly upregulated (not shown).
These results were further illustrated by the fact that, just as in SARS-CoV infected mice and macaques,
phoshorylated STAT1, a marker for active IFN signaling, could be readily detected in ferret lungs using
immunohistochemistry (not shown).
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Figure 7.5. Cross-species comparison of SARS-CoV spe-
cific host response. A heatmap was generated compa-
ring expression of a gene-set, highly significantly ex-
pressed in young adult SARS-CoV infected macaques,
in SARS-CoV infected ferrets, mice and macaques. Sig-
nificantly (Abs fc > 2, p-value < 0.05) upregulated genes
are represented in red, significantly downregulated ge-
nes are represented in green. Genes that did not make
the p-value or fold change cutoff are depicted by the
light grey bars.
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Figure 7.6. Detection of IFNs and SARS-CoV in ferret
lungs. Induction of IFN-o. (A) and IFN-B (B) in the
lungs of SARS-CoV infected ferrets. Fold increases in
IFN gene transcription in SARS-CoV infected animals
at day 1 and day 4 after infection as compared to
PBS infected animals were determined using RT-PCR.
Data are shown as the mean + the standard of the
mean (SEM) for 5 ferrets. SARS-CoV levels were de-
termined in lungs of SARS-CoV infected ferrets at
day 1 and at day 4 after infection, compared to PBS
infected animals, using RT-PCR (C).
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SARS-CoV replication in ferrets

One explanation for the observed differences in the host response to SARS-CoV infection in ferrets and
other SARS models could be the kinetics of viral replication in the lungs. At day 1 after infection SARS-CoV
mRNA levels were at least one log higher than what has been previously detected in either SARS-CoV in-
fected mice or macaques at day 1 after inoculation (figure 7.6C). To further analyze the viral replication in
ferrets, lungs from SARS-CoV infected ferrets were stained for SARS-CoV nucleocapsid protein. As shown
in figure 7.7, in SARS-CoV infected ferrets SARS viral protein could be detected in large numbers of cells
morphologically resembling type Il pneumocytes at day 1 after infection. Interestingly, no bronchiolar
epithelial cells were found to be positive for SARS-CoV antigen, whereas in SARS-CoV infected mice both
bronchiolar epithelial cells and type Il pneumocytes were SARS-CoV infected equally (figure 7.7).

Figure 7.7. Immunohistochemical detection of SARS-
CoV infected cells in the lower respiratory tract of mice
and ferrets at day 1 after infection. In mice both pneu-
mocytes and bronchiolar epithelial cells are SARS-CoV
positive (A). In ferrets mainly cells morphologically res-
embling type Il pneumocytes are SARS-CoV positive (B).
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DISCUSSION

Several animal species, including macaques, African green monkeys, ferrets, hamsters and mice have
been used to study SARS-CoV pathogenesis and test intervention strategies. Ferrets are readily infected
with SARS-CoV; the virus replicates efficiently to high titers in the lung and infected animals may pres-
ent clinical symptoms. Macroscopically and microscopically SARS-CoV-mediated pathology in ferrets is
characterized by multifocal pulmonary lesions and multifocal mild to moderate diffuse alveolar damage
respectively (40, 62). In addition, ferrets have an unusual long trachea, allowing simple compartmen-
talization of the upper and lower respiratory tracts, making it easier to study virus mediated effects in
different areas of the respiratory system.

Analysis of the host response to SARS-CoV infection in ferret lungs revealed that proinflammatory
cytokines such as IL-1f, IL-6, and IL-8 - known to be activated after SARS-CoV infection in humans, ma-
caques and mice - are not differentially upregulated in the lungs of SARS-CoV infected ferrets. On the
other hand, antiviral type | IFNs and CXCL10 were upregulated in SARS-CoV infected ferrets, just as in
SARS-CoV infected humans, macaques and mice. In addition, microarray analysis of gene expression in
the lungs of SARS-CoV infected ferrets revealed that, while in macaques and mice the majority of genes
differentially expressed after SARS-CoV infection is upregulated, contrarily in SARS-CoV infected ferrets
most genes were downregulated at day 4 after infection. Among the few genes upregulated in SARS-CoV
infected ferrets there are several genes involved in antiviral pathways, most likely activated by IFNs
produced early after infection. Strong activation of antiviral responses early after SARS-CoV infection in
ferrets has been described previously and is similar to what is seen for SARS-CoV infection in macaques
and mice, however otherwise the host response to SARS-CoV infection in ferrets shows little overlap with
what is known from other species (9). It is not yet known what causes the massive downregulation of
host genes that we observed in the lungs of SARS-CoV infected ferrets. Noteworthy, Baas et al. found a
comparable gene expression pattern in young SARS-CoV infected mice where transcription of the major-
ity of genes was downregulated after infection (1). A similar phenomenon has been observed in case
of murine coronavirus mouse hepatitis virus (MHV) (46). MHV induces a host translational shutoff that
coincides with the degradation of host mRNAs caused by the induction of a stress response after MHV
infection, with the formation of stress granules and processing bodies. SARS-CoV also may cause host
mRNA degradation through the expression of the NSP1 protein (43).

It is remarkable that, while SARS-CoV replicates to high titers both in ferrets, macaques and mice,
the characteristics of the host response to infection are considerably different. We hypothesize that
the differences seen in the host response to SARS-CoV could be explained partly by differences in cell
tropism. While in macaques (type | and Il) and mice (type II) pneumocytes and bronchiolar epithelial
cells are infected by SARS-CoV equally, in ferrets only type Il pneumocytes are infected. There are several
possible explanations for the difference in SARS-CoV cell tropism between ferrets and other species.
Ferret type | pneumocytes do not seem to express ACE2, explaining why these cells do not get infected
with SARS-CoV (62). On the other hand, ACE2 is abundantly present on ferret bronchiolar epithelial cells.
Theoretically it is possible that SARS-CoV does not use ACE2, but a different, unknown, receptor in ferrets
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that is not expressed on ferret bronchiolar epithelial cells However, unsuitability of ferret ACE2 as a SARS-
CoV receptor is unlikely, since it has been shown that cells can be made permissive for SARS-CoV when
transfected with ferret ACE2 (68). In addition, while the homology between ferret, human, macaque and
mice ACE2 is about 82 % for all species, ferret ACE2 has been reported to be more efficient as a SARS-CoV
receptor than mouse ACE2, corroborating the high virus levels we detect in lungs of SARS-CoV infected
ferrets (68). Since the ACE2 receptor is expressed on ferret bronchiolar epithelial cells, more likely than
the use of a completely different receptor than ACE2, is the use of a second, still unknown, co-receptor
to infect this cell type (62). For example, C-type lectins like DC-SIGN and CD209L have been shown to en-
hance SARS-CoV entry in vitro and it is possible that a similar molecule necessary for SARS-CoV infection
is not available on ferret bronchiolar epithelial cells (26, 67). Alternatively, specific proteases such as Ca-
thepsin L and TMPRSS2 that are necessary for SARS-CoV infection may not be present in ferret bronchiolar
epithelial cells, preventing infection of these cells (16, 20).

Not only the cell type infected by SARS-CoV and the following host response is different in ferrets
compared to macaques and mice, interestingly SARS-CoV titers in ferret lungs at day 1 after infection
are at least 1 log higher than in macaques and mice. The fact that so many cells in the ferret lung
are SARS-CoV infected might also explain why, although pathogenic proinflammatory pathways are not
induced, pathology is still observed in SARS-CoV infected ferrets. In contrast to the host response and
immune-mediated pathology in SARS-CoV infected macaques and mice, which mainly seems to be driven
by uninfected cells like pDCs and infected bronchiolar epithelial cells, the pathology in SARS-CoV infected
ferrets might be caused by the huge number of SARS-CoV infected type Il pneumocytes in the lungs. In
addition, we hypothesize that the massive downregulation of host genes seen in SARS-CoV infected fer-
rets is a representation of the reaction to SARS-CoV in the infected type Il pneumocytes.

During the outbreak of SARS-CoV in 2003 several treatments have been used to prevent or reduce
SARS-mediated pathology including antiviral, immunomodulatory drugs and antibiotics, but no consen-
sus of an optimal regimen has been accomplished (7, 19, 38, 55). In this study we tested the efficacy
of a soluble ACE2 protein as a treatment for SARS. In the lung, ACE2 is mainly expressed on type | and
Il pneumocytes, bronchiolar epithelial cells as well as on endothelial cells and its expression changes
dynamically depending on physiological conditions (25, 45, 70). In addition, ACE2 expression can also be
regulated by several cytokines and by the SARS-CoV Spike protein, illustrated by the fact that ACE2 ex-
pression is downregulated in SARS-CoV infected ferrets, as described here, and in SARS-CoV infected mice
(12, 29, 49). ACE2 is not only the cellular receptor for SARS-CoV, it has also been shown that the enzymatic
activity of ACE2 has a protective role against lung damage; intraperitoneally injected ACE2 prevents acid
induced acute lung injury in mice, most likely by decreasing ANG Il levels in the lung limiting pathogenic
effects through the AT1 receptor (24). We hypothesized that treatment of SARS-CoV infected ferrets with
ACE2, either before infection to neutralize viral particles before they are able to infect their target cell, or
post infection to prevent alveolar damage through the catalytic activity of ACE2, might inhibit SARS-CoV
mediated pathology. However, ferrets treated either before or after SARS-CoV infection with rhuACE2 did
not have less pathology than control animals. In addition, no differences were found in viral replication.
Although similar treatment protocols with rhuACE2 have been shown to be effective in mice and pig ALI
models, no effect could be observed in SARS-CoV infected ferrets (24, 60). In addition, treatment with
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pegylated IFN-a., effective in reducing SARS-mediated immunopathology in aged macaques, did not affect
SARS-induced pathology in ferrets either. The fact that no differences in pathology could be observed
after treatment with either recombinant ACE2 or pegylated IFN-o in SARS-CoV infected ferrets, might be
caused by the fact that pathogenic pathways that are targeted by ACE2 and IFN-o. treatment are not
activated but rather downregulated in ferrets after SARS-CoV infection. Therefore, the fact that both treat-
ment with rhuACE2 and treatment with IFN-o did not have any effect on SARS-CoV induced pathology
raised questions about the characteristics of the ferret host response to SARS-CoV compared to other
SARS animal models such as non human primates and mice, but also compared to humans.

This study emphasizes that, when comparing SARS-mediated pathology between animal models
different degrees of pathology and diverse characteristics of the host response to SARS-CoV infection
can be distinguished in the various species. While in mice, macaques, but also African green monkeys,
SARS-CoV induces an IFN response and a broad immune response, through pathways involved in inflam-
mation, cell-to-cell signaling, cellular movement, in ferrets most of these pathways - except for the IFN
response - are downregulated after SARS-CoV infection. The fact that different species infected with
SARS-CoV with comparable levels of viral replication and seemingly comparable degrees of pathology in
the lung can have a very different host response to the virus at the gene expression level, could affect
efficacy of pathway specific treatments. Using genomics to characterize pathogenesis of SARS is a useful
tool to examine species specific differences in pathogenesis.
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While it is hypothesized that SARS in humans is caused by a disproportional immune response illustrated
by inappropriate induction of inflammatory cytokines, the exact nature of the host response to SARS-CoV
infection causing severe pathology that includes diffuse alveolar damage (DAD) and acute respiratory
distress syndrome (ARDS) has not been fully revealed. It is complicated to investigate the early events
leading up to SARS mediated pathology in humans, since only a limited number of (PBMC) samples is
available from SARS patients during the epidemic in 2003/2004 and no new natural SARS-CoV infections in
humans have been reported since then. In addition, the samples that are available were taken relatively
late during infection, often after different intervention strategies were applied, causing serious difficul-
ties in the analysis of SARS pathogenesis.

Although several studies have investigated the behavior of SARS-CoV in cell lines and primary cell
cultures, it is difficult to integrate these results in a model of SARS pathogenesis. In order to further
understand early events after SARS-CoV infection contributing to SARS mediated pathology, we studied
SARS-CoV pathogenesis in different animal models. A range of techniques to establish parameters such
as viral loads, virus tropism and the severity of pathology were employed to analyze SARS-CoV infection
in macaques, mice and ferrets. Additionally, functional genomics was used to explore the host response
at gene expression level in these animal models. Combining these observations allowed us to further
elucidate the pathogenesis of SARS.

SARS-CoV activates antiviral and proinflammatory pathways in macaques

In chapters 2, 3 and 6 different aspects of SARS pathogenesis in macaques are evaluated, analyzing
viral loads, cell types infected and host responses at the gene expression level after SARS-CoV infection.
SARS-CoV replicates efficiently to high titers in the lungs of infected macaques, with virus levels peaking
around day 2 after infection after which these levels decrease (31, 42). The kinetics of SARS-CoV replica-
tion in macaques are significantly different from those described for human SARS-CoV infections where
it is estimated that viral levels peak much later, around day 10 after onset of clinical symptoms, after
which viral loads in the lung decrease as the level of SARS-CoV specific antibodies increases (55, 69).
Differences in viral replication kinetics between macaques and humans might be partly caused by the
intratracheal route of infection employed in macaque infection studies. This infection method results in
high levels of SARS-CoV in the lungs very early during infection, while in natural infection in humans it
takes more time for inhaled viral particles to reach the lungs. In humans it has been proven difficult to
determine exactly which cells are infected by SARS-CoV. This is mainly due to the fact that only a lim-
ited number of samples are available and suitable for immunohistochemistry and in situ hybridization,
since most samples were obtained late during infection or after death of the patient. SARS-CoV positive
cells have only been detected in the lungs of patients that died relatively early, within 14 days after the
onset of disease, and had high viral loads, as detected by RT-PCR (64). In cases where SARS-CoV positive
cells could be detected, these cells were mainly identified as alveolar epithelial cells, primarily type |
pneumocytes but also type Il pneumocytes (64, 85). In addition, smaller numbers of SARS-CoV positive
cells were identified as alveolar macrophages and occasionally SARS-CoV infected bronchiolar epithelial
cells were detected, but based on the number of samples available and the number of cells that stained
positive it is not clear whether SARS-CoV replicates in these latter two cell types (20-21, 93). In macaques
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the main cell type infected by SARS-CoV are the type | and type Il pneumocytes, but also bronchiolar
epithelial cells are infected.

Although SARS-CoV replicates to high titers in macaque lungs, young adult SARS-CoV infected ma-
caques remain free from clinical symptoms and only very limited pulmonary pathology is developed.
Microscopically SARS-CoV infection in young macaques is characterized by mild DAD with multifocal le-
sions and modest numbers of infiltrating immune cells. Additionally, multifocal mild chronic lymphoplas-
macytic tracheo-bronchoadenitis was observed. On the other hand, SARS-CoV infection in aged macaques
did result in clinical symptoms, although relatively mild. Body temperatures were increased in all animals
infected and in some of the macaques decreased activity and mildly labored breathing was observed.
When comparing pulmonary pathology after SARS-CoV infection the difference between young and aged
macaques was even more obvious. Although viral loads in the lungs are similar in young and aged ma-
caques, pulmonary pathology in aged macaques is far more severe, with large (multi) focal pulmonary
consolidation visible macroscopically while microscopically acute lung injury (ALI) associated lesions
and DAD similar to what has been described for human SARS patients were observed. The difference in
pathology between young and aged macaques corresponds with natural human SARS-CoV infection were
disease symptoms are far more severe in elderly compared to younger patients (28, 45, 57).

Analysis of the macaque host response to SARS-CoV infection at the gene expression level revealed
the induction of a broad host immune response with activation of both antiviral and proinflammatory
pathways. This was illustrated by induced expression of a range of cytokines and chemokines, many of
which also have been reported to be upregulated in human SARS patients. The antiviral response in SARS-
CoV infected young adult macaques was characterized by elevated transcription of several IFN genes.
IFNs are released by host cells in response to the presence of virus and are key players in the antiviral
response to invading pathogens. In most cell types SARS-CoV is able to block or delay the production of
type | IFNs (33-34, 52). For instance, studies using expression plasmids containing one of the SARS-CoV
proteins, have demonstrated that the SARS-CoV proteins open reading frame (ORF)3b, ORF6 and the N
proteins are able to inhibit interferon production by affecting the IRF-3 activation pathway.(52) However,
gene expression of type I, type Il and type Ill IFN genes was highly induced in SARS-CoV infected young
macaques, as determined by microarray analysis and RT-PCR. Presence of IFN-f3 in macaques was also
shown at the protein level. In addition, a number of genes involved in the JAK/STAT signaling pathway or
produced as a result of IFN signaling are upregulated in SARS-CoV infected macaques, including several of
the IFIT, MX and OAS genes as well as STAT1, among others. Elevated expression of these IFN stimulated
genes (ISGs) in macaques suggests that the IFNs produced after SARS-CoV infection are biologically active.
Induction of antiviral pathways was further illustrated by immunohistochemical staining of phosphory-
lated STAT1 in the nuclei of cells in the macaque lung, showing abundant activation of this transcription
factor. However, STAT1 was not activated in SARS-CoV infected pneumocytes, most likely due to inhibition
of IFN signaling by the SARS-CoV protein ORF6, which has been shown to be able to block translocation of
STAT1 to the nucleus (35). Thus, type | IFNs are produced in the lungs of SARS-CoV-infected young adult
macaques and are able to activate the JAK/STAT pathway. However, translocation of STAT1 does not occur
in SARS-CoV infected pneumocytes suggesting IFNs produced after SARS-CoV infection mainly activate
antiviral responses in uninfected cells.
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Besides antiviral pathways also proinflammatory pathways are readily induced in SARS-CoV infected
macaques. A wide range of inflammatory chemokines and cytokines, such as IL-1f, IL-6, IL-8, CCL2, CXCL9
and CXCL1o, are significantly induced after SARS-CoV infection in macaques. Additionally, monocyte
chemotactic protein genes like CCL7, CCL8, but also CCL11, a chemotactic protein for eosinophils were
upregulated in macaque lungs after SARS-CoV infection. Many of these cytokines and chemokines are
also upregulated in human SARS patients. Taken together, SARS-CoV infection in young macaques elicits
a strong host immune response, as would be expected during viral infection.

In addition to analyzing host responses in the macaque lung, the main site of viral replication, host
responses were also analyzed in PBMCs of young SARS-CoV infected macaques. Since PBMC samples are
relatively easy to obtain during infection in a clinical setting, in contrast to lung samples, it is of interest
to examine if expression profiles in PBMCs reflect expression profiles in the lungs after SARS-CoV infec-
tion. If this is the case, analyzing host gene expression profiles in PBMCs could be a useful tool to help
to predict disease outcome and to adjust the type of treatment to individual needs. Determining gene
expression profiles in PBMCs for diagnostic and prognostic purposes has already proven to be a useful
tool in other diseases including several types of cancer, systemic lupus erythematosus and smallpox
infection (3, 8-9, 80, 95). In humans no clear evidence is available that shows that SARS-CoV efficiently
infects PBMCs and also in SARS-CoV infected macaques we could not detect viral replication (56, 63). The
fact that SARS-CoV does not replicate in macaque PBMCs indicates that host response detected in these
cells are driven by host responses in the lung and not by viral particles directly, a condition that must
be met in order to use PBMCs as sensing tool for host responses in the lung. Although SARS-CoV was not
detected in PBMCs, a strong host response to infection was mounted in these cells, especially at day 1
after infection, after which the number of differentially expressed genes decreased again. Host responses
in PBMCs after SARS-CoV infection were dominated by activation of antiviral and proinflammatory path-
ways, just as in the lungs. A wide range of PRRs, molecules involved in sensing of invading pathogens,
were differentially expressed, illustrated by induced expression of several Toll like receptors (TLRs), Nod
like receptors (NLRs) and RNA helicases. Downstream of these sensing proteins, numerous antiviral genes
such as IFN signaling genes and ISGs were upregulated, but also expression of some of the inflammatory
cytokines and chemokines like IL-1f3, CXCL3 and CXCL11 was induced. However at day 4 after infection,
several of the typically induced cytokines and chemokines induced in the lung like IL-6, CCL4, CCL11 and
CXCLg were not detected in PBMCs. Additionally, in contrast to the lungs, induction of IFNs itself and
the proinflammatory chemokine CCL2 are not induced in PBMCs. This is in line with the absence of viral
replication in these cells, since both molecules are typically induced in the presence of viral particles
in SARS-CoV infection (18). In this thesis we propose that cytokines and chemokines produced in the
lung after SARS-CoV infection in macaques are responsible for the gene expression profiles detected in
PBMCs. Analysis of host responses in PBMCs derived from hosts were more severe disease is induced
after SARS-CoV infection, such as aged macaques, will show if this technique is able to discriminate PBMC
expression profiles linked to varying severity of disease in the lungs.

As described in chapter 6, in aged macaques the host response to SARS-CoV infection was even
more pronounced than in young macaques, despite similar levels of viral replication. Analysis of gene
expression in the lungs of SARS-CoV infected macaques revealed that in aged macaques more genes
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associated with inflammation were significantly upregulated compared to young macaques, especially
genes that center around the transcription factor NF-kB. Age-related differences in proinflammatory im-
mune responses to viral infection have been described earlier and might be (partly) due to disturbances
in the redox balance, caused by accumulated oxidative damage over time and a weakened antioxidative
defense system in aged individuals (6, 12, 23, 32, 81). This disturbed redox balance results in activation
of redox-sensitive transcription factors like NF-kB and subsequently lead to induction of proinflammatory
cytokines as observed in aged macaques. Immunohistological staining revealed that, similarly to activa-
tion of the STAT1 transcription factor in non-SARS-CoV infected cells in young macaques, also activation
of NF-kB seems to be restricted to cells that are not SARS-CoV infected. This suggests that the uninfected
cells are mainly responsible for upregulated expression of NF-kB target genes in the lungs of aged ma-
caques and thus the strong immune response to SARS-CoV infection in macaques seems to be primarily
driven by uninfected cells instead of SARS-CoV infected cells.

The induction of antiviral pathways and the production of type I IFNs after SARS-CoV infection were
far less pronounced in aged macaques compared to young macaques. Decreased levels of type I IFNs
after infection in elderly individuals is a phenomenon that has been described in humans (16, 75, 86).
Therapeutic treatment with pegylated IFN-a reduced SARS associated pathology in SARS-CoV infected aged
macaques, but the beneficial effect of IFN treatment is most likely not derived from its antiviral capaci-
ties, considering SARS-CoV levels were not affected by this treatment. This could be explained by the fact
that SARS-CoV replication peaks very early after infection in macaques, just after IFN treatment is started.
Furthermore, the fact that IFN signaling via the JAK/STAT pathway is inhibited by SARS-CoV proteins in
infected cells probably decreases the antiviral effect of therapeutic treatment with IFN in the macaque
model. Analysis of gene expression data showed that instead of decreasing virus levels, the beneficial
effect of IFN treatment is rather due to its capacity to reduce the excessive induction of proinflammatory
pathways in the macaque lung, resulting in decreased pathology. Anti-inflammatory capacities of type |
IFNs have been described previously and are further confirmed in this thesis by the fact IL-1f induced
production of IL-18 and IL-8 in PBMC could be reduced by IFN-a. in vitro (2, 10, 41, 70, 97).

pDCs are activated by live and inactivated SARS-CoV in mice

In order to analyze SARS pathogenesis in mice and to compare murine host responses to SARS-CoV
infection to host responses in macaques, young mice were infected intratracheally with SARS-CoV in-
stead of intranasally, which is the more commonly used route of infection for murine infection models
(chapter 4). SARS-CoV replicates to high titers in the lungs of both BALB/c and C57BL/6 mice, similarly
to SARS-CoV infection in macaques. In contrast to previously published intranasal wildtype SARS-CoV
infections where mainly bronchiolar epithelial cells are infected, in our studies both type Il pneumocytes
and bronchiolar epithelial cells were the main target cells for SARS-CoV infection at day 1 after infection
(38, 76). At day 4 after infection, only few SARS-CoV positive cells were visible in the lungs. Interestingly,
Rockx et al. showed that SARS-CoV strains with different spike variants have different tropism in mouse
lungs, varying from only infecting bronchiolar epithelial cells to mainly infecting type Il pneumocytes
or combinations of both, and these subtle differences in tropism also affected SARS pathogenesis and
outcome (76).
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Despite high levels of viral replication in the lungs BALB/c mice intratracheally infected with SARS-
CoV did not show signs of clinical illness. Microscopically however, at day 4 after infection the lungs of
SARS-CoV infected BALB/c mice all exhibited alveolar damage to some extent, with the severity ranging
from mild to moderate focal lesions, infiltration of inflammatory cells, damage of bronchioles and some-
times fibrin depositions. However, signs of more severe ALl as observed in human SARS patients, such
as type Il pneumocyte hyperplasia, flooding with edema and hyaline membranes, were not observed in
SARS-CoV infected mice. In contrast to young SARS-CoV infected BALB/c mice that did not show any clini-
cal signs of disease, 4 out of 6 aged BALB/c mice did not survive intratracheal SARS-CoV infection. This is
the first study that describes mortality caused by a wildtype SARS-CoV strain in immunocompetent mice.
Although more studies are required to determine the exact cascade of pathological events causing death
in these mice, these results are in line with the increased pathology described for other SARS-CoV aged
mouse models as well as our aged macaque model.

When examining the host response to SARS-CoV infection at the gene expression level in young
mice, gene expression profiles in BALB/c mice were dominated by activation of antiviral and proinflam-
matory pathways, similarly to expression profiles in SARS-CoV infected macaques. Several genes involved
in sensing of invading pathogens through PRRs were significantly upregulated in SARS-CoV infected
BALB/c mice, such as RIG-I, MDA-5 and PKR, as well as genes that engage in the activation of interferon
regulatory factors (IRFs) by PRRs. Activation of IRFs by cytosolic PRRs can lead to induction of various
antiviral genes, depending on the type of IRF activated. RT-PCR analysis revealed significant induction of
the type I, Il and Il IFNs in BALB/c mice after SARS-CoV infection. The presence of IFNs was further illus-
trated by the fact that many genes involved in the JAK/STAT signaling pathway were significantly induced
as well as a wide range of IFN stimulated genes (ISGs). The proinflammatory host responses in SARS-CoV
infected BALB/c mice were dominated by elevated gene transcription levels of genes as IL-6, SAA1, CXCL1,
CXCL1, CXCLy, CXCL10 and CXCL11, all induced in SARS-CoV infected macaques as well. Noteworthy, the
Th2 chemokine CCL11 (eotaxin), an eosinophil attractant that is induced in SARS-CoV infected macaques,
is not induced in mice. The broad host immune response elicited after intratracheal SARS-CoV infection in
BALB/c mice seems to be more prominent than what has been described thus far for intranasal infections
with wildtype SARS-CoV in young BALB/c mice, coinciding with the more pronounced pathology in these
mice (7, 76).

Remarkably, C57BL/6 mice are more resistant to SARS-CoV infection than BALB/c mice, since almost
no pathology was observed in lungs of infected animals after intratracheal SARS-CoV infection. In addi-
tion to differences observed in pathology between the two mouse strains, the host response to SARS-
CoV infection in C57BL/6 mice was less pronounced than in BALB/c mice, with only relatively few genes
differentially expressed after infection (60 gene transcripts at day 1 after infection, 18 gene transcripts
at day 4 after infection). Just as in BALB/c mice, this set was dominated by a range of upregulated ISGs,
although not as many ISGs were differentially expressed as in BALB/c mice and expression levels were
lower. In line with this, in contrast to BALB/c mice, in which both type I, Il and Il IFNs were detected, in
C57BL/6 mice only elevated transcript levels of IFN-A could be detected by RT-PCR. In addition to anti-
viral genes, a limited number of chemokine genes like the SARS-CoV induced CCL2 and the IFN induced
CXCL1o as well as a number of heat shock protein genes were significantly upregulated in C57BL/6 mice.
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Strikingly, proinflammatory cytokines and chemokines like IL-6, CXCL1 and CXCL11, highly expressed in
SARS-CoV infected BALB/c mice, as well as in SARS-CoV infected macaques, were not significantly induced
in C57BL/6 mice. When gene expression data from SARS-CoV infected C57BL/6 mice at day 1 after infec-
tion were directly compared to gene expression data from BALB/c mice, this set mainly contained genes
that remained unchanged in C57BL/6 mice, but were up- or downregulated in BALB/c mice. Interestingly,
ACE2 was one of the genes downregulated in BALB/c mice, but not in the C57BL/6 mice. Besides being the
SARS-CoV cellular receptor, ACE2 has been shown to protect from lung damage (48). One could speculate
that the fact that ACE2 expression is not decreased after SARS-CoV infection in C57BL/6 mice could play
a role in the observed lack of pulmonary pathology after infection. Similar strain related differences
in disease pathogenesis and host responses to viral infection have been described previously in mice
in general as well as between BALB/c mice and C57BL/6 mice specifically (13, 68, 88, 90, 98). Although
the reason for these differences is not known yet, several genetic factors may be of influence. It has
been proposed that high levels of secretory phospholipase 2, an enzyme for which C57BL/6 mice are
genetically deficient, may amplify the induction of proinflammatory cytokines in BALB/c mice (40, 94).
Additionally, differential expression and differential activation of PRRs in BALB/c and C57BL/6 mice might
influence the characteristics of the subsequent host response to infection (4, 58, 77).

Both in mice as well as in macaques several types of IFN are produced after SARS-CoV infection. In
vitro, human pDCs are the only cells known to produce type | IFNs when exposed to SARS-CoV (17). As
is demonstrated in chapter 4, transcription of IFN-a., IFN-f3 and IFN-A is highly induced in pDCs obtained
from BALB/c mice, upon exposure to SARS-CoV in vitro. Strikingly, not only live SARS-CoV induced expres-
sion of IFNs, also stimulation with inactivated virus resulted in elevated levels of IFN gene transcription,
showing that the presence of SARS-CoV particles alone is sufficient to activate pDCs and infection of and
replication in these cells is not required for activation. As is shown for other CoVs, SARS-CoV infected
pDCs are most likely activated through TLR7 by endocytosed viral particles rather than by active viral
replication (17). Activation of pDCs by inactivated virus particles, leading to production of IFN-o., has been
described for several other viruses as well (27, 59, 92).

Despite relatively high levels of IFN gene transcription in mouse pDCs compared with the specific
pDC stimulator ODN-2216, only low, but biologically active, levels of IFN-a protein were detected in the
supernatants of pDCs incubated with either live or inactivated SARS-CoV. No IFN-f3 and IFN-A protein could
be detected. These data suggest that the production of IFN proteins might be blocked at the translational
level. Inhibited or delayed protein production has been described previously for SARS-CoV infections as
well as for other CoV infections (51, 78, 100). It remains to be determined which mechanism is respon-
sible for the inhibited IFN protein production in murine pDCs after incubation with (inactivated) SARS-CoV.
Noteworthy, when human pDCs were incubated with SARS-CoV, IFNs are produced at high levels both at
the mRNA and the protein level (unpublished results). The mechanism behind this discrepancy between
activation of murine and human pDCs by SARS-CoV could be due to species differences, for example in
PRR responses, and should be investigated further.

Depletion of pDCs in SARS-CoV infected BALB/c mice demonstrated that, although only low levels
of IFN protein seem to be produced by murine pDCs in vitro, depletion of pDCs significantly reduced
activation of antiviral pathways in these mice, compared to control antibody (Ab) treated mice, suggest-
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ing pDCs indeed do produce biologically active IFNs upon SARS-CoV infection in vivo. Besides decreased
activation of genes involved in IFN signaling and the ISGs, also transcription of IFNs was lower in pDC
depleted mice, especially at day 1 after infection, when expression of the type I IFNs and IFN-A was re-
duced compared to Ab treated control mice. Depletion of pDCs in BALB/c mice did not lead to a complete
inhibition of IFN gene transcription, which might be due to remaining pDCs and/or other IFN production
by other cell types such as alveolar macrophages that also have been reported to produce large amounts
of IFNs upon infection with RNA viruses (54). Nevertheless, in pDC depleted mice decreased IFN levels
early during infection resulted in SARS-CoV levels that were about 1 log higher than detected in control
Ab treated mice at day 4 after infection. This was further illustrated by a higher number of SARS-CoV
positive cells in the lung of pDC depleted mice at day 4 after infection, as determined by immunohisto-
logical staining. An additional factor leading up to the increased viral levels in the lungs of pDC depleted
mice might be the lack of IFN-y expression in these mice. In chapter 5 we show that IFN-y has antiviral
properties in SARS-CoV infection since this cytokine reduces expression of ACE2, the cellular receptor of
SARS-CoV. While ACE2 expression might be reduced in control Ab treated mice as a result of the induced
transcription of IFN-y, hereby possibly reducing the number of SARS-CoV infected cells, ACE2 expression
in pDC depleted mice might be relatively high in the absence of IFN-y. Microarray results support this
hypothesis; in control Ab treated mice ACE2 was significantly downregulated both at day 1 and at day
4 after infection, while in pDC depleted mice ACE2 gene transcription was only reduced at day 1 after
infection, although differences were modest.

Interestingly, from our pDC depletion studies in SARS-CoV infected mice, we can conclude that ac-
tivation of pDCs by SARS-CoV is not only important for the induction of an antiviral host response, also
proinflammatory host responses are induced through activation of pDCs. Several inflammatory cytokine
genes as well as pathogenic proinflammatory pathways were not or less induced in mice in which pDCs
were depleted before SARS-CoV infection. Induction of the proinflammatory chemokine CXCL10 was also
demonstrated in murine pDCs in vitro after incubation with SARS-CoV. Similarly to production of IFNs in
these cells, exposure of murine pDCs to both live and inactivated SARS-CoV induced transcription of the
CXCL10 gene. The fact that inactivated SARS-CoV is sufficient to induce a proinflammatory response in pDCs
raises the question if solely the presence of inactivated SARS-CoV particles would be sufficient to induce
a pathogenic immune response in the host. More research would be needed to address this question.

Although depletion of pDC resulted in higher levels of SARS-CoV in the lungs at day 4 after infection
compared to control mice, SARS-CoV induced pathology in these young BALB/c mice was not significantly
different between both groups. In fact, microscopically the lungs of pDC depleted mice seemed less af-
fected and less infiltrating immune cells were observed than in the lungs of Ab treated control mice. This
difference is most likely caused by the diminished activation of proinflammatory pathways in pDC de-
pleted mice compared to the control group as well reduced activation of pathways involved in cross-talk
between innate and adaptive immune responses and pathways involved in the lysis by cytotoxic T-cells.
In pDC depleted mice less T cell may be drawn to the site of infection, compared to control mice, illus-
trated by decreased levels of IFN-y. It has been shown that T cells are important to overcome SARS-CoV
infection and although in our study infecting young wildtype BALB/c mice with a non-adapted wildtype
SARS-CoV T-cells may not be required to overcome infection (19, 101).
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In contrast to SARS-CoV infection in young pDC depleted BALB/c mice, aged mice intratracheally
infected with SARS-CoV after pDC depletion all died within 4 days after infection. Ab treated control mice
survived significantly longer after SARS-CoV infection than pDC depleted mice. This indicates that proper
activation of pDCs plays in important role in SARS pathogenesis in mice. Also other studies highlight the
importance of the innate immune response in murine SARS-CoV infections (36, 38, 44). Our results in
pDC depleted mice show resemblance with studies in young adult C57BL/6 mice that are deficient for
the adaptor protein MyD88 and infected with a mouse-adapted SARS-CoV strain. These mice succumb
to SARS-CoV infection and show a reduced proinflammatory response in the early phase of infection,
indicating that MyD88 plays an important role in generating the proinflammatory responses to infection
(84). pDCs might be one of the cell types responsible for these responses, since in these cells detection
of positive stranded RNA by TLR7 leads to MyD88- mediated activation of antiviral and proinflammatory
pathways

SARS-CoV infection leads to downregulated host gene expression in ferrets
Ferrets are commonly used to study respiratory infections and increasingly more research tools are
becoming available in order to study different aspects of disease in these animals. SARS-CoV readily
infects ferrets, replicating in the lung with similar kinetics as in macaques and mice. In fact, SARS-CoV
replication in ferrets was even more efficient than in mice and macaques. Not only were SARS-CoV mRNA
levels in the lung 1-2 logs higher in ferrets, also the number of cells in the lung staining positive for
SARS-CoV was higher in ferrets compared to mice and macaques, both on day 1 and day 4 after infection.
In contrast to macaques and mice, in ferrets only type Il pneumocytes, but not type | pneumocytes or
bronchiolar epithelial cells, were SARS-CoV infected. In ferrets, type | pneumocytes do not express ACE2
on the cell surface, explaining the absence of viral antigen in this cell type (96). However, ACE2 is abun-
dantly expressed on bronchiolar epithelial cells. Perhaps an unknown co-receptor, in addition to ACE2, is
required to infect bronchiolar epithelial cells in ferrets. C-type lectins like DC-SIGN and CD209L are known
to enhance SARS-CoV entry into target cells and a similar molecule required for SARS-CoV infection might
not be available on ferret bronchiolar epithelial cells (49, 99). Alternatively, ferret bronchiolar epithelial
cells could lack expression of specific proteases such as Cathepsin L and TMPRSS2 that are necessary for
SARS-CoV infection, thus preventing infection of these cells (39, 46).  Generally, SARS-CoV infected fer-
rets do not suffer from severe clinical symptoms. However, there is quite some variation in the disease
severity induced by SARS-CoV infection in ferrets, ranging from asymptomatic disease to lethargy and
even death in rare cases (22, 26, 96). Observed variations may be caused by different infection methods
used, ferret strain differences and host factors such as age or underlying morbidities. In our study, as
described in chapter 7, no severe clinical symptoms were observed in SARS-CoV infected ferrets. Macro-
scopically, SARS-CoV mediated pathology in ferrets was characterized by multifocal pulmonary consolida-
tion, as described previously (96). Microscopically, multifocal mild to moderate diffuse alveolar damage
was observed, with limited numbers of infiltrating inflammatory cells.

Just as in SARS-CoV infected macaques and mice, gene expression analysis was performed in order
to get a broader view of the host responses to SARS-CoV infection in ferrets. Since no commercial micro-
array chip is available for ferrets, a canine microarray chip was used. Although ferret genes show a high
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degree of homology with canine genes and canine chips have previously been used to study host re-
sponses in ferrets, the current lack of a commercial ferret specific microarray chip is a potential drawback
of performing microarray studies in ferrets (15, 25, 29, 79). In order to reduce this problem, expression of
several ferret genes was additionally analyzed using a ferret-specific RT-PCR in order to confirm microar-
ray results. More than 500 genes were differentially expressed in SARS-CoV infected ferrets at day 4 after
infection, as opposed to 295 genes in young macaques and 418 genes in young BALB/c mice at that time
point after infection. Strikingly, in contrast to infection in macaques and mice where more genes were
upregulated than downregulated after SARS-CoV infection, the majority of genes differentially expressed
in ferrets were downregulated after infection. The small set of upregulated genes contained several genes
commonly upregulated after SARS-CoV infection, like 1SG15 and CXCL1o, typically induced by IFNs, as well
as CCL2 which can be induced by SARS-CoV directly (18). The presence of IFNs was confirmed by RT-PCR,
revealing significant induction of type I IFNs in ferret lungs. Interestingly, the large set of downregulated
genes in ferrets represented decreased activation of pathways involved in processes as extravasation
signaling, chemokine signaling, integrin signaling, CCR3 signaling and aldosterone signaling, all indicative
of limited inflammatory activity in these animals.

SARS-CoV infected young and aged macaques, as well as SARS-CoV infected BALB/c mice, all elicit
a broad host immune response to SARS-CoV infection marked by activation of antiviral and proinflam-
matory pathways, although the intensity of this response varies between the different animal models.
In contrast, in SARS-CoV infected ferrets almost no induction of inflammatory cytokines was detected
upon infection. Both at day 1 and at day 4 after infection, the interferon inducible chemokine CXCL10
was induced, but induction of other proinflammatory cytokines commonly upregulated after SARS-CoV
infection, like IL-1f, IL-6 and IL-8 was not detected. The characteristics of the host response to SARS-CoV
infection in ferrets, induction of antiviral pathways, but not of proinflammatory pathways and massive
downregulation of host genes, differ from the typical host response observed in SARS-CoV infected ma-
caques and mice. These differences can not be linked to lower levels of SARS-CoV in the lung as viral
loads in ferrets lungs seem to be even higher than those in macaques and mice. However, the different
host response to SARS-CoV infection in ferrets did coincide with the observed variation in cell tropism
between the animal models. While in ferrets the only cell type infected were the type Il pneumocytes, in
macaques both type | pneumocytes and bronchiolar epithelial cells were additionally SARS-CoV infected
and in mice bronchiolar epithelial cells were SARS-CoV infected in addition to type Il pneumocytes.

In this thesis we do not further examine the mechanism by which host gene transcription is down-
regulated in SARS-CoV infected ferrets, but one could hypothesize that the SARS-CoV NSP1 protein is
(partly) responsible. This SARS-CoV protein has been reported to suppress host gene transcription in
vitro after SARS-CoV infection (51, 62). It would be interesting to examine if infection of ferrets with SARS-
CoV deficient for nsp1 generates similar host gene downregulation as the wildtype virus. Also other CoVs
like MHV are known to induce a host shut-off, marked by large-scale mRNA degradation (71). The fact
that in SARS-CoV infected ferrets so many genes are downregulated, combined with high levels of virus,
suggests that in this SARS model host responses detected with microarray analysis and RT-PCR might
be a reflection of responses in the SARS-CoV infected cells, in contrast to the macaque and mouse SARS
models, where host responses seem to be dominantly driven by gene expression in non-infected cells. In
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addition, we hypothesize that pathology observed in SARS-CoV infected ferrets is mainly due to damage
caused directly by the high number of infected cells. Contrarily, pathology in SARS-CoV infected macaques
and mice seems to be mostly immune-mediated caused associated with elevated levels of inflammatory
cytokines and chemokines. Species-related differences in host responses to SARS-CoV infection are fur-
ther illustrated by differences in the efficacy of IFN treatment after SARS-CoV infection in macaques and
ferrets. In contrast to the anti-inflammatory effect of IFN treatment in aged macaques, resulting in less
severe pathology, when SARS-CoV infected ferrets were treated with IFN, no favorable effect on pathology
was observed. The fact that proinflammatory host responses were not induced in SARS-CoV infected fer-
rets might explain this discrepancy, as the pathways on which IFN acts are not induced in these animals.
Besides excessive induction of proinflammatory pathways also other pathogenic pathways might be
involved in SARS pathogenesis. One of the more obvious ones would be the role of the renin angiotensin
system (RAS), considering the role of ACE2 in SARS-CoV infection. Not only is ACE2 the cellular receptor for
SARS-CoV, ACE2 is one of the key regulating enzymes in the RAS (11, 24). ACE2 has been shown to protect
lungs from damage in mouse ALl models and activation of endogenous ACE2 prevents development of
pulmonary hypertension in mice (30, 48) . On the other hand, SARS-CoV has been shown to downregulate
expression of ACE2 (53). Moreover, in chapter 5 of this thesis we show that INF-y, which is produced in
the lungs during SARS-CoV infection, downregulates expression of ACE2 as well. ACE2 is not the only RAS
component that plays a role in pulmonary pathology. While ACE2 has a protective role against lung dam-
age, its counter-regulatory homologue ACE is involved in pathogenic processes in the lungs associated
with ARDS. Involvement of components of the RAS in the development of ARDS might be linked to genetic
factors. Already in the 1980s large variations in ACE plasma levels between individuals were described,
which were later shown to be partly linked to an insertion/deletion polymorphism in the ACE gene (14,
74). More recently it was shown that this insertion/deletion polymorphism in ACE is associated with the
ARDS susceptibility and disease outcome (50, 60). Several studies have shown that the RAS is activated
in ARDS patients, illustrated by the fact that increased levels of activated ACE in the lungs are associated
with more severe disease (47, 67).

The fact that the RAS is activated in ARDS and considering SARS-CoV interacts with ACE2 raised
the question if members of the RAS could serve as therapeutics or therapeutical targets in SARS-CoV
infection. We prophylactically and therapeutically treated SARS-CoV infected ferrets with a recombinant
ACE2 protein in order to address this question. However, we did not observe a change in viral levels or
pathology after SARS-CoV infection in ferrets that were treated with recombinant ACE2. The gene expres-
sion profile in SARS-CoV infected ferrets might explain why no treatment effect of recombinant ACE2 was
observed, since most genes in ferrets were downregulated after SARS-CoV infection, including pathogenic
proinflammatory pathways that would be affected by ACE2 treatment. In addition to the analysis of
proinflammatory pathways, we examined if expression levels of genes directly involved in the RAS were
significantly up- or downregulated in SARS-CoV infected ferrets, as this might provide more information
about the RAS activation state and thus about the potential efficacy of ACE2 treatment. Within the set
of genes that were selected, that contained genes like ACE2, ACE, the AT1 and AT2 receptors as well as
many downstream genes involved in RAS signaling pathways, practically none of these genes were dif-
ferentially expressed in ferrets. Remarkably, within this set ACE was the only gene significantly down-
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regulated in ferrets. Analysis of the same set in SARS-CoV infected macaques and mice revealed that in
aged macaques the largest number of genes within the set was activated compared to the other SARS
models, although expression levels were very low. Downregulation of ACE2 expression was most obvi-
ous in SARS-CoV infected mice. Since gene expression levels of RAS genes were very low and many RAS
components are activated at the peptide level as opposed to the gene expression level more research is
needed to determine the RAS activation status in the different models.

Treatment with ACE2 might be more beneficial in a model where more pathogenic genes are upregu-
lated after SARS-CoV infection like aged macaques or aged BALB/c mice. Also other drugs influencing the
RAS, such as ACE and AT, receptor blockers that are currently used to treat hypertension, might be effec-
tive in preventing SARS-CoV induced pathology. Since many of these drugs are commonly used it would
be interesting to examine, through a retrospective study in SARS patients, if usage of these drugs was
correlated with less severe pathology during SARS-CoV infection as such a relation has been suggested
for the prior outpatient use of an ACE inhibitor in subgroups of patients with pneumonia (72).

SARS pathogenesis revisited

In this thesis we show that, although SARS-CoV replicates efficiently to high titers in the lungs of ma-
caques, ferrets and mice, characteristics of the host response to SARS-CoV infection are different in each
animal model. The differential activation of host responses in these different animal models resulted
in multiple SARS phenotypes, dependent on host factors such as age, species and strain differences.
In macaques and mice strong host responses are driven by uninfected cells, while in ferrets SARS-CoV
infected cells may dominate the observed pathogenesis. The fact that SARS-CoV leads to a range of host
dependent phenotypes has implications for development of SARS treatments and the use of SARS animal
models.

Several aspects of SARS-CoV infection in the animal models described in this thesis indicate that
SARS pathogenesis in macaques and mice is immune-mediated. In macaques and mice, SARS-CoV in-
fection leads to a strong activation of proinflammatory and antiviral pathways as a consequence of a
rapid increase of viral replication. Remarkably, viral replication is controlled quite rapidly thereafter. In
macaques, activation of antiviral pathways is characterized by induced transcription of IFNs, ISGs as well
as phosphorylation and nuclear translocation of STAT1 in alveolar cells. However, in SARS-CoV infected
cells activation of STAT1 is inhibited, preventing JAK/STAT signaling in infected cells. In line with this, the
transcription factor NF-kB, a key player in inflammation, was also primarily activated in uninfected cells.
This suggests that the antiviral and proinflammatory host responses that dominate gene expression
profiles in SARS-CoV infected macaques and mice are mainly driven by uninfected cells.

Reduced activation of antiviral and proinflammatory pathways in pDC depleted mice indicates that
activation of pDCs by SARS-CoV is, at least partly responsible for the induction of antiviral genes and
proinflammatory genes during SARS-CoV infection. Remarkably, inactivated SARS-CoV stimulated produc-
tion of antiviral and proinflammatory cytokines in murine pDCs, in line with the immunopathological
characteristic of SARS. The induction of antiviral and anti-inflammatory IFNs by pDCs during SARS-CoV in-
fection may be needed to balance the proinflammatory responses that are elicited simultaneously. Thus,
activation of pDCs and subsequent IFN production possibly prevents severe pathology, as might be the case
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in young adult macaques and young mice. In aged individuals, the number of circulating pDCs as well as
the amount of IFN produced by pDCs upon stimulation is decreased, which could explain the reduced IFN
response in aged macaques and the effectiveness of IFN treatment in these animals (1, 87, 89, 91).
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Figure 8.1. Differential activation of antiviral and proinflammatory pathways by SARS-CoV. Detection of SARS-CoV by
PRRs can lead to activation of multiple pathways in the host cell, dependent on the type of PRR and the types of
transcription factors involved. In pDCs, uninfected by SARS-CoV, activation of PRRs induces IRF6 mediated production
of IFN-a., which subsequently activates JAK/STAT signaling in surrounding cells. In addition, T cells are recruited. On
the other hand, activation of transcription factors like NF-xB and IRF3 in pDCs can lead to production of proinflamma-
tory cytokines as TNF and IL-6. These cytokines activate NF-kB in neighboring cells as well, resulting in production of
IL-1f and IL-8 and recruitment of polymorphonuclear cells, such as neutrophils. Also other uninfected cells, depicted
here as macrophages, as well as subpopulations of SARS-CoV infected cells produce proinflammatory mediators upon
activation of host PRRs, resulting in NF-kB activation neighboring cells. Differential activation of these pathways as
well as cross-regulation between these pathways can lead to unbalanced induction of antiviral and proinflammatory
host responses, thereby affecting pathology.
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In contrast to SARS-CoV infected macaques and mice, only few genes were upregulated after SARS-
CoV infection in ferrets while the majority of genes were downregulated. We hypothesize that the re-
duced transcription of host genes observed in SARS-CoV infected ferrets is a reflection of reduced gene
transcription in SARS-CoV infected cells. Although cytokines and chemokines are not strongly induced
upon SARS-CoV infection in ferrets and transcription of most genes is downregulated, mild to moderate
pathology did develop in ferret lungs. Considering that a large number of cells are SARS-CoV positive in
ferret lungs 4 days after infection, more than in macaques and mice at that time point, SARS-CoV medi-
ated pathology in ferrets is possibly caused directly by damage from SARS-CoV infected cells. Given the
fact that few proinflammatory pathways are activated in SARS-CoV infected ferrets and pathology remains
relatively mild in ferrets, despite very efficient SARS-CoV replication in the lungs and upper respiratory
tract, the pathogenesis of SARS-CoV in ferrets may resemble that of civet cats, an intermediate host that
spread SARS-CoV. On the other hand disease characteristics in (aged) macaques, more closely resemble
the end-stage host in which infection can lead to severe immune-mediated disease.

Differences in host responses and subsequent pathology in SARS-CoV infected macaques, mice and
ferrets might be explained by distinct viral tropism. The absence of SARS-CoV replication in bronchiolar
epithelial cells in ferrets suggests a proinflammatory role of these cells in macaques and mice. Host and
cell type dependent variations in expression, regulation and activation of pathogen recognition receptors
(PRRs) on target cells might influence host responses in SARS-CoV infected animals. Expression and acti-
vation of toll like receptors (TLRs), a family of PRRs, varies extensively between different cell types within
an individual, between individuals of the same species and between different species (5, 37, 43, 58, 61,
66). Aging also influences TLR expression levels and host responses generated after TLR stimulation (83,
89). This is thought to be a major cause of the increased morbidity and mortality from infectious disease
in the elderly (82). For instance, in pDCs derived from aged individuals increased oxidative stress was
detected after TLR9 stimulation compared to pDCs derived from young individuals (89). Future studies
may need to focus on variations in TLR expression levels and differential TLR responses upon stimulation
with SARS-CoV particles and differences observed in SARS-CoV mediated host responses in different SARS
animal models.

We have integrated our findings in a model that depicts the differential activation of antiviral and
proinflammatory pathways by SARS-CoV in different host cells. Depending on expression and regulation
of PRRs in the host cell different signaling cascades in the cell are activated upon detection of SARS-CoV
leading to antiviral and proinflammatory responses in the host. The extent to which these pathways are
activated as well as the balance between induction of antiviral and proinflammatory pathways is depen-
dent on host factors and affects SARS pathogenesis (figure 8.1).The analysis of SARS-CoV infection and
subsequent host responses in various SARS animal models lead us to conclude that SARS pathogenesis
cannot be explained by one route of host factor regulation, but that several SARS phenotypes exist. Host
factors such as species and strain differences, age and disease state influence activation of antiviral and
proinflammatory pathways, especially in the non-infected cells. In human patients SARS pathogenesis is
not identical in all infected individuals; SARS-CoV infection in children is mostly asymptomatic while mor-
tality rates in older individuals are as high as 50% (28). Probably, several intermediate forms of SARS-CoV
pathogenesis exist in humans as well, but remain unseen. Also in severe cases of SARS in hospitalized
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patients it was concluded that observed pathology was not uniform in all patients (65). Similarly, recent
investigations have revealed that multiple disease phenotypes of “one” disease may exist for other
chronic inflammatory diseases like asthma, allergies and autoimmune disorders (73). Also these diseases
are caused by a complex interaction between genes differentially regulated in each host resulting in a
distinct disease phenotype in each individual. Genomics provides a useful tool to examine the differential
activation of host responses, especially when combined with other read-outs. It should be kept in mind
that induced expression of gene transcription not necessarily corresponds to induced levels of protein
and subsequent phenotype. The fact that SARS pathogenesis is determined by individual host factors and
not uniform, implies that intervention strategies in humans, but also animal models, should be adjusted
accordingly. In this thesis we report that therapeutical treatment with pegylated recombinant IFN-o re-
duced SARS-CoV mediated disease in aged macaques without affecting viral levels, while IFN treatment
did not reduce pathology in SARS-CoV infected ferrets. Differential activation of host responses upon
infection can also influence effectiveness and side-effects of vaccinations. We found extensive infiltration
of eosinophils in the lungs of SARS-CoV vaccinated and challenged macaques, possibly caused by the
SARS-CoV induced production of the eosinophil attractant eotaxin in macaque lungs. However, in ferrets
that were vaccinated and challenged in a similar way, no eosinophil infiltration was observed. Thus, dif-
ferential host responses to infections can affect efficacy of treatment and vaccinations, which can also be
of importance to other viral infections that cause immunopathology. Furthermore, rather than searching
for one single effective pharmacological target, personalized treatment might be required to effectively
treat SARS. Further identification of the range of phenotypes after SARS-CoV infection in humans and ani-
mal models and identifying putative molecular signaling cascades involved is of importance. Additional
techniques to quickly determine the SARS phenotype in clinical settings would be useful to determine
the most appropriate treatment.
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Nederlandse samenvatting

De uitbraak van de ziekte SARS aan eind 2002/begin 2003 had wereldwijd een enorme impact. In razend
tempo verspreidde de ziekte zich vanuit China naar andere landen in Azié, Europa en Noord-Amerika.
Uiteindelijk werden ruim 8ooo mensen ziek, waarvan ongeveer 10% is overleden. Al heel snel na de
uitbraak van SARS werd een coronavirus (CoV) geidentificeerd als de veroorzaker van deze ziekte. CoVs
infecteren naast de mens een groot aantal verschillende zoogdieren en vogels en transmissie van CoVs
vindt voornamelijk plaats via respiratoire aerosolen of via de fecale-orale route. De meeste CoVs veroor-
zaken in de mens slechts relatief milde klachten zoals verkoudheid. Echter, infectie met SARS-CoV kan
leiden tot zeer ernstige ziekte die gekenmerkt wordt door de ontwikkeling van een progressieve long-
ontsteking die gepaard gaat met schade aan de longen. Dit kan resulteren in het ontstaan van het Acuut
Respiratoir Distress Syndroom (ARDS). Bij ARDS faalt de longfunctie door de aanwezigheid van vocht in
de longen waardoor de ademhaling wordt belemmerd. ARDS is moeilijk te behandelen met medicijnen en
de mortaliteit geassocieerd met ARDS is dan ook erg hoog. Karakteristiek voor de ontwikkeling van ARDS
is een overvloedige productie van verschillende proinflammatoire cytokinen en chemokinen die gepaard
gaat met massale migratie van cellen van het immuunsysteem, waaronder neutrofielen en macrofagen,
vanuit het bloed naar de longen. De aanwezigheid van veel van deze cytokinen en chemokinen is ook
aangetoond in SARS patiénten met ARDS en wordt vaak geassocieerd met een ernstig ziekteverloop.

De immuunrespons van het lichaam tegen binnendringende virussen bestaat uit een aspecifieke
(aangeboren) respons en een specifieke (adaptieve) respons. De aspecifieke respons wordt gekenmerkt
door de zeer snelle productie van een scala aan cytokinen en chemokinen, waaronder interferonen.
Deze interferonen, maar ook andere cytokinen en chemokinen worden geproduceerd nadat Toll-like
receptoren van de gastheer cel in contact komen met een virusdeeltje. Verschillende factoren, zoals het
betrokken celtype, het subtype Toll-like receptor maar ook het soort pathogeen, bepalen welke cytokinen
en chemokinen uiteindelijk geproduceerd worden door de gastheer cel. In het menselijk lichaam komen
verschillende soorten interferonen voor, elk met hun eigen specifieke taken. Deze interferonen spelen
een belangrijke rol het controleren en opruimen van infecties doordat zij op meerdere manieren kunnen
interfereren met de virale replicatie in de gastheer cel. Veel virussen zijn in staat de antivirale mecha-
nismen van de gastheer te ontlopen doordat zij bijvoorbeeld de productie en werking van interferonen
blokkeren of verminderen. Zo zijn er ook verschillende SARS-CoV eiwitten bekend die de productie van
interferon en de signaaltransductie van interferon via de JAK/STAT route inhiberen. Een van de weinige
celtypen waarvan bekend is dat zij wel in staat is om interferonen te produceren na contact met SARS-
CoV zijn de humane plasmacytoide dendritische cellen (pDCs). Dit komt doordat zij een unieke methode
gebruiken om interferon te produceren waar de SARS-CoV eiwitten geen invioed op hebben.

Algemeen wordt aangenomen dat de ziekte SARS wordt veroorzaakt door een disproportionele im-
muunrespons van de gastheer. Aangezien een adequate respons van het immuunsysteem natuurlijk
noodzakelijk is om de SARS-CoV infectie te klaren, is het nog niet duidelijk welke omstandigheden ervoor
zorgen dat een normale immuunrespons doorslaat naar een ongepaste immuunrespons, en of dit uit-
eindelijk leidt tot het ziektebeeld horend bij SARS. SARS-CoV infectie is bestudeerd in een groot aantal
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celtypen in vitro, maar er is nog niet zoveel bekend over SARS pathogenese in vivo, welke celtypen daar-
bij betrokken zijn en welke gastheer factoren hier invloed op hebben. In tegenstelling tot SARS-CoV infec-
tie in de mens, is SARS in dieren zelden dodelijk en infectie met SARS-CoV resulteert over het algemeen in
zeer beperkte klinische verschijnselen. Echter, het feit dat SARS-CoV wel goed in staat is om cellen in de
longen van verschillende diersoorten te infecteren en zich daar te vermenigvuldigen, bied kansen om de
verscheiden aspecten van de gastheer respons op SARS-CoV infectie in verschillende diersoorten in kaart
te brengen. In dit proefschrift wordt de SARS pathogenese bestudeerd in makaken, muizen en fretten
door gebruik te maken van een combinatie van technieken die verscheidene parameters van infectie be-
palen, zoals de hoeveelheid virus in de longen, de celtypen die geinfecteerd worden, de mate van schade
aan de longen. Additioneel is de gastheer respons na infectie bestudeerd met behulp van “genomics”,
een techniek die de mate van expressie, en dus activiteit, van gastheer genen in kaart brengt.

In hoofdstuk 2 wordt het verloop van SARS-CoV infectie in jong volwassen makaken beschreven.
Deze makaken worden niet ziek na infectie met SARS-CoV, alhoewel het virus tot hoge titers repliceert
in de longen van deze dieren. Wanneer stukjes van de longen van de SARS-CoV geinfecteerde makaken
worden bestudeerd met de microscoop blijkt dat SARS-CoV infectie wel degelijk leidt tot (milde) schade
in de longen met karakteristieken vergelijkbaar met de schade die SARS-CoV in humane long veroorzaakt.
Echter de schade in de longen van jong volwassen makaken herstelt vanzelf en is niet in de gehele long
aanwezig. Analyse van genexpressie in deze longen laat zien dat er een sterke aspecifieke (aangeboren)
gastheer respons op gang komt na SARS-CoV infectie, gekenmerkt door verhoogde expressie van ver-
scheidene typen interferon, zowel als de verhoogde expressie van interferon gestimuleerde genen. Dit
laat zien dat de interferonen in vivo wel degelijk geproduceerd worden na infectie met SARS-CoV, mogelijk
door de makaak pDCs, ondanks de vele mechanismen van het virus om interferon productie tegen te
houden. Naast toegenomen expressie van antivirale interferonen, is ook de expressie van een scala van
proinflammatoire cytokinen en chemokinen zoals interleukine (IL)-6, IL-8 en CXCL10 verhoogd in SARS-
CoV geinfecteerde makaken. Opvallend is dat de gastheer respons op gen expressie niveau voornamelijk
gestuurd lijkt te worden door cellen die niet SARS-CoV geinfecteerd zijn; interferon signaal transductie
via STAT1, resulterend in verhoogde expressie van interferon gestimuleerde genen, was alleen zichtbaar
in de niet-geinfecteerde cellen.

In hoofdstuk 3 worden de gastheer responsen in de longen van SARS-CoV geinfecteerde makaken
vergeleken met de gastheer respons in het bloed van dezelfde makaken met behulp van genomics. 0ok
al werd er, in tegenstelling tot de longen, geen viraal RNA gevonden in het bloed, waren er verschillende
antivirale en proinflammatoire processen geactiveerd in bloedcellen. De meeste genen die verhoogd tot
expressie kwamen in het bloed zijn betrokken bij het herkennen van binnendringende pathogenen en
daarop volgende processen als interferon signaal transductie. Echter, er werd geen toename gevonden
in de expressie van de interferon genen zelf, dus de geobserveerde activatie van interferon signaal
transductie wordt waarschijnlijk veroorzaakt door interferonen die in de longen worden geproduceerd en
vervolgens in het bloed terecht komen. Hoewel er relatief weinig overlap is tussen de genen geactiveerd
in het bloed en de genen geactiveerd in de longen na SARS-CoV infectie, laat de analyse van de gastheer
respons in het bloed na SARS-CoV infectie zien dat bloedcellen wel als bio-indicatoren zouden kunnen
fungeren en een afspiegeling vormen van de vroege responsen in de long.
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Celtypen verantwoordelijk voor de productie van interferonen na SARS-CoV infectie en de rol van
interferonen tijdens SARS pathogenese worden verder beschreven in hoofdstuk 4. Infectie van BALB/c
muizen met SARS-CoV leidt, net als in de makaak, tot verhoogde gen expressie van verschillen typen
interferon, interferon gestimuleerde genen en een groot aantal proinflammatoire cytokinen en chemo-
kinen. Expressie van veel van deze genen wordt ook geinduceerd door zowel levend SARS-CoV als gein-
activeerd SARS-CoV in muizen pDCs in vitro, zonder dat deze cellen geinfecteerd worden door het virus.
Hoewel slechts beperkte hoeveelheden cytokine en chemokine eiwit worden uitgescheiden door deze
pDCs, leidt depletie van pDCs in jonge BALB/c muizen niet alleen tot een daling van zowel de expressie
van een groot aantal proinflammatoire cytokinen en chemokinen maar ook tot een afgenomen expressie
van interferonen en andere antivirale genen, gepaard met hogere virus titers in de long. Dit laat zien dat
pDCs een belangrijke rol spelen in de totstandkoming van zowel de proinflammatoire als de antivirale
gastheer respons. In tegenstelling tot jonge BALB/c muizen overleven oude BALB/c muizen infectie met
SARS-CoV niet wanneer de pDCs gedepleteerd zijn. Dit suggereert dat een juiste activatie van pDCs met
ene goede balans in de inductie van zowel antivirale als proinflammatoire genen belangrijk is om infectie
met SARS-CoV te overwinnen. Condities waarin pDCs niet goed functioneren of in mindere mate aanwezig
zijn zouden de pathogenese van SARS ten nadele kunnen beinvioeden.

Een van de mogelijke antivirale processen die wordt geinduceerd door cytokinen zoals interferon-y
wordt verder beschreven in hoofdstuk 5. Hier laten we zien dat, in vitro, interferon-y cellen minder
toegankelijk maakt voor infectie met SARS-CoV door de expressie van de SARS-CoV receptor ACE2 op het
oppervlak van de gastheer cel te verlagen. Niet alleen de expressie van het ACE2 eiwit gaat omlaag na
behandeling met interferon-y, ook de transcriptie van ACE2 op mRNA niveau is lager na behandeling met
dit type interferon. Het verlagen van de expressie van de SARS-CoV receptor door cytokinen, resulterend
in een verminderde infectiviteit van SARS-CoV in deze cellen, is een van de manieren waarop cytokinen
een antivirale werking kunnen hebben.

In de hoofdstukken 6 en 7 ligt de focus op de proinflammatoire processen die worden geinduceerd
na infectie met SARS-CoV. In hoofdstuk 6 laten we zien dat SARS-CoV infectie in oude makaken leidt
tot ernstigere ziekteverschijnselen dan SARS-CoV infectie in jong volwassen makaken, net als in de hu-
mane situatie. Infectie met SARS-CoV veroorzaakt in oude makaken meer klinische verschijnselen dan
in jonge makaken en een aanzienlijk groter deel van de longen is aangetast in deze dieren. De laesies
die ontstaan in de longen van oude makaken na infectie lijken veel op de laesies die zijn waargenomen
in humane SARS patiénten. Aangezien de hoeveelheid virus in de longen van jonge en oude makaken
gelijk is, kunnen deze verschillen niet verklaard door een verschil in virale replicatie. Een analyse van de
genexpressie in de longen van oude makaken laat zien dat een breed scala van proinflammatoire genen
verhoogd tot expressie komt na infectie met SARS-CoV, veel meer dan in jonge makaken. Echter, expres-
sie van interferonen is in de oude makaken niet verhoogd, in tegenstelling tot de verhoogde interferon
expressie in jonge makaken na infectie met SARS-CoV. Wanneer interferon wordt toegediend aan oude
makaken direct na infectie, ontstaat geen longschade en is de expressie van proinflammatoire genen
sterk gereduceerd, zonder dat de hoeveelheid virus in de longen verandert. Dit laat zien dat interferon
in SARS een anti-inflammatoire werking heeft en een geschikte behandeling zou kunnen zijn voor virus
geinduceerde longschade.
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Er zijn verschillende pathogene processen die kunnen bijdragen aan de ernst van SARS. Niet alleen
overvloedige productie van proinflammatoire cytokinen en chemokinen na SARS-CoV infectie kan de
pathogenese van SARS beinvloeden, ook de receptor die SARS-CoV gebruikt om gastheer cellen te binden
en te infecteren, ACE2, zou een rol kunnen spelen in de SARS pathogenese. ACE2 is naast de receptor
voor SARS-CoV namelijk vooral bekend als een enzym dat deel uit maakt van het renine angiotensine
systeem (RAS). Dit systeem van peptiden en hormonen coérdineert een aantal belangrijke processen in
het lichaam, waaronder de regulatie van bloeddruk. De acties van het enzym ACE2 beschermen tegen
negatieve verschijnselen als hoge bloeddruk en vasoconstrictie die gestuurd worden door de acties van
de ACE2 homoloog, ACE. Er is bovendien in verschillende modellen aangetoond dat de acties van ACE2
beschermen tegen longschade. Opmerkelijk is dat SARS-CoV de expressie van ACE2 op het oppervlak van
de gastheercel verlaagt, wat zou kunnen bijdragen aan de schade in de longen veroorzaakt door infectie
met SARS-CoV. In hoofdstuk 7 worden twee mogelijke behandelingen voor SARS geévalueerd in fretten.
Ten eerste worden SARS-CoV geinfecteerde fretten behandeld met interferon, wat effectief is gebleken
in oude makaken. Ten tweede, worden SARS-CoV geinfecteerde fretten behandeld met een recombinant
ACE2 eiwit, waarvan in muizen is beschreven dat het beschermt tegen longschade. Opvallend genoeg
waren geen van beide behandelingen effectief in SARS-CoV geinfecteerde fretten. Een analyse van de
genexpressie in fretten na SARS-CoV infectie laat zien dat veel van de proinflammatoire cytokinen en
chemokinen die in makaken en muizen geactiveerd zijn, niet zijn geactiveerd in geinfecteerde fretten,
ondanks het feit dat veel virus aanwezig is in de longen en er ook (milde) longschade ontstaat na infectie
met SARS-CoV. Sterker nog, de expressie van de meeste genen in de longen van SARS-CoV geinfecteerde
fretten was verlaagd vergeleken met expressie van dezelfde genen in niet-geinfecteerde dieren, in te-
genstelling tot genexpressie in SARS-CoV geinfecteerde makaken en muizen, die sterk verhoogd is. Het
feit dat juist de processen waarop interferon en ACE2 een effect zouden moeten hebben niet geactiveerd
zijn in SARS-CoV geinfecteerde fretten, zou kunnen verklaren waarom deze behandelingen niet effectief
zijn in het verminderen van SARS-CoV veroorzaakte longschade. Mogelijk wordt de longschade in fretten
veroorzaakt door de grote hoeveelheid virus in deze dieren of door nog ongedefinieerde processen. Deze
studie benadrukt het belang van vergelijkende analyses van gastheer genexpressie na infectie met SARS-
CoV, of andere virussen, in verschillende diersoorten, aangezien de uitkomst van deze analyse belangrijk
kan zijn voor het kiezen voor het ontwikkelen van een succesvolle interventiestrategie.

In dit proefschrift laten we zien dat infectie met SARS-CoV uiteenlopende gastheer responsen indu-
ceert in de verschillende diermodellen, die sterk afhankelijk zijn van gastheer factoren, terwijl de mate
van virale replicatie in de longen van makaken, muizen en fretten vergelijkbaar is. De gastheer respons
en het daarop volgende ziektebeeld is afhankelijk van het soort gastheer, maar kan ook beinvioed wor-
den door de stam (bij muizen), de leeftijd van de gastheer en de locatie in het lichaam waarin de gast-
heer respons wordt bestudeerd. Ook is het aannemelijk dat de gezondheid, het gebruik van medicatie
en bijvoorbeeld een vaccinatie effect hebben op de pathogenese van SARS. Deze verschillende gastheer
responsen leiden tot diverse SARS ziektebeelden, die vragen om een individuele behandeling. Terwijl
in makaken en muizen de sterke SARS-CoV geinduceerde gastheer respons op genexpressie niveau
gedomineerd lijkt te worden door niet-geinfecteerde cellen en de pathogenese immuun-gemedieerd is,
suggereren onze data dat de sterk verlaagde expressie van gastheer genen zoals gezien in SARS-CoV
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geinfecteerde fretten voornamelijk gestuurd wordt door de geinfecteerde cellen. Het feit dat infectie met
SARS-CoV leidt to een scala van gastheer afhankelijke fenotypen heeft implicaties voor de keuze van
diermodellen bij het doen interventie studies, niet alleen bij het bestuderen van SARS-CoV maar mogelijk
ook bij onderzoek naar andere virussen die immuun-gemedieerde ziektes veroorzaken.
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